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ABS'TRACT 

Changes i n  t h e  c a p a c i t y  
t r o d e s  du r ing  c y c l i n g  i n  0,1 

and morphology of  cadmium f i l m  elec- 
t o  6 N  potassium hydroxide s o l u t i o n s  

w e r e  s tud ied ,  u s ing  i n - s i t u  microscopy and scanning e l e c t r o n  
microscopy. I n  st irred bulk s o l u t i o n s  under c o n d i t i o n s  of uniform 
c u r r e n t  d i s t r i b u t i o n  a d i s s o l u t i o n  mechanism dominates i n  con- 
c e n t r a t e d  hydroxide and accounts  f o r  t h e  l a r g e  i n i t i a l  c a p a c i t i e s  
and f o r  t h e  pronounced changes i n  morphology and loss  of c a p a c i t y  
on cyc l ing .  I n  d i l u t e  hydroxide,  a s o l i d  state mechanism pre-  
v a i l s  and e x p l a i n s  t h e  smal l  c a p a c i t i e s  and t h e  l ack  of changes 
i n  morphology and capac i ty .  I n  t h e  case  of t h i n  e l e c t r o l y t e  f i l m s ,  
s i m u l a t i n g  t h e  non-uniform c u r r e n t  d i s t r i b u t i o n  i n  a s i n g l e  pore  
of a b a t t e r y  p l a t e ,  d i s s o l u t i o n  and p r e c i p i t a t i o n  of cadmium 
s p e c i e s  causes  s u b s t a n t i a l  loss  of c a p a c i t y  du r ing  c y c l i n g ,  wh i l e  
t h e  remaining c a p a c i t y  i s  due t o  s m a l l  p a r t i c l e s  r e a c t i n g  v i a  a 
s o l i d  s t a t e  mechanism. 
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SUMMARY 

The c a p a c i t y  of cadmium b a t t e r y  p l a t e s  o f t e n  dec reases  gradu- 
a l l y  on cont inuous cyc l ing .  C e r t a i n  changes i n  t h e  morphology 
and p a s s i v a t i o n  phenomena have been found t o  accompany t h i s  l o s s  
of capac i ty .  The problem has  n o t  been f u l l y  i d e n t i f i e d  and t h e  
mechanism l e a d i n g  t o  t h e  loss  of c a p a c i t y  i s  n o t  understood. The 
p r e s e n t  s tudy  i s  aimed a t  e s t a b l i s h i n g  t h e  c o r r e l a t i o n  between 
morphology and c a p a c i t y  of cadmium e l e c t r o d e s  on r epea ted  charge 
and d ischarge .  

The s tudy  w a s  performed on e l e c t r o d e s  c o n s i s t i n g  o f  t h i n  
l a y e r s  of cadmium and cadmium oxide on an i n e r t  conduct ing sub- 
strate.  Two d i f f e r e n t  geometr ies  w e r e  chosen f o r  t h e  s tudy:  
1) The tes t  electrode bras  conta ined  i n  bulk s o l u t i o n s  of potassium 
hydroxide i n  such a way t h a t  uniform c u r r e n t  d i s t r i b u t i o n  and 
minimizat ion of c o n c e n t r a t i o n  changes i n  t h e  e l e c t r o l y t e  r e s u l t e d ,  
2 )  A m i n i a t u r e  cadmium e l e c t r o d e ,  covered w i t h  a t h i n  f i l m  of  
e l e c t r o l y t e ,  w a s  p o s i t i o n e d  s ide-by-side t o  t h e  counter  e l e c t r o d e .  
The r e s u l t i n g  nonuniform c u r r e n t  d i s t r i b u t i o n  and l ack  of elec- 
t r o l y t e  convect ion s imula t e s  c o n d i t i o n s  i n  a s i n g l e  pore  of a 
b a t t e r y  p l a t e .  I n - s i t u  microscopy and scanning e l e c t r o n  micro- 
scopy w e r e  a p p l i e d  t o  examine t h e  changes i n  morphology du r ing  
cyc l ing .  

I n  bulk s o l u t i o n s  of 6 N  KOH, prolonged d i scha rge  and espe- 
c i a l l y  cont inuous c y c l i n g  leads t o  a d r a s t i c  loss i n  c a p a c i t y  
and complete change i n  morphology due t o  d i s s o l u t i o n  of cadmium 
spec ie s .  Between 70  and 8 0 %  of t h e  cadmium d i s s o l v e s  du r ing  a 
t y p i c a l  d i scha rge .  Extensive charg ing  l e a d s  t o  e l s c t r o d e p o s i t i o n  
of d i s s o l v e d  cadmium s p e c i e s  an6 t o  t h e  recovery  of  n e a r l y  theo- 
re t ica l  c a p a c i t i e s  e P r e c i p i t a t i o n  of p a r t i c l e s  i s  r'iot observed. 
With dec reas ing  KOH concen t r a t ion  t h e  changes i n  morphology and 
c a p a c i t y  on c y c l i n g  become s u b s t a n t i a l l y  s m a l l e r .  Also t h e  
c a p a c i t i e s  which are ob ta ined  are much decreased.  I n  0.1N KOH no 
s i g n i f i c a n t  d i s s o l u t i o n  occur s ,  and t h e  charge and d i scha rge  
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occurs  v i a  a s o l i d  s ta te  t r a n s p o r t  mechanism. The c a p a c i t i e s  
ob ta ined  i n  t h i s  case correspond t o  on ly  a few atom l a y e r s .  

I n  t h e  case of t h i n  f i l m s  of MOH e l e c t r o l y t e ,  t h e  i n i t i a l  
changes i n  t h e  morphology and c a p a c i t y  of cadmium oxide f i l m s  
depos i t ed  e l e c t r o p h o r e t i c a l l y  w e r e  s t u d i e d  e x t e n s i v e l y ,  u s ing  
o p t i c a l  and scanning e l e c t r o n  microscopy. Discharge Leads t o  
t h e  formation of w e l l - c r y s t a l l i z e d  Cd(OH)2 p a r t i c l e s  which do 
n o t  c o n t r i b u t e  t o  t h e  c a p a c i t y  on subsequent  cyc l ing .  The 

c r y s t a l s  are formed by p r e c i p i t a t i o n  and account  f o r  t h e  l a r g e  
observed loss  i n  c a p a c i t y  on cyc l ing ,  The remaining ca-gacity i s  
due t o  t h e  charge and d i scha rge  of p a r t i c l e s  of t h e  o r i g i n a l  
s i z e  via  a s o l i d  s ta te  t r a n s p o r t  mechanism. On cont inued  c y c l i n g ,  
t h e  c a p a c i t y  f u r t h e r  dec reases ,  accompanied by t h e  format ion  of 

a brown l a y e r  and a change i n  t h e  shape of t h e  d i s c h a r g e  curve.  
T h i s  sugges t s  t h e  formation of p a s s i v a t i n g  cadmium oxide  l a y e r s .  
The e f f e c t s  of e l e c t r o l y t e  f i l m  t h i c k n e s s ,  d i f f e r e n t  methods of 
p repa r ing  t h e  e l e c t r o d e s  and temperature  w e r e  i n v e s t i g a t e d .  The 
e l e c t r o l y t e  f i l m  t h i c k n e s s  w a s  found t o  have very  l i t t l e  e f fec t  
on t h e  c y c l i n g  behavior .  The mechanical ly  m.ore r i g i d  s t r u c t u r e  
of electrodes prepared  by p a i n t i n g  cadmium oxide-binder  mixtures  
on t h e  s u b s t r a t e  leads t o  a smaller loss  of c a p a c i t y  on cyc l ing .  
I n c r e a s i n g  t h e  tempera ture  w a s  found t o  enhance t h e  loss  of 
c a p a c i t y  on c y c l i n g ,  accompanied by d ra s t i c  changes i n  t h e  m o r -  
phology which could be d e t e c t e d  i n  t h e  microscope d u r i n g  t h e  
very  f i rs t  d i scha rge ,  
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INTRODUCTION 

Cadmium b a t t e r y  p l a t e s  o f t e n  e x h i b i t  a g radua l  dec rease  of 
t h e i r  c a p a c i t y  when they  are r e p e a t e d l y  charged and d ischarged ,  
A c e r t a i n  p a r t  of t h e  " lo s t "  c a p a c i t y  may be rega ined  by changing 
t h e  c o n d i t i o n s  of charg ing  and d i scha rg ing .  Another p a r t  of t h e  

c a p a c i t y ,  however, i s  l o s t  i r r e v e r s i b l y .  The phenomenon i s  more 
pronounced i n  s e a l e d  cel ls  working w i t h  a minimum of e l e c t r o l y t e  
t h a n  i n  f looded ,  vented  cel ls .  

S t u d i e s  of Cd b a t t e r y  p l a t e s  w i th  microscopy, x-ray d i f f r a c -  
t i o n  and e l e c t r o n  microscopy techniques  have shown t h a t  t h e  de- 

crease of  t h e  p l a t e  c a p a c i t y  i s  r e l a t e d ,  a t  least  i n  p a r t ,  t o  
changes i n  t he  p l a t e  morphology. (1-3) 
from t h e  i n t e r i o r  of t h e  p l a t e  t o  i t s  s u r f a c e  accompanied by an  
i n c r e a s e  i n  t h e  s i z e  of t h e  p a r t i c l e s  has  been demonstrated.  
This  mig ra t ion  becomes more pronounced as t h e  number of c y c l e s  
and t h e  r a t e  of cha rg ing  and d i scha rg ing  i n c r e a s e s .  Recent ly  it 
w a s  shown t h a t  t h e  loss  of c a p a c i t y  on c y c l i n g  can be s u b s t a n t i a l l y  
reduced by adding c e r t a i n  metal ox ides  t o  t h e  b a t t e r y  p l a t e .  

Migrat ion of Cd s p e c i e s  

( 4 )  

Numerous s t u d i e s  have d e a l t  w i th  the  mechanism of t h e  Cd elec- 
t r q d e  i n  bu lk  s o l u t i o n s  of a l k a l i .  These s t u d i e s  have e s t a b l i s h e d  
t h e  s o l u b i l i t y  of  Cd as a f u n c t i o n  of e l e c t r o l y t e  c o n c e n t r a t i o n  
and temperature .  (5-7 '  

t h e  n a t u r e  of the d i s s o l v e d  Cd s p e c i e s .  Authors i n  t h e  p a s t  have 
(8-14) a l t e r n a t e l y  proposed a dissolution-precipitation 

s ta te  t r a n s p o r t  mechanism f o r  t h e  Cd e l e c t r o d e .  (15-17) 
s u l t s  ob ta ined  w i t h  a r i n g - d i s c  e l e c t r o d e  s e e m  t o  show t h a t  i n  
concen t r a t ed  a l k a l i n e  s o l u t i o n s  t h e  d i s c h a r g e  occurs  s o l e l y  by a 
dissolution-precipitation mechanism and t h a t  b o t h  mechanisms e n t e r  

(18) when charg ing  t h e  e l e c t r o d e .  
the  format ion  of Cd(OH)i i o n s  as an i n t e r m e d i a t e  species i n  

N o  f u l l  agreement e x i s t s  wi th  r ega rd  t o  

and a s o l i d  
Recent re- 

The proposed mechanism invo lves  

J - 
(18-19) s o l u t i o n :  
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Cd + 3 OH-.=S=Cd(OH)~ + 2e" [I1 

T h e  mechanism of the C d  e l e c t r o d e  i s  complicated by t h e  for-  
mation of p a s s i v a t i n g  l a y e r s .  C e r t a i n  exper imenta l  evidence sug- 
g e s t s  the format ion  of  CdO f i l m s  as  t h e  cause  f o r  p a s s i v a t i o n .  ( 2 0 - 2 1 )  

However, CdO has so f a r  escaped p o s i t i v e  i d e n t i f i c a t i o n .  T h e  

mechanism i s  f u r t h e r  complicated by t h e  formation of  s e v e r a l  
phases of  Cd (OH)  e 

(22-25) 

The behavior  of b a t t e r y  p l a t e s  on c y c l i n g  and the  mechanism 
of Cd e l e c t r o d e s  i n  bulk  e l e c t r o l y t e s  have both been s t u d i e d .  
However, a gap e x i s t s  i n  our  unders tanding  of t h e  e f f e c t s  of re- 
pea ted  charg ing  and d i scha rg ing  on t h e  morphology o f  smooth C d  

electrodes i n  bulk  e l e c t r o l y t e  and t h e  mechanisms occur r ing  i n  
porous Cd electrodes such as C d  b a t t e r y  p l a t e s .  I t  is appa ren t  
t h a t  t he  mechanism of a smooth C d  e l e c t r o d e  i n  bulk e l e c t r o l y t e  
may d i f f e r  s u b s t a n t i a l l y  from t h e  mechanism o c c u r r i n g  i n  t h e  pores  
o f  a C d  b a t t e r y  p l a t e .  T h e  nonuniform c u r r e n t  d i s t r i b u t i o n  and 
changes i n  t h e  e l e c t r o l y t e  c o n c e n t r a t i o n  i n  t h e  pores  du r ing  
chqrging and d i s c h a r g i n g  are expected t o  g i v e  r ise  t o  such d i f -  
f e r ences  i n  mechanism. For Cd e l e c t r o d e s  covered w i t h  e l e c t r o -  
l y t e  f i l m s  of 0 . 5  t o  2 mm t h i c k n e s s ,  nonuniform c u r r e n t  d i s -  

t r i b u t i o n  and changes i n  the  e l e c t r o l y t e  concen t r a t ion  du r ing  
charg ing  and d i scha rg ing  have, i n  f a c t ,  been demonstrated t o  
e x i s t .  ( 2 6 )  

T h e  p r e s e n t  s tudy  i s  aimed a t  e s t a b l i s h i n g  t h e  effect  of re- 
pea ted  charg ing  and d i scha rg ing  on t h e  c a p a c i t y  and morphology of 
Cd e l e c t r o d e s  i n  bu lk  s o l u t i o n s  and i n  t h i n  f i l m s  o f  a l k a l i n e  
e l e c t r o l y t e .  The s tudy  is  f u r t h e r  aimed a t  i d e n t i f y i n g  t h e  mechanism 
l e a d i n g  t o  changes i n  t h e  c a p a c i t y  and morphology. I n  t h e  bulk  
e l e c t r o l y t e  s tudy ,  c o n d i t i o n s  w e r e  chosen such as t o  produce uniform 
c u r r e n t  d i s t r i b u t i o n  and t o  minimize t h e  e f f e c t s  of changes i n  t h e  
e l e c t r o l y t e  c o n c e n t r a t i o n .  I n  t h e  t h i n  f i l m  s t u d y ,  c o n d i t i o n s  i n  a 
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s i n g l e  pore  of a b a t t e r y  p l a t e  w e r e  s imu la t ed  by us ing  a f l a t  minia- 
t u r e  Cd e l e c t r o d e  covered wi th  a t h i n  f i l m  of e l e c t r o l y t e .  Such 
an  e l e c t r o d e  may be  cons idered  as r e s u l t i n g  from unwinding a hollow 
c y l i n d e r  of i n n e r  d iameter  equa l ing  t h e  pore  d i ame te r ,  ( 2 6 )  

t h e  except ion  of  t he  n o n s i g n i f i c a n t  electrode width,  a l l  dimensions 
were chosen t o  approximate t h o s e  encountered i n  a c t u a l  b a t t e r y  
p l a t e s .  The coun te r  e l e c t r o d e  was p o s i t i o n e d  s ide-by-side ra ther  
than  o p p o s i t e  t o  t h e  t es t  electrode. T h i s  r e s u l t e d  i n  a higlnly 
nonuniform c u r r e n t  d i s t r i b u t i o n  and minimizat ion of e l e c t r o l y t e  
convect ion i n  v a s t  c o n t r a s t  t o  t h e  bu lk  e l e c t r o l y t e  case, The 
geometry pe rmi t t ed  i n  s i t u  microscopic  examination of changes i n  
t he  morphology du r ing  charg ing  and d i scha rg ing .  O p t i c a l  microscopy 
w a s  supplemented by scanning e l e c t r o n  microscopy t o  i d e n t i f y  changes 
i n  t h e  morphology du r ing  t h e  i n i t i a l  s t a g e s .  

With 
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PHASE I - BULK ELECTROLYTE 

EXPERIMENTAL 

C e l l  Design 

The bu lk  e l e c t r o l y t e  experiments  w e r e  c a r r i e d  o u t  i n  a two- 
compartment g l a s s  c e l l  which i s  shown i n  F igu re  1. The main com- 
par tment  c o n t a i n s  a t es t  e l e c t r o d e  and a se l f - con ta ined  hydrogen 
r e f e r e n c e  electrode w i t h  a c a p i l l a r y  opening l o c a t e d  close t o  t h e  

t e s t  electrode. T h e  coun te r  e l e c t r o d e  i s  con ta ined  i n  a second 
compartment which communicates w i t h  t h e  main compartment v i a  a 
c a p i l l a r y  of 1 mm d iameter .  Both compartments have p r o v i s i o n s  
f o r  i n t r o d u c i n g  gases  which are pe rmi t t ed  t o  escape through elec- 
t r o l y t e  t r a p s .  Magnetic s t i r r i n g  of  t h e  e l e c t r o l y t e  i n  t h e  main 
compartment can be a p p l i e d  when needed. F i l l i n g  of t h e  c e l l  i s  
accomplished under vacuum. P r e p u r i f i e d  argon w a s  used i n  both  
ce l l  compartments t o  dec rease  u n d e s i r a b l e  e f f e c t s  due t o  oxygen 
and carbon d iox ide .  Res idua l  c u r r e n t s ,  due t o  t h e  d i f f u s i o n  of 
trace amounts of  O2 i n t o  t h e  ce l l ,  w e r e  e s s e n t i a l l y  e l imina ted  by 
p l a c i n g  t h e  ce l l  i n  a po lye thy lene  bag, c o n t i n u a l l y  f lu shed  wi th  
n i t r o g e n .  The tes t  e l e c t r o d e  can r e a d i l y  be r ep laced  wh i l e  po- 
t e n t i a l s  are  be ing  a p p l i e d  between t e s t  and r e f e r e n c e  e l e c t r o d e .  

E l e c t r o n i c  Ins t rumen ta t ion  

Experiments were c a r r i e d  o u t  under cond i t ions  of c o n t r o l l e d  
v o l t a g e  o r  c o n t r o l l e d  c u r r e n t .  I n  t h e  former case, a n  e l e c t r o n i c  
p o t e n t i o s t a t  w a s  used t o  apply p o t e n t i a l s  w i t h  a p r e c i s i o n  of 
kl mV between t h e  tes t  e l e c t r o d e  and t h e  r e f e r e n c e  e l e c t r o d e .  I n  
the  l a t t e r  case, an au tomat ic  e l e c t r o n i c  c y c l i n g  dev ice  w a s  used 
t o  apply c o n s t a n t  c u r r e n t s  between t e s t  and coun te r  e l e c t r o d e .  
The vol tage- t ime t r a n s i e n t s  under c o n d i t i o n s  of c o n s t a n t  charge  
and d i s c h a r g e  c u r r e n t s  w e r e  recorded on a H e w l e t t  Packard s t r i p  
char t  recorder. The v o l t a g e  l i m i t s  du r ing  charge  and d i s c h a r g e  
could b e  se t  t o  v a r i o u s  a r b i t r a r y  v a l u e s .  
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Fig. 1 Cross  section of electrolytic cell used for  bulk electrolyte experiments. 
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Elec t rode  P r e p a r a t i o n  

T e s t  e l e c t r o d e s  were prepared  by e l e c t r o d e p o s i t i n g  cadmium 
l a y e r s  and by evapora t ing  cadmium ox ide  l a y e r s  on copper  s u b s t r a t e  
f o i l s .  The cho ice  of copper as a s u b s t r a t e  material  w a s  determined 
by i t s  r e l a t i v e l y  h igh  hydrogen ove rvo l t age  and complete i n e r t n e s s  
t o  a l k a l i n e  s o l u t i o n s  i n  t he  p o t e n t i a l  range  of i n t e r e s t .  On t h e  

s t a n d a r d  hydrogen scale,  t h e  fo l lowing  p o t e n t i a l s  a t  pH 1 4  are  of 
i n t e r e s t :  H2/0H-  = -828 mV, Cd/Cd(OH)2 = -809 mV, Cu/Cu20 = 

-358 mV and Cu20/Cu(OH)2 = -80 mV. 

s o l u t i o n s  u n t i l  ox ides  o r  hydroxides  of copper  are formed. Thus 
i t  can  be seen  t h a t  up t o  p o t e n t i a l s  of 470 mV p o s i t i v e  wi th  r e s p e c t  
t o  t h e  hydrogen r e f e r e n c e  electrode a t  pH 1 4 ,  copper does n o t  d i s -  
s o l v e .  Hydrogen e v o l u t i o n  from t h e  substrate c o n s t i t u t e s  an  unde- 
s i r a b l e  s i d e  r e a c t i o n  and has  t o  be minimized. The s u b s t r a t e  
material  should therefore have a h i g h  hydrogen ove rvo l t age .  I n  
t h i s  r e s p e c t  copper i s  much s u p e r i o r  t o  i r o n  and n i c k e l .  The 
hydrogen ove rvo l t ages  determined i n  6 N NaOH a t  25OC for  a c u r r e n t  
d e n s i t y  of 1 m a / c m 2  are  - 1 4 0 ,  -260  and -370 mV f o r  i r o n ,  n i c k e l  

( 2 7 )  and copper,  r e s p e c t i v e l y .  
gen ove rvo l t age  of -590 mV. 

Copper i s  i n e r t  t o  a l k a l i n e  

F o r  comparison, cadmium has a hydro- 

I d e a l l y ,  t h e  s u b s t r a t e  s u r f a c e  should appear  s t r u c t u r e l e s s  i n  
t h e  microscope i n  o r d e r  t o  a l low t h e  i d e n t i f i c a t i o n  of morphological  
changes of t h e  cadmium o r  camdium ox ide  l a y e r s  i n  t h e  i n i t i a l  phases. 

Copper s u b s t r a t e  f o i l s  of 5 x 5 c m  and 0.5 mm t h i c k n e s s  w e r e ,  there- 

f o r e ,  e l e c t r o p o l i s h e d  i n  an aqueous s o l u t i o n  of about  50 volume 
p e r c e n t  or thophosphor ic  acid con ta in ing  10-15 grams p e r  l i t e r  
c u p r i c  i o n s .  The procedure adopted c l o s e l y  fol lowed t h a t  des- 

c r i b e d  i n  the l i t e r a t u r e .  ( 2 8 )  

graph of an  e l e c t r o p o l i s h e d  copper s u r f a c e  a t  a m a g n i f i c a t i o n  of  
1OOOX. Figure  3 i s  an e l e c t r o n  micrograph of t h e  same s u r f a c e  a t  
a magn i f i ca t ion  of 30,OOOX. The s u r f a c e s  c o n t a i n  r e l a t i v e l y  f e w  

d e f e c t s  and appear  m i r r o r l i k e  t o  t h e  b a r e  eye.  The e l e c t r o p o l i s h e d  
f o i l s  were t h e n  c u t  t o  r e c t a n g u l a r  p i e c e s  of dimensions 2 x 0 . 5  c m  

and used as s u b s t r a t e s  f o r  cadmium p l a t i n g  and cadmium oxide  
evapora t ion .  

F igu re  2 shows an o p t i c a l  micro- 
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Fig. 2.  Optical micrograph at lOOOX of electro- 
polished Cu substrate. 

Fig. 3 .  Electron micrograph at 30,OOOX of elec- 
tropolished Cu substrate. 

0 

Ffg. 4. Optical micrograph at 500X of lOOA Cd 
film as electrodeposited on electropolished Cu 
substrate. 

Fig. 5. Electron micrograph at 30,OOOX of lOOf 
Cd film as electrodeposited. 

Fig. 6. Optical micrograph at 500X of same 
electrode, same area as in Fig. 4, after expo- 
sure to 1N KOH for 16 hours with 0 V applied. 

Fig. 7. Electron micrograph at 30,OOOX of a 
loo& Cd film electrode after 190 cycles in 
1N KOK. 
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Cadmium l a y e r s  i n  a range  of t h i c k n e s s e s  f r o m  80 A t o  l p  w e r e  
produced by e l e c t r o p l a t i n g  from commercial cadmium cyanide b a t h s  
c o n t a i n i n g  o r g a n i c  b r i g h t e n e r s ,  f rom pure  cadmium cyanide  s o l u t i o n s  
ana f r o m  h o t  concen t r a t ed  potassium hydroxide s o l u t i o n s  conta in-  
i n g  d i s s o l v e d  cadmium oxide.  The cadmium l a y e r s  w e r e  depos i t ed  
on one s ide  of t h e  copper f o i l s  only;  t h e  o t h e r  s i d e  w a s  covered 
wi th  a t h i n  l a y e r  of po lys ty rene .  The t h i n n e s t  coherent  l a y e r s  
and t h o s e  w i t h  the h i g h e s t  o p t i c a l  q u a l i t y  w e r e  ob ta ined  f r o m  
t h e  commercial p l a t i n g  s o l u t i o n s .  F igu res  4 and 5 are micrographs 
of such l a y e r s  a t  magn i f i ca t ions  of 500 and 30,OOOX. These 

l a y e r s  d i s p l a y  a p l a t e l e t  s t r u c t u r e  and are cohe ren t  i n  t h i c k n e s s e s  
down t o  80a. 
eye. The morphology of these l a y e r s  i s  n o t  affected by exposure 
t o  KOH when reducing  p o t e n t i a l s  ( n e g a t i v e  w i t h  r e s p e c t  t o  t h e  Cd/ 

C d ( O H ) 2  s t a n d a r d  p o t e n t i a l )  are app l i ed .  F igu re  6 shows t h e  cad- 
m i u m  f i l m  of F igu re  4 a f t e r  exposure t o  1 N KOH f o r  1 6  hours  w i t h  

0 v o l t s  a p p l i e d  ve r sus  t h e  hydrogen r e f e r e n c e  e l e c t r o d e  i n  1 N 

KOH. B o t h  micrographs show v i r t u a l l y  t h e  same morphology. 
E l e c t r o p l a t i n g  f r o m  pure  cadmium cyanide  s o l u t i o n s  r e s u l t e d  i n  
incohe ren t  l a y e r s ,  and the process  w a s  d i scon t inued .  However, 
p l a t i n g  at86OCfrom 6 N KOH s a t u r a t e d  wi th  cadmium ox ide  r e s u l t e d  
i n  l a y e r s  of good q u a l i t y  w i t h  a p l a t e l e t  s t r u c t u r e  resembling 
t h q t  ob ta ined  f r o m  commercial s o l u t i o n s .  T h e  photomicrograph 

They appear  s i l v e r i s h  and m i r r o r l i k e  t o  t h e  b a r e  

‘shown i n  F igu re  1 5  and obta ined  a t  a magn i f i ca t ion  of 500X i s  an 
example of  such a d e p o s i t .  The g r a i n  s i z e  of t h e  d e p o s i t  i s  
c o a r s e r  t han  f o r  t h e  d e p o s i t s  shown i n  F igu res  4 and 5. Resu l t s  
ob ta ined  on cadmium l a y e r s  of t h i s  t ype  w e r e  found t o  b e  i d e n t i c a l  
t o  t h o s e  on cadmium l a y e r s  produced from commercial p l a t i n g  b a t h s ,  

Cadmium ox ide  l a y e r s  w e r e  produced by evapora t ion  and by 
e l e c t r o p h o r e t i c  d e p o s i t i o n  of cadmium oxide  o r  by p a i n t i n g  of 
cadmium oxide-binder  compositions.  Only t h e  f i r s t  t echnique  w a s  
a p p l i e d  i n  t h e  bulk  e l e c t r o l y t e  experiments ,  I n  t h i s  case AR- 

g rade  cadmium oxide  powder w a s  hea ted  i n  an  i r i d i u m  c r u c i b l e  t o  
tempera tures  of 15OOOC i n  a c o n t r o l l e d  environment of 0 . 2  a t m  
oxygen and 0.8 a t m  argon. (29’  The r e s u l t i n g  cadmium ox ide  vapors  

10 



w e r e  condensed on copper s u b s t r a t e  f o i l s  of dimensions 2 x 0 . 5  c m .  
Cadmium ox ide  l a y e r s  of t h i c k n e s s e s  0 . 5  t o  11.1 w e r e  t h u s  produced. 
However, t h e  adherence of these l a y e r s  t o  e l e c t r o p o l i s h e d  copper 
s u r f a c e s  was poor and l e d  t o  t he  use of a s - r o l l e d  copper f o i l s .  
F igu re  47  shows an o p t i c a l  micrograph of a 11.1 cadmium oxide  l a y e r  
a t  a magn i f i ca t ion  of 500X. The drawing l i n e s  of t h e  copper f o i l  
are c l e a r l y  v i s i b l e  through t h e  cadmium ox ide  l a y e r .  F igu res  51 
and 52 are e l e c t r o n  micrographs a t  30,OOOX of cadmium ox ide  l a y e r s  
of  0.5 and 11.1 t h i c k n e s s e s ,  r e s p e c t i v e l y .  One can c l e a r l y  recog- 
n i z e  many c u b i c  cadmium oxide  p a r t i c l e s  w i th  s i z e s  ranging  from 
1 0 0  t o  5000A.  

cadmium ox ide  l a y e r .  
The p a r t i c l e s  tend t o  form clusters  i n  t h e  t h i c k e r  

The s e l f - c o n t a i n e d  hydrogen r e f e r e n c e  e l e c t r o d e  (30) c o n s i s t s  
of a p l a t i n i z e d  plat inum w i r e  s e a l e d  i n t o  a g l a s s  t ube  wi th  one 
open end. F i l l i n g  of t h e  c a p i l l a r y  tube  i s  accomplished w i t h  a 
s y r i n g e  or i n  vacuum. Hydrogen i s  then  evolved on the  wire such 
t h a t  about one-half  of t h e  w i r e  remains immersed i n  t h e  e l e c t r o -  
l y t e .  The emerging p a r t  of t h e  w i r e  is  covered w i t h  a t h i n  f i l m  
of e l e c t r o l y t e  (31) and a l lows  t h e  hydrogen r e a c t i o n  t o  occur  a t  
h igh  r a t e s .  E lec t rodes  of  t h i s  t ype  have been used f o r  p e r i o d s  
o f  weeks wi thou t  t h e  need f o r  r e p l e n i s h i n g  the  hydrogen r e s e r v o i r .  

The coun te r  e l e c t r o d e  should f u l f i l l  t h e  requirements  of 
i n e r t n e s s  and low e l e c t r o d e  impedance. Among t h e  coun te r  elec- 
t r o d e s  cons idered  and tested w e r e  Cd/Cd(OH)2, plat inum and p a l l a -  
dium-hydrogen coun te r  e l e c t r o d e s ,  However, excess ive  d i s s o l u t i o n  
of  the  cadmium and t r a c e  d i s s o l u t i o n  of t h e  plat inum coun te r  
e l e c t r o d e s  led to  t h e  e l i m i n a t i o n  of t h o s e  two e l e c t r o d e s .  T h e  

palladium-hydrogen e l e c t r o d e ,  on t h e  o t h e r  hand, was found t o  be 

i n e r t  and w a s  used i n  a l l  b u t  t h e  i n i t i a l  experiments  i n  bu lk  
e l e c t r o l y t e .  

Electr ical  connec t ion  t o  t h e  t es t  electrodes w a s  made by i n -  
s e r t i n g  a copper w i r e  of 4 c m  l e n g t h  through a ho le  i n  t h e  copper 
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s u b s t r a t e  f o i l  and apply ing  p r e s s u r e  t o  accomplish a c o l d  weld,  
The f r e e  end of t h e  copper w i r e  w a s  i n s e r t e d  i n  a sleeve c o n s i s t i n g  
of s p l i t  p la t inum tub ing  of 1 c m  l e n g t h .  Plat inum lead w i r e  w a s  
spot-welded t o  t h e  plat inum tub ing  and s e a l e d  i n t o  g l a s s  t ub ing .  
The u s e  of  a s l e e v e  enabled convenient  exchange of  t e s t  e l e c t r o d e s  
as needed. The h e i g h t  of t h e  e l e c t r o l y t e  l eve l  w a s  chosen such 
t h a t  t h e  r e c t a n g u l a r  t e s t  electrode w a s  j u s t  completely immersed 
wi th  t h e  side c o n t a i n i n g  t h e  cadmium l a y e r  f a c i n g  t h e  coun te r  
e l e c t r o d e .  The backs ide  w a s  covered wi th  a t h i n  l a y e r  of  po lys ty rene .  

The coun te r  e l e c t r o d e  c o n s i s t e d  of a pa l lad ium w i r e  of 1 0  c m  
l eng th  and 1 mm d iameter .  I t  w a s  s p o t  welded t o  plat inum l e a d  
w i r e  which i n  t u r n  w a s  sealed i n t o  g l a s s .  Before use ,  t h e  counter  
e l e c t r o d e  w a s  "charged" w i t h  hydrogen by evolv ing  hydrogen on it 
f o r  s e v e r a l  hours  i n  an e l e c t r o l y s i s  c e l l  f i l l e d  wi th  KOH. During 
use  such an e l e c t r o d e  e x h i b i t s  a p o t e n t i a l  of about  0 . 0 5  v o l t s  
ve r sus  t h e  hydrogen r e f e r e n c e  electrode as long as  hydrogen i s  
occluded by t h e  palladium. 

S o l u t i o n  P r e o a r a t i o n  

A l l  experiments  w e r e  carried o u t  i n  KOH s o l u t i o n s  from 0 . 1  

t o  6 N p repared  from AR-grade KOH and doubly q u a r t z - d i s t i l l e d  
water .  A f t e r  p r e p a r a t i o n  t h e  s o l u t i o n s  w e r e  c a r e f u l l y  k e p t  i n  an 
oxygen and carbon d i o x i d e  f r e e  environment. A f t e r  f i l l i n g  t h e  
c e l l  wi th  f r e s h  e l e c t r o l y t e ,  p r e e l e c t r o l y s i s  w a s  carried o u t  over-  
n i g h t  w i t h  a copper electrode k e p t  a t  a p o t e n t i a l  of 0 vo l t s  
ve r sus  hydrogen r e f e r e n c e .  A l l  experiments  i n  bulk  e l e c t r o l y t e  
w e r e  c a r r i e d  o u t  a t  room tempera ture ,  t h a t  i s  about  25OC. 

Experimental  Procedure 

A f t e r  e l e c t r o d e p o s i t i n g  cadmium l a y e r s  i n  t h e  p l a t i n g  b a t h ,  
t h e  electrodes were immediately r i n s e d  i n  oxygen-free d i s t i l l e d  

w a t e r  and d r i e d  i n  a stream of  n i t r o g e n ,  A f t e r  microscopic  ex- 
aminat ion they  w e r e  in t roduced  i n t o  t h e  c e l l  w i t h  a reducing  po- 

t e n t i a l  a p p l i e d .  Likewise electrodes w e r e  always removed from t h e  
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cel l  wh i l e  t h e  p o t e n t i a l  of i n t e r e s t  w a s  be ing  app l i ed .  Again 
t h e  electrodes w e r e  immediately r i n s e d  i n  d i s t i l l e d  w a t e r ,  d r ied  

i n  n i t r o g e n  and subjected t o  microscopic  examination. When n o t  
i n  use,  e l e c t r o d e s  w e r e  s t o r e d  i n  a d e s s i c a t o r  c o n t i n u a l l y  purged 
wi th  n i t r o g e n .  

RESULTS AND D I S C U S S I O N  

E f f e c t  of Counter E l e c t r o d e  

When a s e c t i o n  of  a cadmium b a t t e r y  p l a t e  w a s  used as t h e  
counter  e l e c t r o d e ,  t he  c a p a c i t y  of t h e  t e s t  e l e c t r o d e  was observed 
t o  i n c r e a s e  on cont inued  cyc l ing ,  i n  some cases beyond t h e  theo- 
re t ica l  c a p a c i t y .  F igu re  8 shows t h e  c a p a c i t y  as a f u n c t i o n  of 

t he  number of c y c l e s  fo r  a 11-1 cadmium f i l m  i n  1 N KOH. The 
t h e o r e t i c a l  c a p a c i t y  of t h i s  f i l m  i s  1 .5  asec/cm2. 
c a p a c i t y  amounts t o  on ly  2 .5% of t h e  t h e o r e t i c a l  v a l u e  when c y c l i n g  
w i t h  a c u r r e n t  d e n s i t y  of k 5 0  pa/cm2 between l i m i t s  of 300 and 
-100 mV. During c y c l i n g  the c a p a c i t y  dec reases  a t  f i r s t  b u t  t h e n  
i n c r e a s e s  c o n t i n u a l l y .  Extens ive  r e d u c t i o n  l e a d s  t o  a doubl ing  
of t h e  d i scha rge  c a p a c i t y  and e x t e n s i v e  o x i d a t i o n  leads t o  an 
i n c r e a s e  i n  t h e  charge  c a p a c i t y  by a f a c t o r  of f i v e .  I n  c o n t r a s t  
t o  subsequent  experiments ,  t h i s  experiment w a s  performed wi thou t  
t h e  u s e  of a n i t r o g e n  purged po lye thy lene  bag and wi th  non- 
e l e c t r o p o l i s h e d  copper s u b s t r a t e  f o i l s .  

The i n i t i a l  

Cycl ing of  a loOK cadmium l a y e r  i n  1 N KOH w i t h  a cadmium 
coun te r  e l e c t r o d e  l e a d s  t o  a complete r e d i s t r i b u t i o n  of t he  o r i g i n a l  
l a y e r  on cyc l ing .  I n  f a c t ,  a p a r t  of  t h e  e l e c t r o d e  s u r f a c e  i n t e n -  
t i o n a l l y  l e f t  as bare copper became covered w i t h  a cadmium l a y e r  
du r ing  c y c l i n g .  A s  shown i n  F igu re  9 ,  the  c a p a c i t y  of t h i s  elec- 
t r o d e  decreases from a v a l u e  close t o  t h e  t h e o r e t i c a l  c a p a c i t y  of  
1 5  m a  sec/cm2 t o  v a l u e s  of 4 m a  sec/cm2. 
t h e  e l e c t r o d e  produces c a p a c i t i e s  more than  t h r e e  t i m e s  larger 
than  t h e  t h e o r e t i c a l  va lue .  A t  t h e  same t i m e  t h e  shape of t h e  

Extens ive  r e d u c t i o n  of 

13 



Fig. 8 Capacity of a 1p Cd film electrode in 1 N KOH vs. number of cycles, 
using a Cd counter electrode. 

A DISCHARGE 

Fig. 9 Capacity of a look Cd film electrode in 1 N KQH vs. number of cycles, 
using a Cd counter electrode, 
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chqrge and d i s c h a r g e  curves  remains e s s e n t i a l l y  u n a l t e r e d .  This  
i n d i c a t e s  t h a t  cadmium d i s s o l v e s  from t h e  counter  e l e c t r o d e  and 
i s  depos i t ed  on t h e  t e s t  e l e c t r o d e .  

To prove t h i s  mig ra t ion  of s o l u b l e  cadmium s p e c i e s ,  a b a r e  
copper f o i l  w a s  r e p e a t e d l y  charged and d ischarged  i n  1 N KOH 

a g a i n s t  the cadmium c a u n t e r  e l e c t r o d e .  The e f f e c t  of c y c l i n g  on 
t h e  c a p a c i t y  of t h e  tes t  e l e c t r o d e  i s  shown i n  F igu re  10. 
O r i g i n a l l y  t h e  c a p a c i t y  amounts t o  va lues  of 0 . 2  t o  0 . 3  m a  sec/ 
c m 2 .  
m e t a l  e l e c t r o d e  would only  r e q u i r e  0 , 0 1 2  ma sec/cm2 f o r  a v o l t a g e  
swing of k0 .2  v o l t s .  Hence, the  observed c a p a c i t y  va lues  are  t o o  
h igh  t o  be  a s s o c i a t e d  wi th  t h e  double  l a y e r  c a p a c i t y .  S i n c e  
va lues  of t h i s  o r d e r  were also observed on copper e l e c t r o d e s  i n  
KOH s o l u t i o n s  f r e e  of d i s s o l v e d  cadmiate i o n s ,  t h i s  c a p a c i t y  i s  
probably a pseudo c a p a c i t y  due t o  hydrogen r e a c t i n g  w i t h  t he  

copper surface. When p o t e n t i a l s  n e g a t i v e  w i t h  r e s p e c t  t o  t h e  
Cd/Cd(OH)2 p o t e n t i a l  a r e  a p p l i e d  f o r  s e v e r a l  hours ,  t h e  c a p a c i t y  
rises t o  v a l u e s  a s  h igh  a s  3 .6  ma sec/cm2. 
due t o  the  d e p o s i t i o n  of  s o l u b l e  cadmium s p e c i e s  from t h e  coun te r  
e l e c t r o d e .  I n  f r e s h  KOH and w i t h  a p la t inum coun te r  e l e c t r o d e  
t h e  e f f e c t  i s  t o t a l l y  a b s e n t ,  and t h e  c a p a c i t y  remains a t  va lues  
c l o s e  t o  0 . 2  ma/cm2. A t y p i c a l  vo l tage- t ime or  vol tage-charge  
t r a n s i e n t  d u r i n g  the  i n i t i a l  two c y c l e s  i s  shown i n  F igu re  11, 
The l a c k  of any v o l t a g e  a r r e s t  c l o s e  t o  t h e  r e v e r s i b l e  Cd/Cd(OH)2 
p o t e n t i a l  is c o n s i s t e n t  wi th  a copper s u r f a c e  f r e e  of cadmium 
l a y e r s  d u r i n g  t h e  i n i t i a l  cyc le .  

The charge and d i s c h a r g e  of t h e  double  l a y e r  c a p a c i t y  of  a 

Th& i s  undoubtedly 

Cycl ing of  cadmium e l e c t r o d e s  i n  6 N  KOH l e a d s  t o  a profound 
dec rease  i n  c a p a c i t y  and t o  a d r a s t i c  change i n  t h e i r  morphology 
as w e l l  a s  t h e i r  c o l o r .  The loss  of c a p a c i t y  on c y c l i n g  i s  shown 
i n  F igure  1 2  f o r  a cadmium e l e c t r o d e  wi th  a t h e o r e t i c a l  c a p a c i t y  
of 80 ma sec/cm2. Typ ica l  charge and d i s c h a r g e  cu rves l  ob ta ined  
a t  a c o n t r o l l e d  c u r r e n t  d e n s i t y  of k28 va/cm2 af ter  e x t e n s i v e  
charg ing  a t  -250 mV, a r e  shown i n  F igu re  13 .  
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Fig. 10 Capacity of a bare  Cu electrode in  1 N KOH vs. number of cycles, using 
a Cd counter electrode. 

300 

1 200 - 
> 
E 
W 

W 

W 
LL 
w 

Y 

2 100 
a 

a 
z o  w 
W 
0 n 
r 
I 

> 
W 
W 
4 
I- 

n 

vj -100 

-200 

rl 

-300 

CURRENT x TIME [ma sec/cm2]- 

Fig. 11 Recorder t race of discharge (upward trace) and charge curve (downward 
trace) of same electrode applying A28 pa/cm2; amount of charge passing through 
1 cm2 electrode area is plotted on abscissa. 

16 



I I I I 1 I I 

cu- A 
E A DISCHARGE 

1 IO 20 30 40 50 60 70 80 90 100 . 

NUMBER OF CYCLES 
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Curves obtained after applying -250 mV for 18 hours and 
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Elec t rodes  w e r e  p repared  by e l e c t r o p l a t i n g  cadmium f i l m s  on 
copper f o i l s  from KOH s o l u t i o n  s a t u r a t e d  w i t h  cadmium ox ide  a t  

86OC. The p l a t i n g  of " e l e c t r o d e  1" w a s  performed a t  a c o n t r o l l e d  
c u r r e n t  d e n s i t y  of -400  pa/cm2 f o r  200  seconds.  
e q u i v a l e n t  of 80 m a  sec/cm2 corresponds  t o  an average cadmium 
l a y e r  t h i c k n e s s  of 540&, 
graphs of t h e  o r i g i n a l  copper s u b s t r a t e  s u r f a c e  and of t h e  cadmium 
l a y e r  a t  a magn i f i ca t ion  of 500X. The cadmium l a y e r  e x h i b i t s  a 
p l a t e l e t  morphology s imi l a r  t o  t h a t  ob ta ined  when p l a t i n g  f r o m  
commercial cadmium cyanide b a t h s .  

The charge  

F igu res  1 4  and 15 show o p t i c a l  micro- 

The o r i g i n a l  d i s c h a r g e  c a p a c i t y  of  e l e c t r o d e  1 amounts t o  
9 . 1  m a  sec/cm2 which c o n s t i t u t e s  11% of t h e  t h e o r e t i c a l  c a p a c i t y .  
F igu re  1 2  shows t h a t  t h e  c a p a c i t y  dec reases  t o  0 . 6  m a  sec/cm2 
dur ing  only  5 c y c l e s  w i t h  2 7 0  pa/cm2. Prolonged charg ing ,  f o r  
i n s t a n c e  a t  -250 mv f o r  20 minutes ,  produces i n c r e a s e d  c a p a c i t y  
on subsequent  d i scha rge .  However, w i t h i n  a few c y c l e s  very  l o w  
va lues  are aga in  ob ta ined .  

The appearance of  t h e  cadmium d e p o s i t  a f t e r  p l a t i n g  i s  uni -  
formly s i l v e r i s h  t o  t h e  b a r e  eye.  The low c a p a c i t y  v a l u e s  ob ta ined  
on c y c l i n g  are a s s o c i a t e d  w i t h  a d i s t i n c t l y  coppe r i sh  appearance 
of t h e  s u r f a c e ,  Microscopic examination reveals i s o l a t e d  p a r t i c l e s  
on an o the rwise  b a r e  copper s u r f a c e .  The complete change i n  mor- 
phology a f t e r  60 c y c l e s  i s  shown i n  t h e  photomicrograph i n  F igu re  1 6  

a t  a magn i f i ca t ion  of  500X. 

Charging of t h e  e l e c t r o d e  a t  -250 mV f o r  18 hours  r e s u l t s  i n  
a s u r f a c e  which appears  s i l v e r i s h  a g a i n  t o  t h e  b a r e  eye.  
Microscopic examination shows t h a t  t h e  s u r f a c e  i s  covered wi th  a 

cont inuous cadmium f i l m  on t o p  of which i s o l a t e d  cadmium 
p a r t i c l e s  p e r s i s t ,  This  i s  shown i n  t h e  micrographs i n  F igures  1 7  
and 18 ,  ob ta ined  a t  magn i f i ca t ions  of 500 and 1 O O O X .  On subsequent  
d i s c h a r g i n g  t o  50 mV w i t h  28 pa/cm2! a c a p a c i t y  of 6 7 m a  sec/cm2 
i s  recovered  which c o n s t i t u t e s  84% of t h e  t h e o r e t i c a l  c a p a c i t y .  

The shape of t h i s  d i s c h a r g e  cu rve  i s  shown i n  F igu re  13. Most of 
t h e  d i s c h a r g e  occurs a t  a p o t e n t i a l  very  c l o s e  t o  t h e  Cd/Cd(OH)2 
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Fig. 14. 
Cu substrate (electrode 1). 

Optical micrograph at 500X of original Fig. 15. 
Cd film as electrodeposited (electrode 1). 
Same area as in Figure 14. 

Optical micrograph at 500X of 540; 

Fig. 16. 
trode 1, after 60 cycles in 6N KOH. Same area. 

Optical micrograph at 500X of elec- Fig. 17. Optical micrograph at 500X of elec- 
trode 1, after applying -250 mV for 18 hours. 
Same area. 

Fig. 19. Optical micrograph at lOOOX of elec- 
trode 1, after discharge with 28 ua/cm2 to 
50 mV. Same area as in Fig. 18. 

Fig. 18. 
tion of 1 O O O X .  

Same as Fig. 17, but at a magnifica- 
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e q u i l i b r i u m  p o t e n t i a l  ( 1 9  mV vs .  hydrogen r e f e r e n c e  e l e c t r o d e ) .  
When a d i s c h a r g e  v o l t a g e  of 50 mV w a s  ob ta ined ,  t h e  electrode had 
a d i s t i n c t l y  coppe r i sh  appearance and w a s  removed f o r  microscopic  
examination. F i g u r e  1 9  shows a photomicrograph of  t h e  s u r f a c e  a t  

l O O O X ,  W e  n o t e  the  e x i s t e n c e  of t h e  same p a r t i c l e s  as a f t e r  t h e  
18 hour charge.  However, these p a r t i c l e s  are  s e p a r a t e d  by ap- 
p a r e n t l y  bare copper s u r f a c e  and t h e  color of t h e  p a r t i c l e s  has  
changed f r o m  meta l l ic  gray t o  b l u e  and brown, The f a s t  rise i n  
p o t e n t i a l  on cont inued  d i scha rge  (F igu re  13) i n d i c a t e s  some loss  
of c a p a c i t y  due t o  o x i d a t i o n  of cadmium on exposure t o  a i r  du r ing  
t h e  microscopic  examination. 

F u r t h e r  c y c l i n g  of t h e  e l e c t r o d e  leads t o  a d r a s t i c  decrease 
of t h e  c a p a c i t y  as evidenced by t h e  dec reas ing  charge  and d i s c h a r g e  
t i m e s  i n  F igu re  13. A f t e r  82 c y c l e s ,  va lues  a s  l o w  as 0 . 5  m a  
sec/cm2 are ob ta ined  (F igu re  1 2 )  and t h e  number and s i z e  of t h e  
p a r t i c l e s  on t h e  s u r f a c e  have decreased  (F igu re  2 0 ) .  Discharge 
a t  1 0 0  mV f o r  6 4  hours  has on ly  a s m a l l  e f fec t  on t h e  subsequent  
charge c a p a c i t y  (F igu re  1 2 1 ,  and t h e  number and s i z e  of  p a r t i c l e s  
remain approximately the same ( F i g u r e  2 1 )  e The d i s c h a r g e  c a p a c i t y  
on cont inued  c y c l i n g  amounts t o  on ly  0 . 1 3  m a  sec/cm2. 
about  t h e  same c a p a c i t y  a s  t h a t  of b a r e  copper electrodes and in -  
d i c a t e s  t h a t  t h e  p a r t i c l e s  remaining on t h e  s u r f a c e  are l a r g e l y  
p a s s i v a t e d .  I t  i s  l i k e l y  t h a t  t h e  brown and b l u e  c o l o r  of t h e  

p a r t i c l e s  i s  r e l a t e d  t o  t h i s  p a s s i v a t i o n  phenomenon. 

T h i s  i s  

D i s s o l u t i o n  vs .  S o l i d  State  Mechanism on Discharge i n  6 N  KOH 

T h e  f i n d i n g s  t h a t  c y c l i n g  changes t h e  s i l v e r i s h  c o l o r  of  t h e  

o r i g i n a l  cadmium d e p o s i t  t o  a copper i sh  appearance and accord ing  
t o  micrographs produces isolated cadmium p a r t i c l e s  on an  o t h e r -  
w i s e  b a r e  copper s u b s t r a t e ,  shows t h a t  e x t e n s i v e  d i s s o l u t i o n  of 
cadmium s p e c i e s  must have occurred  du r ing  c y c l i n g .  The fo l lowing  
experiments were aimed a t  e s t a b l i s h i n g  how much cadmium d i s s o l v e s  
i n  the  e l e c t r o l y t e  du r ing  d i s c h a r g e  and how much remains a t  t h e  
s u r f a c e  a f t e r  undergoing s o l i d  s t a t e  o x i d a t i o n .  The experimental  
procedure i s  o u t l i n e d  schemat i ca l ly  i n  F igu re  2 6 .  I t  c o n s i s t s  of 
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Fig. 20. 
t r o d e  1, a f t e r  82 cyc le s  i n  6 N  KOH. Same area .  

Op t i ca l  micrograph a t  l O O O X  of elec- Fig.  21. Op t i ca l  micrograph at- l O O O X  of elec- 
t r o d e  1, a f t e r  applying 1 0 0  mV f o r  64 hours.  
Same area. 

Fig. 22.  
t rode  1, a f t e r  applying -250 mV f o r  4 hours.  
Same a rea .  

Op t i ca l  micrograph a t  lOOOX Of elec- Fig.  23. Op t i ca l  micrograph a t  l O O O X  of elec- 
t r o d e  1, a f t e r  d i scharge  w i t h  28 l.Ia/cm2 t o  
50 mV. Same a rea .  

Fig.  24.  Op t i ca l  micrograph a t  l O O O X  of elec- 
t rode  2 ,  a f t e r  applying -250 mV f o r  3 hours.  

F ig .  25. Op t i ca l  micrograph a t  l O O O X  of elec- 
t r o d e  2 , a f t e r  applying -250 mV f o r  15 hours.  
Same e l ec t rode  a rea  a s  i n  Fig.  24.  
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t h e  fo l lowing  f i v e  major s t e p s :  

a.  P l a t e  a known amount of cadmium ( t h e o r e t i c a l  c a p a c i t y )  
on a copper s u b s t r a t e  ( e l e c t r o d e  1) and determine i t s  a c t u a l  
c a p a c i t y  on c o n s t a n t  c u r r e n t  d i scha rge  t o  50 mV i n  f r e s h  6 N  KOH 

followed by e x t e n s i v e  c y c l i n g  and d i s c h a r g e  a t  1 0 0  mV. 

b. Replace e l e c t r o d e  1 wi th  a b a r e  copper  s u b s t r a t e  (elec- 
t r o d e  2 )  and p l a t e  t h e  d i s s o l v e d  cadmium s p e c i e s  by charg ing  a t  
-250 mV f o r  1 8  hours .  

c. Replace e l e c t r o d e  2 with  e l e c t r o d e  1 and reduce  t h e  
cadmium s p e c i e s  remaining on e l e c t r o d e  1 a t  -250 mV fol lowed by 
de termining  i t s  amount by c o n s t a n t  c u r r e n t  d i s c h a r g e  t o  50 mV, 

d. Replace electrode 1 with e l e c t r o d e  2 and determine t h e  
amount of  cadmium p l a t e d  on e l e c t r o d e  2 by c o n s t a n t  c u r r e n t  d i s -  
charge t o  50 mV. 

e. Replace e l e c t r o d e  2 with  a b a r e  copper substrate (elec- 
t r o d e  3)  and p l a t e  t h e  cadmium s p e c i e s  d i s s o l v e d  du r ing  t h e  second 
d i s c h a r g e  of e l e c t r o d e  1 and t h e  d i s c h a r g e  of e l e c t r o d e  2 by 
charg ing  a t  -250 mV f o r  1 6  hours fol lowed by determining t h e  p l a t e d  
amqunt by c o n s t a n t  c u r r e n t  d i scha rge  t o  200 mV. 

The f i r s t  block diagram i n  F igure  26a shows t h e  t o t a l  amount of 
80 mil l icoulomb (mC o r  masec) cadmium o r i g i n a l l y  p l a t e d  on elec- 
t r o d e  1 ( s i g n i f i e d  by t h e  a r e a  wi th  t h e  open circles t o  t h e  l e f t )  
and t h e  KOH e l e c t r o l y t e ,  o r i g i n a l l y  f r e e  of d i s s o l v e d  cadmium 
s p e c i e s ,  nex t  t o  t h e  e l e c t r o d e  ( s i g n i f i e d  by t h e  blank area t o  
t h e  r i g h t ) .  The second diagram i n  F igu re  2 6 a  shows t h e  amounts 
of unreac ted  cadmium, s o l i d  ox id i zed  cadmium s p e c i e s  (Cd(OH)2p 
dark  area) and d i s s o l v e d  cadmium s p e c i e s  (Cd(OH13, a r e a  wi th  
broken l i n e s )  a f t e r  c y c l i n g ,  e x t e n s i v e  charge  and f i n a l l y  c o n s t a n t  
c u r r e n t  d i s c h a r g e  t o  50 mV. The charge e q u i v a l e n t s  o f  Cd(OHI2 and 
Cd(OR)3- add up t o  t h e  measured d i s c h a r g e  c a p a c i t y  of 6 7  mC which 
c o n s t i t u t e s  8 4 %  o f  t h e  t h e o r e t i c a l  c a p a c i t y .  The amounts of 

Cd(0H) 
obta ined  i n  s t e p s  d and e.  The t h i r d  diagram i n  F igu re  26a shows 
t h e  amounts of s o l i d  and d i s s o l v e d  ox id ized  cadmium s p e c i e s  a f t e r  

and Cd (OH) 3- are determined s e p a r a t e l y  from t h e  r e s u l t s  



(I 
CHARGE AT 

DISCHARGE 
TO 50mV 

CYCLE, 
DISCHARGE 

AT 100mV,64h 

I 1211 

.Ti' 
1211 

DISCHARGE 
TO 50mV I d 

t 

e DISCHARGE 
TO 200 mV 
_L. 

3 1  I 1 3 1  

Fig. 2 6 Schematic of experimental procedure establishing amounts of cadmium 
species dissolving (Cd(OH)i) vs. undergoing solid state oxidation (Cd(OH)2 ). 
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Cd, Cd(.0H)2 and Cd(0H);. 
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I 

e x t e n s i v e  c y c l i n g  and d i scha rge  a t  1 0 0  mV, These amounts w e r e  
determined from t h e  measured d i scha rge  c a p a c i t i e s  of 56.9 mC f o r  
e l e c t r o d e  2 a f t e r  p l a t i n g  and d i s c h a r g i n g  ( s t e p s  b and d )  and 
1 9 , 4  mC f o r  e l e c t r o d e  1 a f t e r  cha rg ing  and d i s c h a r g i n g  i n  cadmium- 
f r e e  KOH ( s t e p  c ) .  These two amounts add up t o  76.3 mC and l e a v e  
only 3 , 7  mC unaccounted f o r ,  With t h i s  maximum e r r o r  one o b t a i n s  
a range of v a l u e s  of 5 6 . 9  t o  6 0 . 6  mC f o r  t h e  d i s s o l v e d  ox id ized  
cadmium s p e c i e s  and 1 9 . 4  t o  2 3 - 1  mC f o r  t h e  s o l i d  ox id i zed  
cadmium s p e c i e s  a s  formed dur ing  t h e  d i scha rge  of e l e c t r o d e  1 a t  
1 0 0  mV f o r  6 4  hours .  These va lues  a r e  e q u i v a l e n t  t o  71-76% and 
24-29% of t h e  t h e o r e t i c a l  c a p a c i t y ,  

T h e  f i r s t  two diagrams i n  F igu re  2 6 e  demonstrate  t h e  p l a t i n g  
onto  e l e c t r o d e  3 of t h e  cadmium s p e c i e s  d i s s o l v e d  d u r i n g  t h e  pre-  
v ious  d i s c h a r g e  of e l e c t r o d e s  1 and 2 ( s t e p s  c and d ) ,  Cons tan t  
c u r r e n t  d i s c h a r g e  of  e l e c t r o d e  3 t o  200  mV l e a d s  t o  a c a p a c i t y  
of 6 0 . 4  mC. This  c o n s t i t u t e s  7 9 %  of t h e  added c a p a c i t i e s  of 
e l e c t r o d e s  1 and 2 and, hence,  sets a lower l i m i t  of 79% f o r  t h e  
formation of d i s s o l v e d  cadmium s p e c i e s  and an upper l i m i t  of  2 1 %  

f o r  t h e  s o l i d  s t a t e  o x i d a t i o n  of cadmium on d i scha rge  t o  50 mV 

wi th  a c u r r e n t  d e n s i t y  of 28 Ua/cm . 2 

I t  i s  of i n t e r e s t  t o  examine t h e  morphology of t h e  cadmium 
d e p o s i t s  on e l e c t r o d e s  2 and 3. F i g u r e s  2 4  and 25 show t h e  ap- 
pearance of e l e c t r o d e  2 a f t e r  app ly ing  -250 mV f o r  3 hours  and 
15 hour s ,  r e s p e c t i v e l y ,  a t  1 O O O X .  The growth of a cadmium l a y e r  
w i t h  p l a t e l e t  morphology i s  c l e a r l y  e v i d e n t .  F igu res  2 2  and 2 3  

show t h e  appearance of e l e c t r o d e  1 a f t e r  r e i n t r o d u c i n g  t h e  elec- 
t r o d e  i n t o  t h e  e l e c t r o l y t e  when f r e e  of d i s s o l v e d  cadmium s p e c i e s  
( s t e p  c)  and cha rg ing  a t  -250 mV f o r  4 hours  (F igure  2 2 )  fol lowed 
by d i scha rge  t o  5 0  mV (F igure  2 3 ) -  A comparison wi th  F igu re  2 1  

shows t h a t  t h e  number and s i z e  of t h e  p a r t i c l e s  has  changed only  
s l i g h t l y ,  F igu res  2 7  t o  30 show o p t i c a l  micrographs a t  lOOOX of 

e l e c t r o d e  3. Figure  27  shows t h e  o r i g i n a l  copper s u b s t r a t e ,  
F igure  2 8  t h e  s u r f a c e  a f t e r  3 hours  cha rg ing  a t  -250 mV and 
Figure  2 9  t h e  same a r e a  a f t e r  16  hours  of charg ing .  The p l a t i n g  
of a cadmium f i l m  w i t h  p l a t e l e t  s t r u c t u r e  (dark a r e a s  r e p r e s e n t  
t h i c k  cadmium l a y e r s ,  l i g h t  a r e a s  t h i n  cadmium l a y e r s )  on t h e  
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Fig. 27.  
n a l  Cu s u b s t r a t e  of e l ec t rode  3. 

Opt ica l  micrograph a t  l O O O X  of o r i g i -  Fig.  28. 
t rode  3 a f t e r  applying -250 mV f o r  1 6  hours.  
Same a rea  a s  i n  Fig. 27. 

Opt ica l  micrograph a t  l O O O X  of e lec-  

Fig.  29 .  
t rode  3 a f t e r  applying -250 mV f o r  1 6  hours.  
Same a rea .  50 mV. 

Opt ica l  micrograph a t  l O O O X  of e lec-  Fig.  30. 
t rode  3 a f t e r  d i scharge  with 28 ua/Qn2 t o  

Op t i ca l  micrograph a t  l O O O X  of e l ec -  

Fig.  31. Elec t ron  micrograph a t  30,OOOX O f  
e l ec t rode  2 ,  a f t e r  d i scharge  with 28  ua/cm2 
t o  50 mV. 

Fig.  32. Electron micrograph a t  30,OOOX og 
e lec t rode  3, a f t e r  d i scharge  with 28  ua/cmL 
t o  50 mV. 
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o r i g i n a l l y  bare copper is  a g a i n  c l e a r l y  ev iden t .  Discharge of 
t h i s  e l e c t r o d e  t o  50 mV r e s u l t s  i n  t h e  s u r f a c e  as shown i n  
F igu re  30. The l i g h t  areas now r e p r e s e n t  bare copper s i g n i f y i n g  
d i s s o l u t i o n  of cadmium from t h e s e  areas, 

A s  observed ear l ie r  on electrode 1, d i scha rge  and cont inuous 
c y c l i n g  produces a brown appearance of t h e  p a r t i c l e s  l e f t  on t h e  
s u r f a c e ,  E l e c t r o n  micrographs w e r e  ob ta ined  t o  examine t h e  c r y s t a l  
h a b i t  o f  these p a r t i c l e s .  F igu res  31  and 32 show e l e c t r o n  micro- 
graphs ob ta ined  a t  30,OOOX of electrodes 2 and 3 af te r  d i s c h a r g e  
t o  50 and 200  mV r e s p e c t i v e l y .  The e x i s t e n c e  of cub ic  c r y s t a l s  
sugges t s  t h e  format ion  of  cadmium ox ide  which would account  f o r  
t h e  observed p a s s i v a t i o n  of t h e  electrode. 

Capaci ty  and Morphology of Cd E lec t rodes  i n  1N KOH 

The c a p a c i t y  of  cadmium f i l m s  on c y c l i n g  i n  1N KOH shows a 
q u i t e  d i f f e r e n t  behavior  f r o m  t h a t  ob ta ined  on c y c l i n g  i n  6N KOH. 

F igu res  33 t o  35 show t h e  t y p i c a l  c y c l i n g  behavior  of t h r e e  d i f -  
f e r e n t  electrodes w i t h  cadmium f i l m  t h i c k n e s s e s  of 8 3  and lOOi, 
These f i l m  t h i c k n e s s e s  correspond t o  t h e o r e t i c a l  c a p a c i t i e s  of 1 2  

and 15 m a  sec /cm2,  r e s p e c t i v e l y .  The i n i t i a l  c a p a c i t i e s  amount 
t o  1 0 %  of t h e  t h e o r e t i c a l  va lues  when c y c l i n g  wi th  1 5 0  mV l i m i t s ,  
t o  2 0 %  when c y c l i n g  wi th  250 mV l i m i t s  and t o  2 2 %  when c y c l i n g  
wi th  500 mV l i m i t s .  Loss of  t h e  c a p a c i t y  on c y c l i n g  i s  found t o  
be  much less pronounced than  i n  6N KOH. A l s o  i n  c o n t r a s t  t o  6N 
KOH, e x t e n s i v e  r e d u c t i o n  has  almost no e f f e c t  on t h e  c a p a c i t y ,  
whi le  o x i d a t i o n  w i t h  i n c r e a s i n g l y  l a r g e  anodic  p o t e n t i a l s  r e s u l t s  
i n  i n c r e a s e d  c a p a c i t i e s  on subsequent  charge ,  

The shape of t y p i c a l  charge and d i s c h a r g e  curves  i s  shown i n  
F igu re  36. The d i s c h a r g e  curves  look very much d i f f e r e n t  from t h e  
d i scha rge  curve  i n  6N KOH a f t e r  e x t e n s i v e  r e d u c t i o n  b u t  are s i m i l a r  
t o  t h e  d i s c h a r g e  curves  i n  6N KOH. A f t e r  

e x h i b i t i n g  a p o t e n t i a l  arrest  a t  about  40  mV, t h e  curves  e n t e r  a 
s t r a i g h t - l i n e  p o r t i o n .  .The r a t e  of p o t e n t i a l  i n c r e a s e ,  dE/dt, 
i n  t h i s  s t r a i g h t - l i n e  p o r t i o n  i s  p r o p o r t i o n a l  t o  t h e  c u r r e n t  den- 
s i t y  and the s l o p e  dE/dQ i s  independent  of c u r r e n t  d e n s i t y .  This  
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i s  a behavior  which i s  t y p i c a l  fo r  charg ing  a c a p a c i t o r  and has 

been observed i n  t h e  formation of monolayers of  hydrogen and of 
ox ide  l a y e r s  on noble  m e t a l  e l e c t r o d e s ,  F igu res  37 and 38 show 
t h a t  s m a l l  changes i n  morphology on e x t e n s i v e  c y c l i n g  do, however, 
occur .  
and F igu re  38 t h e  same area of t h e  electrode a f t e r  190 c y c l e s ,  bo th  
a t  a magn i f i ca t ion  of 500X. Figures  5 and 7 show e l e c t r o n  micro- 
graphs a t  30,QOQX of a cadmium l a y e r  a f t e r  d e p o s i t i o n  and of t h e  
l O O i  cadmium l a y e r ,  shown i n  F igu re  38, a f t e r  190 c y c l e s .  I t  i s  
seen  t h a t  the pronounced p l a t e l e t  s t r u c t u r e  of  t h e  o r i g i n a l  cadmium 
d e p o s i t  has become d i f f u s e  by e x t e n s i v e  c y c l i n g .  

F igu re  37 shows a l O O i  cadmium l a y e r  a f t e r  e l e c t r o d e p o s i t i o n  

The r e s u l t s  ob ta ined  on t h e  c y c l i n g  behavior  t o g e t h e r  w i th  
t h e  microscopic  o b s e r v a t i o n  sugges t  t h a t  i n  1N KOH bo th  a d is -  

s o l u t i o n  and a p a s s i v a t i o n  mechanism determine t h e  behavior  of 
t h e  cadmium electrode. Due t o  t h e  smaller s o l u b i l i t y  of cadmium 
s p e c i e s  i n  1N KOH, t h e  d i s s o l u t i o n  mechanism i s  much less s i g n i f i -  
c a n t  t han  i n  6N KOH. 

Capaci ty  and Morphology of  Cd Elec t rodes . . in  D.1N XOH 

The behavior  of  a l O O i  cadmium f i l m  electrode on c y c l i n g  i n  
0.1N KOH con t inues  t h e  t r e n d s  observed when dec reas ing  t h e  e l e c t r o -  
l y t e  c o n c e n t r a t i o n  from 6N t o  1N. Figure  39 shows t h e  effects of 
c y c l i n g  on t h e  c a p a c i t y .  I n i t i a l l y  three d i f f e r e n t  c u r r e n t  den- 
s i t i es  are used f o r  c y c l i n g ,  t h a t  i s  28, 1 4  and 7 va/crn2* These 

c u r r e n t  d e n s i t i e s  r e s u l t  i n  charge c a p a c i t i e s  of . 4 7 ,  .43 and 
.37 m a  sec/cm2. 
e q u i v a l e n t  of a monolayer of C d ( 0 H )  2 r  t h a t  i s  - 4 8  m a  sec/cm2. 
vast  c o n t r a s t  t o  the  case of 6N KOH t h e  a p p l i c a t i o n  of  c a t h o d i c  
v o l t a g e s  between Q and -250 mV does n o t  lead t o  h ighe r  d i s c h a r g e  
c a p a c i t i e s ,  and t h e  c a p a c i t i e s  du r ing  c y c l i n g  remain e s s e n t i a l l y  
c o n s t a n t .  

These v a l u e s  correspond c l o s e l y  t o  t h e  charge  
I n  

When t h e  v o l t a g e  l i m i t s  a re  changed t o  + 4 0 0  and -100 mV, t h e  
charge  and d i s c h a r g e  c a p a c i t y  i n c r e a s e s  and amounts t o  t h e  equiva- 

l e n t  o f  3 t o  3 l / 2  l a y e r s  of Cd(0H) 2 s  Within 80 c y c l e s  t h e  
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c a p a c i t y  dec reases  from 1.65 t o  1.35 m a  sec/cm2. 
fo l lowing  d i s c h a r g e  a t  400  mV f o r  1 5  and 30 minutes ,  t h e  charge 

l a t t e r  va lue  corresponds t o  2 1 %  of t h e  t h e o r e t i c a l  c a p a c i t y .  

F igu re  4 0  shows r e c o r d e r  traces of charge  and d i s c h a r g e  
curves.  The l a t t e r  do n o t  e x h i b i t  any p o t e n t i a l  arrest ,  and t h e i r  
shape is  independent  of c u r r e n t  d e n s i t y .  This  behavior  w a s  a l s o  
observed i n  1N KOH and r e f l e c t s  t h e  absence of  any s i g n i f i c a n t  
d i s s o l u t i o n  of cadmium s p e c i e s .  

Immediately 

c a p a c i t y  i n c r e a s e s  t o  va lues  between 2 . 1  and 3.1 m a  sec/cm 2 . The 

A f t e r  195 c y c l e s ,  t h e  cadmium f i l m  e l e c t r o d e  i s  removed from 
t h e  ce l l  f o r  microscopic  examination. F igu re  4 1  shows a photo- 
micrograph of t h e  o r i g i n a l  cadmium l a y e r  ob ta ined  a t  a magnif ica-  
t i o n  of  1 O O O X .  F igu re  42 shows t h e  same a r e a  a f t e r  195 c y c l e s .  
T o  t h e  b a r e  eye t h e  e l e c t r o d e  looks i d e n t i c a l  b e f o r e  and a f t e r  
cyc l ing ,  t h a t  i s  uniformly sh iny  and s i l v e r i s h .  A comparison 
between F igures  4 1  and 4 2  shows t h a t  t h e  major f e a t u r e s  of t h e  
cadmium f i l m  have n o t  been changed by t h e  c y c l i n g .  The l a c k  of 
changes i n  morphology and c a p a c i t y  on e x t e n s i v e  c y c l i n g  shows 
t h a t  d i s s o l u t i o n  o f  cadmium s p e c i e s  is  i n s i g n i f i c a n t .  This  i s  i n  
agreement w i t h  t h e  known l o w  s o l u b i l i t y  of cadmium s p e c i e s  i n  
0.1N KOH. ‘6’ On t h e  o t h e r  hand, t h e  i n c r e a s e  i n  charge  c a p a c i t y  
w i t h  i n c r e a s i n g l y  o x i d i z i n g  p o t e n t i a l s  sugges t s  t h e  formation of 
p a s s i v a t i n g  l a y e r s  and subsequent  i o n i c  t r a n s p o r t  through them. 

F u r t h e r  evidence f o r  t h i s  mechanism w a s  accumulated by d i s -  
charg ing  t h e  cadmium f i l m  e l e c t r o d e  a t  va r ious  p o t e n t i a l s  between 
1 0 0  and 400 mV f o r  t h e  same l e n g t h  of  t i m e ,  F igu re  43 shows 
charg ing  curves  which w e r e  ob ta ined  wi th  a c u r r e n t  d e n s i t y  o f  
1 4  i.la/cm2 af te r  apply ing  anodic  v o l t a g e s  of 1 0 0 ,  2 0 0 ,  300 and 
400  mV f o r  30 minutes .  The charge c a p a c i t i e s  corresponding t o  
t h e s e  curves  are p l o t t e d  a g a i n s t  t h e  d i s c h a r g e  vo l t ages  i n  
F igu re  4 4 .  The open circles r e l a t e  t o  t h e  curves  i n  F igu re  43, 
t h e  s o l i d  c i rc les  correspond t o  another  series of experiments 
ob ta ined  ear l ier  on t h e  same e l e c t r o d e .  The lower curve  i n  
F igu re  4 4  shows a r e t r a c i n g  of a s i n g l e  a c t u a l  d i s c h a r g e  curve.  
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Fig. 37. 
Cd f i l m  as e l ec t rodepos i t ed .  

Op t i ca l  micrograph a t  500X of 100; Fig. 38. 
l O O A  Cd f i l m  a f t e r  190 cyc les  i n  1 N  KOH. 
Same a rea  as i n  Fiq.  37.  

Opt ica l  micrograph a t  500X of same 

Fig.  42. Opt ica l  micrograph a t  lOOOX o f  s a m e  
1 O O X  Cd f i l m  a f t e r  195 cyc les  i n  0.1N KOH. Fig.  4 1 .  

Cd f i l m  a s  e l ec t rodepos i t ed .  Same area  as i n  Fig.  41. 
Opt ica l  micrograph a t  l O O X  of 1008 

Fig.  47. Opt ica l  micrograph a t  500X of 1lJ CdO 
f i l m  as depos i ted  on a s - ro l l ed  Cu s u b s t r a t e  
f o i l .  

F ig .  48. Opt ica l  micrograph a t  500X of 11.1 CdO 
f i l m  a f t e r  1 c y c l e  i n  1 N  KOH. Same a rea  as i n  
Fig. 47. 
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Fig. 43 Voltage-time transients of look Cd film electrode in 0.1 N KOH on 

charge with -14 pa/cm2 after discharging at 100,200,300, and 400 mV for 
30 minutes. 
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All three curves  can be  q u i t e  w e l l  r ep resen ted  by s t r a i g h t  l i n e s .  
Th i s  behavior  i s  a c t u a l l y  t h a t  expected for  a s o l i d  s t a t e  t r a n s -  
p o r t  mechanism, T h e  charge c a p a c i t y  is  p r o p o r t i o n a l  t o  t h e  f i l m  

t h i c k n e s s ,  and a p a s s i v a t i n g  f i l m  w i t h  c o n s t a n t  c o n d u c t i v i t y  
throughout  r e q u i r e s  a c o n s t a n t  e lectr ic  f i e l d  (vol ts /cm t h i c k n e s s )  
f o r  i t s  growth a t  c o n s t a n t  c u r r e n t .  The fac t  t h a t  t h e  i n d i v i d u a l  
d i scha rge  curve  i n  F igu re  4 4  l i e s  below t h e  two charg ing  curves  
i s  due t o  t h e  much s h o r t e r  t i m e  (on ly  1 0 0  seconds)  a v a i l a b l e  f o r  
t h e  format ion  of t h e  p a s s i v a t i n g  f i lm .  I n  a d d i t i o n a l  experiments 
it w a s  shown t h a t  ex tending  t h e  t i m e  of  d i s c h a r g e  beyond 30 minutes 
i n c r e a s e s  t h e  l a y e r  t h i c k n e s s  b u t  s l i g h t l y .  Thus, t he  charge 
c a p a c i t i e s  shown i n  F igu re  44  r e p r e s e n t  va lues  close t o  t h e  equi-  
l i b r i u m  t h i c k n e s s  of t h e  p a s s i v a t i n g  l a y e r .  

F igu re  43 shows t h a t  t h e  shape of  t h e  charg ing  curves  changes 
g r a d u a l l y  as the d i s c h a r g e  v o l t a g e  i n c r e a s e s .  The charg ing  curve  
fo l lowing  a d i s c h a r g e  a t  1 0 0  mV f o r  30 minutes i n d i c a t e s  t h a t  on ly  
one s p e c i e s ,  probably C d ( O H 1 2 ,  i s  be ing  reduced. However, t h e  
charg ing  curve  o b t a i n e d  a f t e r  d i s c h a r g e  a t  ' 400  mV f o r  30 minutes 
c o n s i s t s  of  several d i s t i n c t  p a r t s .  T h i s  i n d i c a t e s  t h a t  more 
than  one cadmium s p e c i e s  i s  be ing  reduced. 

Capaci ty  and Morphology of  CdO Electrodes i n  1 N . K O H  

The c y c l i n g  behavior  of e l e c t r o d e s  c o n s i s t i n g  of  evaporated 
cadmium ox ide  l a y e r s  on copper i n  1N KOH w a s  found t o  b e  q u i t e  
d i f f e r e n t  f r o m  t h a t  of cadmium l a y e r s  i n  1N KOH. The c a p a c i t i e s  
on c y c l i n g  f o r  two e l e c t r o d e s  wi th  11-1 cadmium oxide l a y e r s  are  
shown i n  F igu re  45 .  T h e  i n i t i a l  c a p a c i t i e s  of t h e s e  t w o  electrodes 
amount t o  only  3 and 5% of t h e  theore t ica l  v a l u e  ( c a l c u l a t e d  under 
t h e  assumption of  a 50% dense l a y e r ) .  I n  c o n t r a s t  t o  t h e  behavior  
of cadmium f i l m s  i n  1N KOH, a d ra s t i c  loss  o f  c a p a c i t y  i s  observed 
du r ing  t h e  i n i t i a l  t e n  c y c l e s ,  A l s o  i n  c o n t r a s t  t o  cadmium f i l m s  
i n  1N KOH, the  d i s c h a r g e  c a p a c i t i e s  i n c r e a s e  by one order of 
magnitude when reduced a t  0 v o l t s  ve r sus  hydrogen r e f e r e n c e  fo r  
shor t  pe r iods  of t i m e .  T h i s  d i f f e r e n t  behavior  i s  probably due 
t o  the  much l a r g e r  s u r f a c e  a r e a  of t h e  cadmium oxide  electrodes 
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NUMBER OF CYCLES - 
Fig. 45 Capacities of two ly  CdO film electrodes (filled-in and open symbols) 

in 1 N KOH vs. number of cycles. 

300c 

CURRENT x TIME [ma sec/cm*I4 

Fig. 46 Recorder t race  of discharge and charge curve of 1~ CdO film electrode, 
applying current density of *28 Va/cm2. 
and 2nd charge of electrode with filled-in symbols in Fig. 45. 

Curves correspond to 1st discharge 
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which enhances d i s s o l u t i o n .  I n  t h i s  r e s p e c t  t h e  r e s u l t s  are t h e r e -  
f o r e  s imilar  t o  t h o s e  ob ta ined  on cadmium f i l m s  i n  6 N  KOH. The 
charge and d i s c h a r g e  curves  e x h i b i t  w e l l  d e f i n e d  p o t e n t i a l  arrests. 
F igu re  46  shows t h e  f i r s t  c o n s t a n t  c u r r e n t  d i s c h a r g e  and charge  
of  t h e  e l e c t r o d e  c h a r a c t e r i z e d  by t h e  f i l l e d - i n  symbols i n  
F igu re  45. I t  is s e e n  t h a t  charge  and d i s c h a r g e  proceed t o  t h e  
l a r g e s t  e x t e n t  a t  v o l t a g e s  of 250 mV v e r s u s  hydrogen r e f e r e n c e ,  

t h a t  is ,  nea r  t h e  Cd/Cd(OH), e q u i l i b r i u m  p o t e n t i a l .  

The d r a s t i c  change i n  c a p a c i t y  on c y c l i n g  i s  accompanied by 
a pronounced change i n  t h e  morphology. F igu re  4 7  shows a photo- 
micrograph of t h e  cadmium ox ide  a f t e r  d e p o s i t i o n  on t h e  copper 
s u b s t r a t e  f o i l  a t  a m a g n i f i c a t i o n  of 500X. Figures  4 8 ,  49 ,  and 
50 were ob ta ined  on t h e  same e l e c t r o d e  a f t e r  1, 50 and 500 c y c l e s ,  
r e s p e c t i v e l y .  The dramat ic  loss of a c t i v e  m a t e r i a l  from t h e  
e l e c t r o d e  i s  e v i d e n t .  However, t h e  r e s o l u t i o n  of  t h e  photomicro- 
graphs i s  i n s u f f i c i e n t  t o  r e s o l v e  t h e  shape and s i z e  of i n d i v i d u a l  
p a r t i c l e s .  Hence e l e c t r o n  micrographs of  p a r t i c l e s  s t r i p p e d  from 
t h e  s u r f a c e  w e r e  ob ta ined .  F igu res  51 and '52  show e l e c t r o n  micro- 
graphs of  cadmium ox ide  p a r t i c l e s  s t r i p p e d  from t h e  as-prepared 
cadmium ox ide  e l e c t r o d e  a t  a m a g n i f i c a t i o n  of  30,OOOX. The cub ic  
cadmium ox ide  p a r t i c l e s  range  i n  s i z e  from 100  t o  2000A and a r e  
s l i g h t l y  l a r g e r  f o r  t h e  cadmium ox ide  l a y e r  shown i n  F igu re  52 
which w a s  ob ta ined  a f t e r  l onge r  t i m e s  of evapora t ion .  F igu re  53 
shows a micrograph of  p a r t i c l e s  s t r i p p e d  from t h e  s u r f a c e  a f t e r  
t h e  e l e c t r o d e  had been ox id ized  a t  300 mV for  one hour .  As com- 
pared t o  F igu res  51 and 52, t h e r e  i s  no dramatic i n c r e a s e  i n  
average  p a r t i c l e  s i z e .  Howeverc as expec ted ,  a l a r g e  number of 
hexagonal Cd(OH)2 p a r t i c l e s  a r e  e v i d e n t  from comparing F igu re  54 
w i t h  F igu res  51 t o  53. The e l e c t r o n  micrograph i n  F igu re  54 cor -  
responds t o  t h e  photomicrograph i n  F igu re  48. The pronounced loss 
of  c a p a c i t y  d u r i n g  t h e  very  f i r s t  c y c l e  i s  undoubtedly caused by 
the observed i n c r e a s e  i n  p a r t i c l e  s i z e ,  The loss of c a p a c i t y  d u r i n g  
l a t e r  c y c l e s  i s  most l i k e l y  caused by t h e  g r a d u a l  loss of  a c t i v e  
m a t e r i a l  from t h e  e l e c t r o d e  evidenced by F igu res  49 and 50, 
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Fig. 49. Op t i ca l  micrograph a t  500X of 111 CdO 
f i l m  a f t e r  50 cyc le s  i n  1 N  KOH. 

Fig. 51. Elec t ron  micrograph a t  30,OOOX of 
p a r t i c l e s  s t r i p p e d  from su r face  of as- 
depos i ted  0 . 5 ~  CdO f i lm .  

Fig.  53. Elec t ron  micrograph a t  30,OOOX of 
p a r t i c l e s  s t r i p p e d  from su r face  of CdO f i l m  
e l ec t rode  a f t e r  exposure t o  1 N  KOH a t  300 mV. 

Fig.  50. Op t i ca l  micrograph a t  500X of 1~ CdO 
f i l m  a f t e r  500 cyc le s  i n  1 N  KOH. 

Fig. 52. 
p a r t i c l e s  
deposited 

Elec t ron  micrograph a t  30,OOOX of 
s t r i p p e d  from s u r f a c e  of as- 
11.1 CdO f i lm .  

Fig.  54. Elec t ron  micrograph a t  30,OOOX O f  
p a r t i c l e s  s t r i p p e d  from su r face  of CdO f i l m  
e l ec t rode  a f t e r  1 cyc le  i n  1 N  KOH. 
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PHASE I1 - FILM ELECTROLYTE 

EXPERIMENTAL 

Overall Arrangement 

T h e  f i l m  e l e c t r o l y t e  experiments were carried o u t  i n  a ce l l  
p o s i t i o n e d  on the  stage of a L e i t z  Ortholux microscope t o  allow 
examining changes i n  t h e  electrode morphology du r ing  charge  and 
d i scha rge .  F igu re  55 shows an overa l l  view of  t h e  experimental  
arrangement. The microscope s t a g e  i s  enclosed i n  a polye thylene  
bag, c o n t i n u a l l y  f l u s h e d  w i t h  n i t r o g e n ,  t o  reduce  e f f e c t s  due 
t o  t h e  d i f f u s i o n  of oxygen and carbon d i o x i d e  i n t o  the  ce l l .  T h e  

carbonate  c o n c e n t r a t i o n  accumulating i n  the c e l l  d u r i n g  t h e  maxi- 
mum d u r a t i o n  of an experiment w a s  determined by a n a l y s i s  as 
0 . 1 3  moles of K2CO3 p e r  l i t e r  of 6 N  KOH. T h e  i n - s i t u  microscopic  
s t u d i e s  w e r e  performed w i t h  dark f i e l d  l e n s e s  t o  e l i m i n a t e  un- 
wanted r e f l e c t i o n s  f r o m  t h e  g l a s s  p l a t e  cover ing  t h e  ce l l .  Dark 
f i e l d  viewing w a s  complemented by b r i g h t  f i e l d  examinations of 
t h e  e l e c t r o d e  s u r f a c e  b e f o r e  and a f t e r  experimental  runs .  A 

Po la ro id  camera w a s  used t o  o b t a i n  o p t i c a l  micrographs.  

The e l e c t r o n i c  in s t rumen ta t ion  w a s  e s s e n t i a l l y  i d e n t i c a l  t o  
t h a t  used i n  t he  bulk  e l e c t r o l y t e  s t u d i e s .  S p e c i a l  a t t e n t i o n  had 

t o  be p a i d  t o  minimizing t h e  e l e c t r o n i c  n o i s e  i n  t h e  system by 
proper  grounding and s h i e l d i n g  because of t h e  low l e v e l  of t h e  
c u r r e n t s  t o  be measured. The s m a l l  c u r r e n t s  a l so  n e c e s s i t a t e d  
t h e  use  of a h igh  impedance vo l tme te r  between t h e  r e c o r d e r  and 
the  c e l l  t e rmina l s .  

C e l l  Design 

T h e  experiments w e r e  performed i n  a L u c i t e  c e l l  of o u t e r  
dimensions 3 x 3 c m  by 0 ,6  c m  t h i c k .  A photograph of  t h e  ce l l  
i s  shown i n  F igu re  56 and a cross s e c t i o n  of t h e  c e l l  i n  F igu re  57. 

The coun te r  e l e c t r o d e  i s  conta ined  i n  a w e l l  of  dimensions 2 x 2 c m  
by 0 . 3  c m  deep. I t  c o n s i s t s  e i t h e r  of a pa l lad ium f o i l  o r  of a 
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Fig. 55. Overall view of arrangement for film 
electrolyte study. 

Fig. 56. Electrolytic cell used for film 
electrolyte study. 
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s e c t i o n  of a n i c k e l  hydroxide b a t t e r y  p l a t e .  The r e f e r e n c e  elec- 
t r o d e  i s  a se l f - con ta ined  hydrogen e l e c t r o d e  as desc r ibed  ea r l i e r ,  
I t  communicates w i t h  t h e  e l e c t r o l y t e  i n  t h e  w e l l  v ia  a c a p i l l a r y  
w i t h  a 1 mm opening. The opening i s  l o c a t e d  a t  a d i s t a n c e  of 
1 - 2  mm from t h e  t es t  e l e c t r o d e .  The l a t t e r  c o n s i s t s  of a copper 
s t r i p  of 1 mm width,  1 0  mm l e n g t h  and 0 . 1 3  mm t h i c k n e s s ,  A 

cadmium oxide  l a y e r  of  dimensions 1 x 1 mm and a f e w  micron 
t h i c k n e s s  i s  depos i t ed  on t h e  end o f  t h e  copper s t r i p  a d j o i n i n g  
t h e  w e l l .  Epoxy r e s i n  ( S h e l l  Epon 828)  i s  used t o  cement t h e  t e s t  
e l e c t r o d e  i n t o  t h e  c e l l  housing i n  such a way t h a t  i t s  upper su r -  
f a c e  i s  f l u s h  wi th  t h e  t o p  of  t h e  L u c i t e  c e l l  housing. A space r  
of s i l i c o n e  rubber  o r  polye thylene  covers  t h e  e n t i r e  r i m  of  t h e  
c e l l  housing except  f o r  t h e  1 x 1 mm l a y e r  of  cadmium oxide  on 
t h e  copper s t r i p .  A g l a s s  cover  c o n s i s t i n g  of  a microscope s l i d e  
wi th  0 . 2 5  mm t h i c k n e s s  i s  p laced  upon t h e  space r .  Thus t h e  space r  
t h i c k n e s s  determines t h e  t h i c k n e s s  of t h e  e l e c t r o l y t e  f i l m  cover- 
i ng  t h e  t e s t  e l e c t r o d e .  

Electrode P r e p a r a t i o n  

I n  a l l  bu t  a few cases, t e s t  e l e c t r o d e s  were prepared by elec- 
t r o p h o r e t i c a l l y  d e p o s i t i n g  a cadmium oxide-binder  composition on 
t h e  copper s u b s t r a t e  s t r i p s .  The copper s t r i p s  w e r e  c u t  from 
l a r g e  specimens of e l e c t r o p o l i s h e d  copper f o i l .  The s t r i p s  w e r e  
t hen  amalgamated t o  f u r t h e r  reduce  t h e  e v o l u t i o n  of hydrogen dur- 
i n g  c a t h o d i c  experiments .  The e v o l u t i o n  o f  even s m a l l  amounts o f  
hydrogen i n t e r f e r e s  w i t h  t h e  microscopic  examinations due t o  en- 
trapment of bubbles  between t h e  t es t  e l e c t r o d e  and t h e  glass cover .  
E l e c t r o p h o r e t i c  d e p o s i t i o n  r e s u l t e d  i n  cadmium oxide  l a y e r s  which 
w e r e  even and uniform down t o  t h i c k n e s s e s  of a few microns.  I n  
t h e  few cases where cadmium oxide  l a y e r s  much t h i c k e r  t han  lop 
w e r e  r e q u i r e d ,  a cadmium oxide-binder  composition w a s  brushed on 
t h e  copper s t r i p .  F i n a l l y ,  e l e c t r o d e s  w e r e  prepared f o r  a few 
experiments by e l e c t r o d e p o s i t i n g  cadmium l a y e r s  from a commercial 
p l a t i n g  b a t h  i n  t h e  same way as i n  t h e  bulk e l e c t r o l y t e  s t u d i e s .  
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The cadmium oxide-binder  compositions w e r e  p repared  by b a l l -  
m i l l i n g  a mixture  of cadmium o x i d e r  po lyv iny l idene  f l u o r i d e  b i n d e r  
(PVF) and dimethyl  acetamide s o l v e n t  ( D M A ) ,  For t h e  brushing  
technique ,  a m i x t u r e  of  1 2  p a r t s  CdO, 1 p a r t  PVF and 11 p a r t s  DMA 
by weight  w a s  a p p l i e d .  For t h e  e l e c t r o p h o r e t i c  d e p o s i t i o n ,  a m i x -  
t u r e  of 4 p a r t s  C d O ,  0 -33  p a r t s  PVF and 2 1  p a r t s  DMA by weight  
was b a l l - m i l l e d  and PO p a r t s  DMA and 0 . 1  p a r t  Cd(NO3) 2 - 4 H 2 O  added 
subsequent ly .  E l e c t r o p h o r e t i c  d e p o s i t i o n  of cadmium ox ide  w a s  
accomplished a t  room tempera ture  i n  a ce l l  c o n t a i n i n g  a plat inum 
anode and t h e  copper s u b s t r a t e  f o i l  as t h e  ca thode ,  I t  w a s  found 
t h a t  magnetic s t i r r i n g  of  t h e  b a t h  b e f o r e  p l a t i n g  r e s u l t e d  i n  
l a y e r s  of  t h e  b e s t  q u a l i t y .  Typ ica l ly  t h e  a p p l i c a t i o n  of a v o l t a g e  
of 1 0 0  v o l t s  f o r  20  seconds l e d  t o  a cadmium oxide  l a y e r  t h i c k n e s s  
of  about  51-1. A f t e r  d e p o s i t i o n  of t h e  cadmium ox ide  l a y e r ,  t h e  
t e s t  e l e c t r o d e  w a s  removed from t h e  b a t h  and immediately d r i e d  
i n  a stream of  n i t r o g e n .  The t e s t  e l e c t r o d e s  w e r e  t hen  cemented 
i n t o  t h e  ce l l  housing us ing  epoxy i n  t h e  way desc r ibed  above. 

The p o r o s i t y  and t h e  t h e o r e t i c a l  c a p a c i t y  o f  t h e  cadmium 
oxide  l a y e r s  w e r e  c a l c u l a t e d  from exper imenta l  de t e rmina t ions  of 

t h e  f i l m  t h i c k n e s s  and t h e  weight  of  t h e  cadmium ox ide  (+  b inde r )  
d e p o s i t ,  The former w a s  done mic roscop ica l ly  a t  a magn i f i ca t ion  
of  5QOX w i t h  an e r r o r  of t 0 . 3  t o  0 . 4 ~ .  The l a t t e r  w a s  done by 
weighing a copper s t r i p  w i t h  t h e  cadmiurn oxide  l a y e r  and 
weighing aga in  a f t e r  removing t h e  l a y e r  by a 20-second immersion 
i n  0 . 1  N HNO3. 
copper s u b s t r a t e .  The weights  w e r e  determined on a e l e c t r o  
ba lance  (Cahnl w i t h  a p r e c i s i o n  of k 0.51.19 which i s  e q u i v a l e n t  t o  
k2,5% of  t h e  weight  of a 51.1 cadmium oxide  l a y e r ,  The mean of  t h e  
d e n s i t i e s  of  c r y s t a l l i n e  ( 8  15 g/cm3) and amorphous cadmium oxide  

This  t r ea tmen t  d i d  n o t  r e s u l t  i n  an a t t a c k  o f  t h e  

(6 ,95  g/cm 3 1 w a s  used i n  t h e  c a l c u l a t i o n s .  Thus t h e  p o r o s i t i e s  
may b e  i n  e r r o r  by 1 0 %  t o t a l ,  Poros i t ies  of  4 6  t o  50% were cal- 
c u l a t e d  f o r  cadmium ox ide  l a y e r s  of  5 t o  71-1 t h i c k n e s s ,  The 
t h e o r e t i c a l  c a p a c i t y  r e f e r r e d  t o  an area of 1 c m 2  and a t h i c k n e s s  
of 11-1 w a s  c a l c u l a t e d  a s  0 - 5 5  asec/cm2/u, 
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Palladium coun te r  e l e c t r o d e s  were used i n  t h e  i n i t i a l  ex- 

per iments .  The need f o r  o c c a s i o n a l l y  r echa rg ing  them, accompanied 
by unwanted e v o l u t i o n  of  hydrogen, l e d  t o  t h e  u s e  of N i O O H / N i ( O H ) 2  

coun te r  e l e c t r o d e s ,  These w e r e  simply c u t  from s i n t e r e d  b a t t e r y  
p l a t e s  as used i n  commercial nickel-cadmium bat ter ies .  They w e r e  
charged just p r i o r  t o  use ,  avo id ing  f u l l  cha rge  and unwanted 
oxygen e v o l u t i o n ,  

Experimental  Procedure 

A f t e r  f i l l i n g  the se l f - con ta ined  hydrogen e l e c t r o d e  w i t h  
e l e c t r o l y t e  and forming a s u f f i c i e n t  amount of hydrogen i n  t h e  
g l a s s  c a p i l l a r y ,  t h e  c e l l  was p laced  on t h e  microscope s t a g e  and 
t h e  w e l l  f i l l e d  w i t h  e l e c t r o l y t e  w h i l e  a reducing p o t e n t i a l  of 

-150 mV w a s  a p p l i e d  between t h e  t e s t - and  t h e  hydrogen r e f e r e n c e  
electrode. The space r  and t h e  g l a s s  cover  were then  p laced  on 
t h e  ce l l  housing. W i t h  n i t r o g e n  f lowing through t h e  polye thylene  
bag, t h e  r e s i d u a l  c u r r e n t  t r a n s i e n t  w a s  recorded ,  When t h e  re- 
s i d u a l  c u r r e n t  had decayed t o  only  a f e w  p e r c e n t  of t h e  c y c l i n g  
c u r r e n t s ,  t y p i c a l l y  a f t e r  one hourr  t he  c y c l i n g  experiments w e r e  
s ta r ted .  Experimental  runs  w e r e  t e rmina ted  by us ing  e i ther  of 
two procedures:  1. The KOH e l e c t r o l y t e  w a s  s u b s t a n t i a l l y  d i l u t e d  
w i t h  d i s t i l l e d  water w i t h  a c o n s t a n t  p o t e n t i a l  a p p l i e d ,  fol lowed 
by r i n s i n g  w i t h  water and d ry ing  w i t h  n i t r o g e n ,  2 .  T h e  c e l l  w a s  
d i sconnec ted  from the  e lectr ic  c i r c u i t ,  t h e  KOH s o l u t i o n  immediately 
d i sca rded  and t h e  ce l l  r i n s e d  wi th  d i s t i l l e d  water and d r i e d  w i t h  

n i t rogen .  N o  d i s c e r n i b l e  d i f f e r e n c e s  i n  morphology between these 
t w o  procedures  could  be d e t e c t e d  i n  micrographs a t  magn i f i ca t ions  
up t o  20,000x, 

Most of the  experiments w e r e  c a r r i e d  o u t  i n  6 N  KOH a t  e i ther  
room tempera ture  or a t  7 S o C .  I n  t h e  l a t t e r  case, the  ce l l  w a s  
p laced  on a m i n i a t u r e  h o t  p l a t e  which i n  t u r n  w a s  mounted on t h e  
microscope s t a g e .  D i f f i c u l t i e s  a r o s e  i n  long-term experiments 
a t  elevated tempera tures  due t o  t h e  enhanced evapora t ion  of 
e l e c t r o l y t e .  
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RESULTS AND DISCUSSION 

Elec t rodes  w i t h  e l e c t r o d e p o s i t e d  cadmium l a y e r s  from 200  t o  
6 4 0 x  t h i c k  w e r e  cyc led  i n  l N  and 6 N  KOH. 

t h i c k n e s s e s  i n  t h e s e  experiments amounted t o  between 300 and 
3601-1. I n  t h e  i n i t i a l  experiments i n  PN and 6 N  KOH t h e  nf t rogen-  
purged po lye thy lene  bag w a s  n o t  used. The o x i d a t i o n  of cadmium 
by molecular  oxygen r e s u l t e d  i n  a premature d i s c h a r g e  of t h e  cad- 
mium e l e c t r o d e .  Only t h e  r e s u l t s  i n  6 N  KOH ob ta ined  under care- 
f u l  exc lus ion  of  oxygen and carbon d i o x i d e  are r e p o r t e d  he re .  

The e l e c t r o l y t e  f i l m  

A cadmium f i l m  e l e c t r o d e  wi th  2 0 0 a  f i l m  t h i c k n e s s  o r  t h e  
e q u i v a l e n t  of 30 ma sec/cm2 t h e o r e t i c a l  c a p a c i t y  w a s  cyc led  ex- 
t e n s i v e l y  us ing  a 3501.1 f i l m  of  6 N  KOH. Residual  c u r r e n t s  due t o  
hydrogen e v o l u t i o n  and oxygen r e d u c t i o n  as l o w  as 1 p a l m 2  w e r e  
observed a t  0 v o l t s .  When c y c l i n g  wi th  a c u r r e n t  d e n s i t y  o f  
k0.28 m a / c m 2  between v o l t a g e  l i m i t s  of  400  and -PO0 mV, an i n i t i a l  
c a p a c i t y  of 1 0  m a  sec/cm2 i s  ob ta ined  which c o n s t i t u t e s  30% o f  
t h e  t h e o r e t i c a l  va lue  (F igure  5 8 ) .  A r eco rde r  trace of one of 
t h e  i n i t i a l  charge  and d i scha rge  curves  i s  shown i n  F igu re  59. 
The product  of t h e  c o n s t a n t  c u r r e n t  d e n s i t y  and t h e  t i m e  of charge 
and d i s c h a r g e  is  p l o t t e d  on t h e  abscissa which i s  e q u i v a l e n t  t o  
t h e  amount of charge  pass ing  through t h e  e l e c t r o d e  du r ing  charge 
and d i scha rge .  The trace does n o t  e x h i b i t  any p o t e n t i a l  a r r e s t  
near  t h e  Cd/Cd%OH)2 equ i l ib r ium p o t e n t i a l  i n  c o n t r a s t  t o  t h e  
curves observed on c y c l i n g  i n  l N  and 6 N  KOH bulk  e l e c t r o l y t e .  
The trace looks s imi l a r  t o  t h e  curves obta ined  on cadmium elec- 
t r o d e s  i n  O . l N  KOH bulk  e l e c t r o l y t e  (compare F igu re  4 0 ) .  

The v a l u e  of  t h e  c a p a c i t y  depends s t r o n g l y  on t h e  c u r r e n t  
d e n s i t y  used d u r i n g  c y c l i n g .  F igu re  58 shows t h a t  a c a p a c i t y  
of 31 m a  sec/cm2 i s  recovered  i n  t h e  t e n t h  d i s c h a r g e  as t h e  cu r -  
r e n t  d e n s i t y  i s  reduced t o  0,028 m a / c m 2 .  
t h e o r e t i c a l  c a p a c i t y  w i t h i n  t h e  l i m i t s  of e r r o r .  Continued 
c y c l i n g  w i t h  f 0 , 1 4  ma /cm2  l e a d s  t o  a pronounced dec rease  i n  t h e  

This  i s  equa l  t o  t h e  
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c a p a c i t y ,  A f t e r  270 c y c l e s l  t h e  c a p a c i t y  has  decreased  t o  1 8 %  
of t h e  t h e o r e t i c a l  va lue .  

Changes i n  t h e  morphology of t h e  e l e c t r o d e  as observed a t  
a magn i f i ca t ion  of 220X occur  ve ry  g r a d u a l l y  du r ing  c y c l i n g .  
A f t e r  1 0  o r  20 c y c l e s  , h a r d l y  any changes are p e r c e p t i b l e .  The 
formation and subsequent  growth of p a r t i c l e s  and t h e  format ion  
of  a brownish, c loud- l ike  f i l m  t a k e  p l a c e  e v e n t u a l l y ,  however. 
The series of micrographs reproduced i n  F igu res  60 t o  65 document 
t h e s e  changes. F igu re  60 shows t h e  cadmium l a y e r  as depos i t ed  
i n  d r y  c o n d i t i o n  i n  b r i g h t  f i e l d  a t  a magn i f i ca t ion  of 200X, whi le  
p i c t u r e  61 shows t h e  same p a r t  of t h e  s u r f a c e  i n  dark  f i e l d .  A 

completely b l ack  micrograph i n  d a r k  f i e l d  would r e p r e s e n t  an op- 
t i c a l l y  f l a t  s u r f a c e .  F igures  62 and 63 show t h e  appearance of  
t h e  s u r f a c e  a f t e r  270 c y c l e s  i n  da rk  f i e l d  a t  a magn i f i ca t ion  of 
220X nea r  t h e  f a r  edge (F igure  62) and nea r  t h e  s o l u t i o n  edge 
(F igure  63). Both p i c t u r e s  were ob ta ined  du r ing  c y c l i n g ,  The 
formation of a l a r g e  number of l i g h t  p a r t i c l e s  and t h e  formation 
of c loud- l ike  f i l m  nea r  t h e  s o l u t i o n  edge are ev iden t  from t h e  
micrographs.  I n  some cases s m a l l  brown p a r t i c l e s  can be c l e a r l y  
i d e n t i f i e d .  The s u b s t r a t e  s u r f a c e  i s  v i s i b l e  beneath t h e  cloud-  
l i k e  f i lm .  The p a r t i c l e s  and t h e  f i l m  p e r s i s t  du r ing  cont inued  
cyc l ing .  However, r e d u c t i o n  a t  v o l t a g e s  o f  0 ,  -100 ,  -200, and 
-300 mV f o r  a t o t a l  of t h r e e  hours  l e a d s  t o  t h e  d isappearance  of  
t h e  brown c loud- l ike  f i l m  and t o  t h e  format ion  of need le - l ike  
t r a n s p a r e n t  c r y s t a l s .  This  i s  shown i n  F igu re  64 r e p r e s e n t i n g  
a s e c t i o n  of t h e  e l e c t r o d e  close t o  t h e  s o l u t i o n  edge i d e n t i c a l  
t o  t h a t  i n  F igu re  63. Some of  t h e s e  c r y s t a l s  do n o t  adhere  t o  
t h e  s u b s t r a t e  s u r f a c e  too w e l l  as evidenced by t h e i r  v i b r a t i o n s  
caused by mechanical shock and by t h e  f a c t  t h a t  they can be moved 
a c r o s s  t h e  s u b s t r a t e  s u r f a c e  by moving t h e  cover  g l a s s ,  The 
l a r g e  l i g h t  p a r t i c l e s  near  t h e  f a r  edge, shown i n  F igu re  62, are 
una f fec t ed  by t h e  r educ t ion .  

The e x t e n s i v e  r e d u c t i o n  t h a t  leads t o  t h e  d isappearance  of  
t h e  brown f i l m  a lso causes  a s l i g h t  t r a n s i e n t  i n c r e a s e  of t h e  
d i s c h a r g e  c a p a c i t y  (see F igure  58) a H o w e v e r ,  cont inued  c y c l i n g  
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Ffg. 60.  
f i e l d )  of 200fj Cd f i lm  as depos i ted .  

Op t i ca l  micrograph a t  200X ( b r i g h t  Ffg. 61.  
f i e l d )  of 200fj Cd f i lm  as deposited.  

Opt ica l  micrograph a t  220X (dark 

Fig. 62. Opt ica l  micrograph a t  220X (dark 
f i e l d )  of 200i Cd f i lm  e l ec t rode  near f a r  edge 
a f t e r  270 cyc le s ,  using 3 5 0 ~  f i lm  of 6N KOH. 

Fig. 6 3 .  Same as  Fig. 62, bu t  near s o l u t i o n  
edge of e lec t rode .  

Fig. 6 4 .  Same a s  Fig. 63,  bu t  a f t e r  applying 
ca thodic  p o t e n t i a l s  f o r  3 hours. 

Fig. 65. Same a s  Fig. 62, bu t  a f t e r  
440 cyc les .  
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reduces  t h e  c a p a c i t y  t o  3 m a  sec/cm2 or 1 0 %  o f  t h e  t h e o r e t i c a l  
v a l u e  (F igu re  58). A t  t h e  same t i m e ,  a brown c loud- l ike  f i l m  
reappea r s  on t h e  s u r f a c e .  This  i s  shown i n  t h e  micrograph i n  
F igu re  65 which w a s  o b t a i n e d  nea r  t h e  f a r  edge. The micrograph 
a l so  reveals a l a r g e  number of isolated brown p a r t i c l e s ,  some of  
them p r o t r u d i n g  f r o m  t h e  s u b s t r a t e  s u r f a c e  as f a r  as 201-1. 

It appears  t h a t  t he  observed g r a d u a l  format ion  of l a r g e  
p a r t i c l e s ,  probably Cd(OH)2 , dur ing  cont inued  c y c l i n g  i s  t o  t h e  
largest  e x t e n t  r e s p o n s i b l e  fo r  t h e  observed loss i n  c a p a c i t y .  
The format ion  and d isappearance  of t h e  brown f i l m  (CdO?) has  a 

r e l a t i v e l y  s m a l l  e f f e c t  on t h e  c a p a c i t y .  The l a c k  of any pro- 
found changes i n  morphology d u r i n g  t h e  f i r s t  1 0  o r  20 c y c l e s  to -  
g e t h e r  w i t h  t h e  s i m i l a r i t y  between t h e  cu rves  i n  6N KOH f i l m s  
and 0.1N bulk  KOH sugges t  t h a t  cha rge  and d i s c h a r g e  occur  mainly 
by a s o l i d  s ta te  t r a n s p o r t  mechanism. Superimposed i s  a d i s -  
s o l u t i o n  mechanism which l e a d s  t o  a g radua l  i n c r e a s e  i n  p a r t i c l e  
s i z e  and loss i n  c a p a c i t y  as  t h e  larger  p a r t i c l e s  cannot  be  com- 
p l e t e l y  o x i d i z e d  o r  lose c o n t a c t  w i t h  t h e  s u b s t r a t e  s u r f a c e .  

Changes i n  the c a p a c i t y  and morphology o f  cadmium ox ide  
f i l m s  du r ing  t h e  i n i t i a l  t e n  c y c l e s  i n  6N KOH were s t u d i e d  i n  de- 

t a i l ,  u s ing  scanning  e l e c t r o n  microscopy f o r  i n c r e a s e d  r e s o l u t i o n  
i n  a d d i t i o n  t o  t h e  -- i n  s i t u  microscopic  examinat ion.  A f t e r  a g iven  
number o f  c y c l e s ,  t h e  e l e c t r o d e  w a s  removed from t h e  c e l l ,  washed, 
d r i e d  and k e p t  i n  a dessicator u n t i l  examined i n  t h e  scanning  
e l e c t r o n  microscope. A new experiment w a s  always s t a r t ed  w i t h  a 
f r e s h l y  prepared  caiJImium ox ide  f i l m .  Uniform l a y e r s  of cadmium 
ox ide  on copper s t r i p s  wi th  t h i c k n e s s e s  between 4 and 8~ w e r e  
p repared  by e l e c t r o p h o r e t i c  d e p o s i t i o n  as o u t l i n e d  i n  t h e  expe r i -  
mental  s e c t i o n .  The experiments  w e r e  c a r r i e d  o u t  w i t h  a con- 
s t a n t  e l e c t r o l y t e  f i l m  t h i c k n e s s  o f  12e51-1- 

F i g u r e  66 shows t h e  c a p a c i t y  vs .  t h e  number of c y c l e s  f o r  
seven d i f f e r e n t  e l e c t r o d e s  from t h e  f i r s t  d i s c h a r g e  t o  t h e  
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e leven th  charge .  The f i r s t  charge,  r e s u l t i n g  i n  t h e  r e d u c t i o n  
of cadmium oxide t o  cadmium, is  always accomplished a t  a c o n s t a n t  
p o t e n t i a l  of -150 mV, A de t e rmina t ion  of t h e  amount of charge  
from an i n t e g r a t i o n  of t h e  cu r ren t - t ime  t r a n s i e n t  is  u n f e a s i b l e  
because of t h e  s imultaneous r e d u c t i o n  of oxygen and e v o l u t i o n  of  
hydrogen immediately fo l lowing  t h e  f i l l i n g  of t h e  c e l l  w i th  KOH. 

Subsequent charges  and d i scha rges  are  performed wi th  a c o n s t a n t  
c u r r e n t  d e n s i t y  of 1 . 4  m a / c m 2  t o  c u t o f f  v o l t a g e s  of -200 and 
300 mV, r e s p e c t i v e l y .  The f i r s t  d i s c h a r g e  r e s u l t s  i n  c a p a c i t i e s  
between 1 . 4  and 3 . 1  asec/cm2. 

t i o n s  i n  t h e  cadmium oxide  f i l m  t h i c k n e s s ,  
t r o d e s ,  t h e  d i s c r e p a n c i e s  between t h e  i n i t i a l  c a p a c i t y  va lues  pe r  
u n i t  area, C1/A, o f  t h e  seven e l e c t r o d e s  are much reduced. 
Table  I p r e s e n t s  a summary of t h e  i n i t i a l  c a p a c i t i e s  p e r  u n i t  
area, C l / A ,  t h e  c a p a c i t i e s  r e f e r r e d  t o  1 p  cadmium ox ide  f i l m  
t h i c k n e s s  and 1 c m 2  area, C1/AdCdOr and t h e  r a t i o s  of subsequent  
d i s c h a r g e  c a p a c i t i e s  t o  t h e  i n i t i a l  c a p a c i t i e s ,  Cn/Clo The 
t a b l e  a l so  shows t h e  r a t i o s  of t h e  i n i t i a l ' c a p a c i t i e s  t o  t h e  
t h e o r e t i c a l  va lues ,  C1/Ctheor and, i n  a d d i t i o n  t o  t h e  data ob ta ined  
on e l e c t r o d e s  1-7 of F igu re  6 6 ,  d a t a  ob ta ined  on an  e i g h t h  elec- 
t r o d e  which w a s  cyc led  more than 4000  t i m e s  (see F igure  6 7 )  

When c o r r e c t i o n  i s  made f o r  varia- 

dCdOr of t h e s e  elec- 

A s  evidenced by F igu re  66  and Table  1, a d r a s t i c  loss i n  

c a p a c i t y  occurs  du r ing  t h e  f i r s t  t e n  c y c l e s .  Typ ica l ly  t h e  ca- 
p a c i t i e s  dec rease  t o  one - th i rd  of t h e  i n i t i a l  va lues  w i t h i n  
f i v e  c y c l e s  and t o  o n e - f i f t h  w i t h i n  t e n  c y c l e s ,  L o s s  of c a p a c i t y  
con t inues  on f u r t h e r  c y c l i n g ,  b u t  a t  a smaller ra te ,  as shown i n  
F igu re  6 %  f o r  up t o  4700 c y c l e s ,  The shape of  t h e  charge  and 
d i s c h a r g e  curves  remains approximately t h e  same dur ing  t h e  i n i t i a l  
t e n  c y c l e s ,  This  i s  shown i n  F igu re  6 8  f o r  t h e  f i r s t  and t e n t h  
c y c l e s .  The product  of  c h a r t  speed and t i m e  i s  p l o t t e d  on t h e  
a b s c i s s a  which i s  e q u i v a l e n t  t o  t h e  ac tua l  l e n g t h  of t h e  cu rves  
on t h e  r e c o r d e r  c h a r t ,  The c h a r t  speed du r ing  t h e  f i r s t  c y c l e  
w a s  0,25 ineh/min as compared t o  1 inch/min f o r  t h e  t e n t h  c y c l e .  
Hence t h e  curves r e f l e c t  t h e  l a r g e  loss of c a p a c i t y  du r ing  t h e  
f i r s t  t e n  c y c l e s  as a l s o  evidenced by F igu re  6 9 ,  While t h e  
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d i s c h a r g e  curves  f o r  t h e  f i r s t  and t e n t h  c y c l e s  show a pronounced 
p o t e n t i a l  arrest  nea r  t h e  Cd/Cd(OH)2 e q u i l i b r i u m  p o t e n t i a l ,  such 
a p o t e n t i a l  arrest  is v i r t u a l l y  absen t  i n  t h e  d i s c h a r g e  curve  
a f te r  4000 c y c l e s ,  ob ta ined  a t  a chart  speed of 20 inches/min. 
The v o l t a g e  rises c o n t i n u a l l y  d u r i n g  t h e  e n t i r e  d i s c h a r g e  which 
means t h a t  h ighe r  ove rvo l t ages  are r e q u i r e d  f o r  o x i d a t i o n  and re- 
duc t ion  of t h e  electrode. T h i s  s u g g e s t s  t h e  formation of p a s s i v a t -  
i n g  l a y e r s  which were appa ren t ly  n o t  formed t o  any l a r g e  e x t e n t  
du r ing  the f irst  t e n  c y c l e s .  A d i f f e r e n t  cause  f o r  t h e  pro- 
nounced loss of c a p a c i t y  du r ing  t h e  f i rs t  t e n  c y c l e s  must t h e r e -  
f o r e  e x i s t ,  and a c a r e f u l  s tudy  of t h e  changes i n  morphology 
du r ing  the  f i rs t  t e n  c y c l e s  w a s  undertaken. 

TABLE I 

Capaci ty  of Cadmium Oxide Film E l e c t r o d e s . D u r i n g - F i r s t  Ten Discharges.. 

E lec t rode  N o .  1 2 3 4 5 6 7 8 

5 5 8 8 5.5 5 5.5 6 dCdO[lll 

1.63 1.40 3.08 2.53 1.70 1.56 1.93 1.85 C l / A [ a s e c / c m  2 3 

0-60 0.51 0.69 0.58 0.56 0.56 0.64 1" t h eor 

c2/c1 

5" 1 

0.63 0.56 0.86 0,52 

0.36 0.29 0.56 0.27 

0.18 0.35 0.18 clo'cl 

0,56 

0.53 

0.33 

0-17 

= t h i c k n e s s ,  A = area of cadmium oxide  f i l m s  dCdO 

'theor 

C2r C5, Cl0 = c a p a c i t i e s  du r ing  l o p  2., 5. and 10, d i s c h a r g e  
= t h e o r e t i c a l  c a p a c i t y  
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Fig. 67 Capacity of 6p CdO film electrode (electrode 8) vs. number of cycles, 
using 12 .  5p film of 6 N KOH and voltage limits 300/-200 mV. 
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Fig. 68 Recorder t races  of discharge and charge curves of electrode 8 after 1, 
10, and 4000 cycles, applying &I4 4 ma/cm2. 
(identical to length on recorder chart) is plotted on abscissa, 

Product of chart speed and time 
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Figure  69 shows an  o p t i c a l  micrograph of  a cadmium ox ide  
l a y e r  i n  d ry  c o n d i t i o n  immediately a f t e r  e l e c t r o p h o r e t i c  depo- 
s i t i o n ,  ob ta ined  i n  da rk  f i e l d  a t  a magn i f i ca t ion  of 220X. 

F igu res  70 and 7 1  are scanning  e l e c t r o n  micrographs (SEM) of t h e  
same s u r f a c e  ob ta ined  a t  magn i f i ca t ions  o f  2000X and 10,OOOX. 
The l a y e r  i s  uniformly brown, and t h e  SEMs show a l a r g e  number 
of  well-developed cub ic  p a r t i c l e s  of s i z e s  0 . 1  t o  11-1. Many of 
t h e s e  p a r t i c l e s  a re  covered wi th  what appea r s  t o  be  t h e  b i n d e r .  
Exposure of a cadmium oxide  l a y e r  t o  a 6 N  KOH f i l m  f o r  t e n  minutes 
on open c i r c u i t  t u r n s  t h e  brown color of  t h e  d e p o s i t  i n t o  a b r i g h t  
wh i t e  c o l o r .  This  i s  shown i n  t h e  o p t i c a l  micrograph i n  F igu re  72 .  

Only a f e w  brown p a r t i c l e s  remain a t  t h e  surface a f t e r  t h i s  expo- 
s u r e .  The SEMs i n  F i g u r e s  73 and 74 resolve t h e  changes i n  t h e  
p a r t i c l e  shapes caused by t h e  exposure of t h e  e l e c t r o d e  t o  KOH. 
The format ion  of  a l a r g e  number of p l a t e l e t s ,  many of them wi th  
hexagonal shapes,  i s  ev iden t .  The l a t e r a l  dimensions l i e  i n  t h e  
range 3000 to 5000;. 

Jr 

Undoubtedly t h e s e  p a r t i c l e s  are B-Cd(0H) e (25) 

F igu re  75-77 show t h e  morphology of a s u r f a c e  which r e s u l t s  
when exposing a cadmium oxide  f i l m  t o  6 N  KOH wi th  a reducing po- 
t e n t i a l  of -150 mV a p p l i e d  f o r  t h r e e  hours .  A f t e r  t h i s  r e d u c t i o n ,  
t h e  s u r f a c e  appears  uniformly gray i n  t h e  microscope (F igu re  75) e 

A l a r g e  number of s m a l l ,  h igh ly  r e f l e c t i n g  p a r t i c l e s  are p r e s e n t ,  
b u t  t h e i r  shapes cannot  be  r e so lved  i n  t h e  microscope. The SEMs 

i n  F igu res  76 and 77  show t h a t  t h e  c r y s t a l  h a b i t  has changed b u t  
t h e  p a r t i c l e  s i z e s  have n o t  (compare F igu res  70  and 7 1 ) .  The 
cubic  p a r t i c l e s  i n  F igu re  7 1  are  no longer  v i s i b l e  i n  F igu re  77.  
Most of  t h e  cadmium p a r t i c l e s  i n  F igu re  77 have s i z e s  between 
2000 and 3 0 0 0 i .  

During t h e  f i r s t  d i scha rge ,  which r e s u l t s  i n  t h e  format ion  
of  Cd(OH)2f microscopic  examination reveals t h e  formation of da rk  
areas on t h e  s u r f a c e  which u l t i m a t e l y  grow t o g e t h e r ,  The d i s t i n c t  
darkening of t h e  s u r f a c e  i s  t h e  on ly  e f f e c t  of d i s c h a r g e  which 

"Unless o the rwise  s t a t e d ,  t h e  fo l lowing  photomicrographs w e r e  a l l  
ob ta ined  i n  da rk  f i e l d  a t  a magn i f i ca t ion  of 220X. 
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Fig. 69. Optical micrograph of CdO film as 
deposited by electrophoresis (220X, dark 
field, dry). 

Fig. 72. Optical micrograph of CdO film after 
exposure to 12.51.1 film of 6N KOH on open cir- 
cuit for 10 min. (220X,dark field, w e t ) .  

Fig. 70. Scanning electron micrograph ( S E M I  
of same CdO film at 2000X. 

Fig. 73. SEM of same surface at 2000X. 

Fig. 71. S E M  of same CdO film at 10,OOOX. Fig. 74. S E M  of same surface at 10,OOOX. 
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Fig. 75. 
a f t e r  reducing wi th  -150 mV f o r  3 hours wi th  
12.511. f i l m  of 6N KOH. 

Opt ica l  micrograph of CdO e lec t rode  Fig.  7 8 .  
after 1st d ischarge  wi th  1 . 4  ma/cm2 t o  
300 mV. 

Op t i ca l  micrograph of e l ec t rode  1 

Fig.  79. SEM of e l ec t rode  1 a t  2 O O O X .  Fig.  76. SEM of same s u r f a c e  a t  2000X. 

Fig. 80. SEM of e l ec t rode  1 a t  10,OOOX. Fig. 77. SEM of same s u r f a c e  a t  10,OOOX. 
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can be  observed i n  t h e  microscope. F igu re  78 shows t h e  surface 
a f t e r  complete d i s c h a r g e  a t  a magn i f i ca t ion  o f  2 2 0 X ,  

The SEMs i n  F igures  9 0  and 80 show t h a t  a l a r g e  number of 

wel l -def ined  c r y s t a l s ,  most ly  of s i z e s  1-21.1, have been formed, 
The hexagonal shape of  t h e s e  c r y s t a l s  i d e n t i f i e s  them as 
@-Cd(OH) 2 e  ( 2 5 )  

l i k e l y  y-Cd (OH)  

one o r d e r  of magnitude smaller are v i s i b l e .  I t  i s  sugges ted  t h a t  
t h e  c r y s t a l s  of 6- and y-Cd(OH)2 are p r e c i p i t a t e d  from t h e  super-  
s a t u r a t e d  e l e c t r o l y t e  and t h a t  t h e  s m a l l  p a r t i c l e s  are Cd(OHj2 
formed by s o l i d  s t a t e  o x i d a t i o n  of  t h e  cadmium p a r t i c l e s  of 
i d e n t i c a l  s i z e  as i n  F igu re  77 .  The micrographs i n  F igu res  78-80 
w e r e  ob ta ined  on e l e c t r o d e  1 of F igu re  6 6  which w a s  removed from 
t h e  ce l l  on open c i r c u i t  a f t e r  d i s c h a r g e  a t  c o n s t a n t  c u r r e n t  t o  
300 mV. E l e c t r o d e  2 i n  F igu re  66  w a s  removed from t h e  ce l l  a f t e r  
t h e  f i r s t  d i scha rge ,  wh i l e  a p o t e n t i a l  of 300  mV w a s  be ing  app l i ed .  
The morphology of t h i s  e l e c t r o d e  was found t o  be i d e n t i c a l  t o  t h a t  
of  e l e c t r o d e  1. 

I n  a d d i t i o n ,  a few need le - l ike  c r y s t a l s ,  m o s t  
(25 ’ ,  and d i s t i n c t l y  shaped p a r t i c l e s  w i th  s i z e s  

E l e c t r o d e  3 w a s  removed from t h e  ce l l  a f t e r  t h e  second charge  
whi le  a p o t e n t i a l  of -150 mV w a s  be ing  app l i ed .  According t o  
F igu re  66  t h e  second charge  l e a d s  t o  a c a p a c i t y  which i s  2 0 %  

smaller than  t h a t  recovered on t h e  f i r s t  d i scha rge .  Simultaneously 
t h e  microscope r e v e a l s  a d i s t i n c t  b r i g h t e n i n g  of t h e  s u r f a c e ,  
and t h e  p a r t i c l e  s i z e  appears  t o  have grown (Figure  8 1 ) .  The SEMs 

i n  F igu res  8 2  and 83 show t h e  format ion  of  wh i ske r - l i ke  c r y s t a l s  
o f  l e n g t h s  up t o  101.1 and widths  up t o  11.1. The formation of  
wh i ske r - l i ke  c r y s t a l s  on - has  appa ren t ly  never  been de- 
s c r i b e d  be fo re .  The n a t u r e  of  t h e s e  c r y s t a l s  w a s  n o t  i d e n t i f i e d  
i n  t h e  p r e s e n t  s tudy .  I t  i s  a l so  e v i d e n t  from Figures  82 and 83 
t h a t  many o f  t h e  hexagonal p a r t i c l e s  formed dur ing  t h e  f i r s t  d i s -  
charge (compare F igu re  7 0 )  have remained unchanged du r ing  t h e  
charge.  A g r e a t  number of t h e  s m a l l  p a r t i c l e s  o f  s i z e s  2000  t o  
3000A have a l s o  p e r s i s t e d .  
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Fig. 81. 
after 2nd charge to -200 mV. 

Optical micrograph of electrode 3 Fig. 84. 
after 5th discharge to 300 mV. 

Optical micrograph of electrode 4 

Fig. 82. SEM of electrode 3 at 2000X. 

Fig. 83. SEM of electrode 3 at 10,OOoX. 

Fig. 85. SEM of electrode 4 at 2000X. 

Fig. 86. SEM of electrode 4 at 10,OOOX. 
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Electrode 4 w a s  removed on open c i r c u i t  f r o m  t h e  c e l l  a f t e r  
complet ing t h e  f i f t h  d i s c h a r g e  t o  300 mV. F igu re  66  shows t h a t  
t h e  c a p a c i t y  du r ing  5 d i scha rges  has  decreased t o  36% of i t s  
o r i g i n a l  va lue .  The photomicrograph i n  F igu re  84 r e v e a l s  a 
coarsening  o f " t h e  s u r f a c e  compared t o  t h e  appearance of t h e  s u r -  
f a c e  a f t e r  the  f i r s t  d i s c h a r g e  shown i n  F igu re  78. I n  t h e  h ighe r  
r e s o l u t i o n  of t h e  scanning e l e c t r o n  microscope a g r e a t  number o f  
hexagonal c r y s t a l s  of s i z e s  2-41.1 are  c l e a r l y  v i s i b l e  (F igu res  85  

and 8 6 ) .  Needle-like c r y s t a l s  can a l so  be  seen  i n  these micro- 
graphs.  Electrodes 5 and 6 w e r e  each cyc led  t e n  t i m e s .  
E l ec t rode  5 w a s  removed f r o m  t h e  c e l l  on open c i r c u i t ,  electrode 6 

a f t e r  keeping the e l e c t r o d e  a t  300 mV f o r  1 6  hours  fo l lowing  t h e  

t e n  c y c l e s .  F u r t h e r  coarsening  of t h e  s u r f a c e  of e l e c t r o d e  6 i s  
e v i d e n t  f r o m  F igu res  87 t o  89.  Figures  88 and 89 show t h a t  t h e  
number of w e l l - c r y s t a l l i z e d  p a r t i c l e s  of  s i z e s  2-41.1 have i n c r e a s e d  
compared t o  F igu res  85  and 86. Extens ive  o x i d a t i o n  a t  300 mV 

l e a d s  t o  a brownish appearance of the  s u r f a c e ,  as seen  i n  t h e  
microscope, and t o  a d isappearance  of many c r y s t a l s  (F igu res  9 1  

and 9 2 ) .  A t  t h e  same t i m e ,  an e r o s i o n  of t h e  remaining c r y s t a l s  
i s  e v i d e n t  i n  F igu re  9 1  i n  t h a t  a d i s t i n c t  l a y e r  s t r u c t u r e  of  t h e  
c r y s t a l s  has developed which w a s  completely absen t  b e f o r e  t h e  ex- 
t e n s i v e  o x i d a t i o n  a t  300 mV (F igu re  8 8 ) .  N o  p a r t i c u l a r  f e a t u r e s  
i n  t h e  SEMs can  b e  associated w i t h  t h e  brown c o l o r  c l e a r l y  ob- 
se rved  i n  t h e  microscope. 

F igu res  93-95  show t h e  e f fec ts  of e x t e n s i v e  r e d u c t i o n  of t h e  
e l e c t r o d e ,  Electrode 7 w a s  kep t  a t  -150 mV f o r  1 6  hours  a f t e r  t h e  

11 th  charge.  The e x t e n s i v e  charg ing  leads t o  a cons ide rab le  
b r i g h t e n i n g  of the  s u r f a c e  (F igu re  93)  a A s  evidenced by t h e  SEMs 

i n  F igu res  9 4  and 95, t he  l a r g e  c r y s t a l s  formed dur ing  t h e  1 0  pre-  
ceding c y c l e s  (F igu res  80-92)  have d isappeared .  The p a r t i c l e s  
remaining on t h e  s u r f a c e  have much less d i s t i n c t  shapes ,  and m o s t  
of them have s i z e s  between 2000  and 3 0 0 0 i -  I n  f a c t ,  t h e  SEM i n  
F igu re  9 5  looks very  similar t o  t h a t  i n  F igu re  7 7  which w a s  ob- 
t a i n e d  a f t e r  t h e  f i r s t  charge.  
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Fig. 87. Optical micrograph of electrode 5 
after 10th discharge to 300 mV. 

Fig. 90. Optical micrograph of electrode 6 
after 10th discharge and anodic polarization 
at 300 mV for 13 hours. 

Fig. 88. SEM of electrode 5 at 2000X. Fig. 91. SEM of electrode 6 at 2000X. 

Fig. 89. SEM of electrode 5 at 10,OOOX. 
Fig. 92. SEM of electrode 6 at 10,OOOX. 
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Elec t rode  8 w a s  cyc led  more than  4000 t i m e s  w i t h  c u r r e n t  
d e n s i t i e s  of  0,28  and 1 . 4  m a / c m 2 .  
p a c i t y  on c y c l i n g  dec reases  c o n t i n u a l l y  t o  va lues  as l o w  as  1 0  m a  
sec/crn2. The micrographs i n  F igu res  96-98 w e r e  ob ta ined  a f t e r  
more than  4000 c y c l e s .  I n  t h i s  case t h e  magn i f i ca t ion  of  220X 
i s  s u f f i c i e n t  t o  resolve t h e  shapes of a few very  l a r g e  p a r t i c l e s  
(F igure  9 6 ) .  The SEMs i n  F igu res  9 7  and 98 show t h e  ve ry  l a r g e  
c r y s t a l s  which have formed i n  g r e a t e r  d e t a i l .  The i r  s i z e s  range 
up t o  71.1. The hexagonal l a y e r  s t r u c t u r e  a l r eady  seen  i n  F igu re  9 1  

i s  s t r i k i n g l y  e v i d e n t  i n  F igu re  98. A s  i n  t h e  case of  e x t e n s i v e  
ox ida t ion ,  t h e  e l e c t r o d e  t u r n s  brown on e x t e n s i v e  c y c l i n g .  

F igu re  67  shows t h a t  t h e  ca- 

Another e l e c t r o d e ,  i n s t e a d  of  be ing  cyc led  c o n t i n u a l l y  wi th  
c o n s t a n t  v o l t a g e  l i m i t s ,  w a s ,  i n  a d d i t i o n  t o  cyc l ing ,  s u b j e c t e d  
t o  pe r iods  of e x t e n s i v e  r e d u c t i o n  and o x i d a t i o n  (F igu re  105). 
A f t e r  more than  8000 c y c l e s ,  t h i s  e l e c t r o d e  d i sp layed  a morphology 
q u i t e  d i f f e r e n t  from t h a t  shown i n  F igu res  96-98, F igu res  99-101 

show t h e  format ion  of  a l a r g e  number of hexagonal p l a t e l e t s ,  many 
of them w i t h  d iameters  of 21.1 and th i cknesses  o f  0.21-1. These 
p l a t e l e t s  are t r a n s p a r e n t  immediately a f t e r  removing t h e  e l e c t r o d e  
from t h e  ce l l .  This  i s  shown i n  t h e  photomicrograph i n  F igu re  102 
obta ined  a t  a magn i f i ca t ion  of 500X a f t e r  washing and d ry ing  t h e  
e l e c t r o d e .  With t i m e  t h e s e  c r y s t a l s  become less t r a n s p a r e n t .  
For r e f e r e n c e  purposes F igu res  1 0 3  and 1 0 4  show t h e  appearance 
of a cadmium ox ide  s u r f a c e  i n  dry  c o n d i t i o n  immediately a f t e r  de- 
p o s i t i o n ,  a t  magn i f i ca t ions  of 220 and 500X. The cons ide rab le  
i n c r e a s e  i n  p a r t i c l e  s i z e  i s  e v i d e n t  from a comparison of 
F igu res  99  and 1 0 2  w i t h  F igu res  1 0 3  and 1 0 4 .  

The i n i t i a l  c a p a c i t i e s  of e l e c t r o d e s  1 t o  8 i n  Table 1 amount 
t o  between 50 and 70% o f  t h e  t h e o r e t i c a l  values and a r e  somewhat 

lower than  t h e  v a l u e s  ob ta ined  on pas t ed  b a t t e r y  p l a t e s .  This  is 
m o s t  l i k e l y  due t o  t h e  much l o o s e r  and more porous n a t u r e  of t h e  
l a y e r  r e s u l t i n g  from e l e c t r o p h o r e t i c  d e p o s i t i o n  as compared t o  
p a s t i n g .  L o s s  o f  c o n t a c t  between t h e  p a r t i c l e s  and t h e  s u b s t r a t e  

i s  t h u s  expected t o  be  a l a r g e r  problem and would account  f o r  t h e  
r e l a t i v e l y  s m a l l  i n i t i a l  c a p a c i t i e s .  



Fig. 93. Optical micrograph of electrode 7 
after 11th charge and cathodic polarization 
at -150 mV for 16 hours. , 

Fig. 96. 
after 4700 cycles with f1.4 ma/cm2 and 
0.28 ma/cm2 between limits 300/-200 mV. 

Optical micrograph of electrode 8 

Fig. 94. SEM of electrode 7 at 2000X. 
Fig. 97. SEM of electrode 8 at 2OOOX. 

Fig. 95. SEM of electrode 7 at 10,OOOX. Fig. 98. SEM of electrode 8 at 10,OOOX. 

61 



From t h e  preceding  d e t a i l e d  s t u d i e s  of t h e  changes i n  t h e  
morphology du r ing  t h e  f i r s t  t e n  c y c l e s ,  it i s  e v i d e n t  t h a t  t h e  
pronounced dec rease  of  t h e  c a p a c i t y  du r ing  t h e s e  c y c l e s  (compare 
F igu re  6 6 )  i s  due t o  t h e  observed formation of  l a r g e  Cd(OH)2 
c r y s t a l s ,  probably caused by p r e c i p i t a t i o n  from t h e  s u p e r s a t u r a t e d  
KOH f i l m  dur ing  d i scha rge .  The s u p e r s a t u r a t i o n  i s  favored  by t h e  
comsumption o f  hydroxyl i o n s  i n  t h e  d i s c h a r g e  r e a c t i o n :  
w h i c h ’ i s  expec ted  t o  r e s u l t  i n  t h e  KOH film’, causes  t h e  s o l u b i l i t y  
of cadmium s p e c i e s  t o  decrease .  Once formed, many of t h e  l a r g e r  
Cd(OH)2 c r y s t a l s  do n o t  appear  t o  be reduced on cont inuous c y c l i n g  
(compare F igu re  82) and, hence, do n o t  c o n t r i b u t e  t o  t h e  c a p a c i t y .  
During p e r i o d s  of e x t e n s i v e  r e d u c t i o n ,  t h e  l a r g e  Cd(OH12 c r y s t a l s  
seem t o  d i s s o l v e  (F igure  9 5 ) ,  and d i s s o l v e d  cadmium s p e c i e s  may 
then  be e l e c t r o d e p o s i t e d  on t h e  t es t  e l e c t r o d e .  Due t o  t h e  i n -  
c r eased  s o l u b i l i t y  of cadmium s p e c i e s  a t  h igh  pH, t h i s  p rocess  i s  
favored  by t h e  format ion  of hydroxyl i o n s  du r ing  
l e a d s  t o  a p re l imina ry  i n c r e a s e  i n  t h e  c a p a c i t y  up t o  f a c t o r s  of 
3 (F igure  1 0 5 )  e 

The lower PH, 

charg ing  and 

The f a c t  t h a t  t h e  shape of t h e  charge and d i s c h a r g e  curves  

does n o t  change du r ing  t h e  i n i t i a l  1 0  c y c l e s  (F igure  68) i n d i c a t e s  
t h a t  t h e  mechanism does n o t  change. The brown c o l o r  which t h e  
e l e c t r o d e  e x h i b i t s  as a consequence of e x t e n s i v e  c y c l i n g  is  
probably r e l a t e d  t o  t h e  p a s s i v a t i n g  f i l m  (cadmium oxide?)  sug- 
ges t ed  ear l ier  as t h e  reason  f o r  t h e  d i f f e r e n t  shape of t h e  curves  
a f t e r  4 0 0 0  c y c l e s .  Unfor tuna te ly ,  no conc lus ive  evidence f o r  such 
a f i l m  could be found i n  t h e  SEMs. 

The e f f e c t  of e l e c t r o l y t e  f i l m  t h i c k n e s s  on c a p a c i t y  and mor- 
phology on c y c l i n g  w a s  s t u d i e d  on cadmium oxide  e l e c t r o d e s  wi th  
l a y e r  t h i c k n e s s e s  of 3-6pe The e l e c t r o l y t e  f i l m  t h i c k n e s s  w a s  
v a r i e d  f r o m  1 2 . 5  t o  500p0 F igures  105-108 show t h e  c a p a c i t y  as a 
f u n c t i o n  of t h e  number of c y c l e s  f o r  f o u r  d i f f e r e n t  cadmium ox ide  
e l e c t r o d e s ,  u s ing  e l e c t r o l y t e  f i l m  t h i c k n e s s e s  o f  12 ,5 ,  25, 1 0 0  

and 5 0 0 p ,  The i n i t i a l  c a p a c i t i e s ,  r e f e r r e d  t o  1 c m 2  area and 11.1 
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Fig. 99. Optical mrcrograph of 3.51~ CdO film 
in dry condition after more than 8000 cycles, 
using 12.5~ film of 6N KOH. (220X, dark field). 

Fig. 102. Optical micrograph of same elec- 
trode, but at 500X (dark field). 

Fig. 100. SEM of same electrode at 2000X. Fig. 103. Optical micrograph of CdO film as 
deposited by electrophoresis (220X, dark 
field, dry). 

Fig. 101. SEM of same electrode at 10,OOOX. Fig. 104. Optical micrograph of same elec- 
trode, but at 500X (dark field). 
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Fig. 105 Capacity of 3. 5~ CdO film electrode vs. number of cycles, using 
12. 5p film of 6 N KOH. 
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Fig. 106 Capacity of 61-1 CdO film electrode vs. number of cycles, using 25p 
film of 6 N KOH. 
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Fig. 107 Capacity of 41J. CdO film electrode vs. number of cycles, using 1 0 0 ~  
film of 6 N KOH. 
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Fig. 108 Capacity of 4p CdO film electrode vs. number of cycles, using 500p 
film of 6 N KOH. 
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t h i c k n e s s  of these f o u r  e l e c t r o d e s  are  0 . 2 8 ,  0 - 0 9 ,  0 . 1 7  and 
0 - 1 2  a s e c / c m 2 y e  With t h e  except ion  o f  t h e  251.1 KOH f i l m ,  t h e  
c a p a c i t i e s  become somewhat smaller as t h e  KOH f i l m  t h i c k n e s s  
i n c r e a s e s .  

The c a p a c i t y  on c y c l i n g  dec reases  ve ry  s t e e p l y  i n  a l l  cases. 
Values between 3 and 13% of t h e  i n i t i a l  v a l u e s  are  ob ta ined  du r ing  
t h e  f i r s t  1 0 0  c y c l e s .  N o  s y s t e m a t i c  e f f e c t  of t h e  KOH f i l m  t h i c k -  
ness  on t h e  loss of  c a p a c i t y  du r ing  c y c l i n g  could be detected, 

The e f f e c t s  of changing t h e  c u r r e n t  d e n s i t y  and v o l t a g e  l i m i t s ,  
and t h e  e f f e c t s  of e x t e n s i v e  o x i d a t i o n  and r educ t ion ,  are approxi-  
mately t h e  same i n  a l l  cases: L o w e r  c u r r e n t  d e n s i t i e s  and l a r g e r  
anodic  v o l t a g e  l i m i t s  du r ing  c y c l i n g  lead t o  t h e  recovery  of  
l a r g e r  c a p a c i t i e s ,  e x t e n s i v e  o x i d a t i o n  produces l a r g e r  charge 
c a p a c i t i e s  and e x t e n s i v e  r e d u c t i o n  has  l i t t l e  e f f e c t  on t h e  d i s -  

chqrge c a p a c i t i e s .  

I n  a l l  cases on ly  s m a l l  and g radua l  changes i n  t h e  morphology 
occur  on c y c l i n g  s o  t h a t  t hey  become c l e a r l y  v i s i b l e  only  a f t e r  
1 0 0  o r  more c y c l e s .  More n o t i c e a b l e  changes re la te  t o  t h e  c o l o r  
of  t h e  e l e c t r o d e s .  A s  a r e s u l t  of cont inued  c y c l i n g  and i n  
p a r t i c u l a r  a f t e r  pe r iods  of  e x t e n s i v e  o x i d a t i o n ,  t h e  s u r f a c e s  
e x h i b i t  a d e f i n i t e  brown color.  I n  no c a s e  w a s  t h i s  brown c o l o r  
observed du r ing  t h e  i n i t i a l  t e n  c y c l e s ,  N o  e f f e c t  of KOH f i l m  
t h i c k n e s s  on t h e  color changes w a s  observed.  

E f f e c t  o f  E l e c t r o d e  P r e p a r a t i o n  

While a l l  of t h e  prev ious  r e s u l t s  w i t h  e l e c t r o l y t e  f i l m s  
w e r e  ob ta ined  on cadmium oxide  l a y e r s  depos i t ed  e l e c t r o p h o r e t i c a l l y ,  
some experiments  were a lso performed on cadmium oxide  l a y e r s  of  
cons iderably  l a r g e r  t h i c k n e s s ,  produced by brushing  cadmium oxide- 
b inde r  mixtures  on copper  s t r i p s .  Th i s  method i s  very similar t o  
p repa r ing  pas t ed  b a t t e r y  p l a t e s  as used i n  c e r t a i n  types  o f  com- 
mercial nickel-cadmium b a t t e r i e s .  
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Figures  1 0 9  and 1 1 0  show t h e  c y c l i n g  behavior  of an e l e c t r o d e  
w i t h  a 6 3 ~  cadmium oxide  f i l m ,  u s ing  6 N  KOH f i l m  th i cknesses  of 
400  and l o o p ,  r e s p e c t i v e l y .  T h e  i n i t i a l  c a p a c i t i e s  i n  F igu re  1 0 9  

amount t o  about  55% of t h e  t h e o r e t i c a l  v a l u e ,  The loss  of c a p a c i t y  
on c y c l i n g  w a s  found t o  be much less pronounced than  i n  any o t h e r  
case. A f t e r  1 0  c y c l e s  the  c a p a c i t y  dec reases  t o  88% of t h e  i n i t i a l  
va lue .  T h e  changes i n  morphology are  c h a r a c t e r i z e d  by t h e  forma- 
t i o n  of a few l a r g e  and t r a n s p a r e n t  c r y s t a l s  w h i l e  t h e  s u r f a c e  i n  
g e n e r a l  does n o t  show d ras t i c  changes as viewed i n  t h e  microscope 
a t  a magn i f i ca t ion  of 220X. 

When reducing  t h e  KOH f i l m  t h i c k n e s s  from 4 0 0  t o  1 0 0 ~  on t h e  
same electrode, a more pronounced loss  of c a p a c i t y  i s  observed on 
cyc l ing .  T h i s  i s  e v i d e n t  from F igure  1 1 0 .  A f t e r  850 c y c l e s  t h e  

c a p a c i t y  amounts t o  4 4 %  of the  i n i t i a l  c a p a c i t y .  

On c y c l i n g  w i t h  t h e  1 0 0 ~  KOH f i l m ,  a l a y e r  of w h i t e  p a r t i c l e s  
formed near  t h e  s o l u t i o n  edge, most l i k e l y  by p r e c i p i t a t i o n .  This  
l a y e r  became ve ry  pronounced a f t e r  about  400  c y c l e s  and had a 

n o t i c e a b l e  e f f e c t  on t h e  charge and d i scha rge  curves .  Charge and 
d i s c h a r g e  occurred  a t  n o t i c e a b l y  i n c r e a s e d  cathodic and anodic  
p o t e n t i a l s .  F igu re  111 shows t h e  e f f e c t  of c u r r e n t  d e n s i t y  du r ing  
charge  and d i s c h a r g e  on t h e  v o l t a g e  a t  t h e  s t a t e  of h a l f  charge 
and d i scha rge .  The s t r a i g h t - l i n e  behavior  of t h e  curves  i n  
F igu re  111 show t h a t  t h e  l a y e r  of p r e c i p i t a t e d  p a r t i c l e s  nea r  t h e  
s o l u t i o n  edge c o n s t i t u t e s  an a d d i t i o n a l  ohmic r e s i s t a n c e .  A f t e r  
removing the p r e c i p i t a t e d  l a y e r  by washing i n  d i s t i l l e d  water ,  
t h e  ohmic p o l a r i z a t i o n  w a s  e l imina ted  and t h e  c a p a c i t y  va lues  w e r e  
i nc reased  by 30% (compare F igu re  1 1 0 )  

T h e  much reduced loss  of c a p a c i t y  on c y c l i n g  observed w i t h  

t h e  p a i n t e d  cadmium oxide l a y e r s  as compared t o  e l e c t r o p h o r e t i c  
cadmium ox ide  l a y e r s  sugges t s  t h a t  t h e  o rgan ic  b inde r  and t h e  
method of apply ing  it, p lays  a s i g n i f i c a n t  ro le  i n  ma in ta in ing  

i n t i m a t e  p a r t i c l e  c o n t a c t  and i n  reducing  t h e  r a t e  of p a r t i c l e  
growth du r ing  c y c l i n g .  The p a i n t e d  l a y e r s  d i sp l ayed  a much b e t t e r  
mechanical i n t e g r i t y ,  evidenced f o r  example by b e t t e r  r e s i s t a n c e  
t o  wiping e 
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Fig. 109 Capacity of 631-1 painted CdO film electrode vs. number of cycles, 

using 4 0 0 ~  film of 6 N KOH. 
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Fig. 110 Same electrode, but using 1001-1 fi lm of 6 N KOH. 
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Fig. 111 Polarization curve at  state of half charge and discharge of electrode in 
Fig. 110 after formation of white precipitate. 
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Fig. 112 Charge and discharge capacity of 3. 51-1 CdO film electrode vs. prepolari- 
zation, using a 12, 51-1 film of 6 N KOH and fO, 28 ma/cm2. 
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E f f e c t  of Voltage on Capaci ty  

The e f fec t  of t h e  magnitude of t h e  (anodic)  d i s c h a r g e  v o l t a g e  
on t h e  charge  c a p a c i t y  and t h e  e f f e c t  o f  t h e  magnitude of t h e  
( ca thod ic )  charge  v o l t a g e  on t h e  d i scha rge  c a p a c i t y  w a s  s t u d i e d  
on e l e c t r o d e s  w i t h  e l e c t r o p h o r e t i c  cadmium ox ide  f i l m s  o f  4-61-1 
and KOH f i l m s  of  12.5,  25 and 5 0 0 ~  t h i c k n e s s .  

The procedure adopted f o r  t h e  12.5 and 500y KOH t h i c k n e s s e s  
w a s  as fo l lows:  I n  de te rmining  t h e  e f f e c t  o f  anodic  v o l t a g e s  on 
t h e  charge c a p a c i t y ,  a ca thod ic  v o l t a g e  of -150 mV w a s  always ap- 
p l i e d  f o r  20 minutes  between each new measurement. A given anodic  
v o l t a g e  w a s  t h e n  a p p l i e d  f o r  20  minutes and t h e  c a p a c i t y  determined 
by apply ing  a c a t h o d i c  c u r r e n t  d e n s i t y  of  -0.28 m a / c m 2  u n t i l  a 
c u t o f f  v o l t a g e  of -200 mV w a s  ob ta ined .  Conversely,  t h e  e f f e c t  
of c a t h o d i c  v o l t a g e s  on t h e  d i scha rge  c a p a c i t y  w a s  determined by 
applying an anodic  v o l t a g e  of 300  mV f o r  20 minutes ,  t hen  apply ing  
t h e  c a t h o d i c  v o l t a g e  of i n t e r e s t  fol lowed by apply ing  an anodic  
c u r r e n t  d e n s i t y  of  0.28 ma/cm2 u n t i l  a c u t o f f  v o l t a g e  of  300  mV 

w a s  ob ta ined .  The procedure adopted f o r  t h e  25y KOH f i l m  w a s  
d i f f e r e n t  i n  t h a t  t h e  e l e c t r o d e  w a s  ox id i zed  a t  a p a r t i c u l a r  
v o l t a g e  f o r  20 minutes t h e n  reduced wi th  a c o n s t a n t  c u r r e n t  
d e n s i t y  o f  -0.14 m a / c m 2  t o  a c u t o f f  v o l t a g e  of -200  mV fol lowed 
by immediate o x i d a t i o n  a t  t h e  nex t  s e l e c t e d  anodic  vo l t age .  

The r e s u l t s  of  t h e s e  measurements a re  shown i n  F igu res  1 1 2 -  
1 1 4 .  Above anodic  v o l t a g e s  of 1 0 0  mV, t h e  charge c a p a c i t y  i n -  
creases l i n e a r l y  wi th  t h e  o x i d i z i n g  v o l t a g e .  I n  c o n t r a s t ,  t h e  
d i scha rge  c a p a c i t y  f o r  vo l t ages  more c a t h o d i c  than  -100 mV is  

independent of t h e  magnitude of t h e  reducing  vo l t age .  F igu re  113 
shows t h e  curve ob ta ined  f o r  t h e  251-1 KOH f i l m ,  The d e v i a t i o n s  
from a s t r a i g h t  l i n e  behavior  are due t o  incomplete  r e d u c t i o n  o f  
ox id i zed  s p e c i e s  du r ing  t h e  s h o r t  d u r a t i o n  of  t h e  charg ing  curve .  

The l i n e a r  dependence of t h e  charge c a p a c i t y  on t h e  magnitude 
of t h e  d i s c h a r g e  v o l t a g e  w a s  observed p rev ious ly  when performing 
i d e n t i c a l  experiments  i n  0.1N KOH bulk  e l e c t r o l y t e  (F igu re  4 4 )  

This  behavior  had been expla ined  i n  t e r m s  o f  t h e  formation of  
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p a s s i v a t i n g  f i l m s  du r ing  o x i d a t i o n  and t h e  subsequent  t r a n s p o r t  
of i o n s  through t h e s e  f i l m s .  I n  t h e  p r e s e n t  case t h e  o r i g i n a l  
l a y e r  c o n s i s t s  of i n d i v i d u a l  cadmium oxide  p a r t i c l e s  r a t h e r  t han  
a cont inuous cadmium f i l m .  Hence, a f te r  t h e  f i r s t  r e d u c t i o n  t o  
cadmium, it i s  a p p r o p r i a t e  t o  t h i n k  i n  t e r m s  of t h e  format ion  of 
p a s s i v a t i n g  f i l m s  around each i n d i v i d u a l  p a r t i c l e .  The q u e s t i o n  
r ega rd ing  t h e  n a t u r e  of  t h e s e  p a s s i v a t i n g  f i l m s  must  be  l e f t  
open: t hey  may c o n s i s t  of e i t h e r  Cd(OHI2 o r  CdO. S ince  t h e i r  

t h i ckness  i s  found t o  be p r o p o r t i o n a l  t o  t h e  amount of charge 
a p p l i e d  t o  t h e  e l e c t r o d e ,  F igu res  44  and 112-114  s i g n i f y  t h a t  t h e  
t h i c k n e s s  of t h e  f i l m  i n c r e a s e s  l i n e a r l y  w i t h  t h e  v o l t a g e  across 
t h e  f i l m .  The d e v i a t i o n  from t h e  s t r a i g h t - l i n e  behavior  a t  
v o l t a g e s  between 0 and 100 mV i s  very l i k e l y  caused by t h e  i n -  
c r e a s i n g  p e n e t r a t i o n  of t h e  e l e c t r o l y t e  f i l m  by t h e  electric 
f i e l d .  The same phenomenon a p p l i e s  t o  t h e  d i scha rge  c a p a c i t y  
a f u n c t i o n  of  t h e  reducing  voltage.  The independence of t h e  
d i s c h a r g e  c a p a c i t y  on t h e  reducing  v o l t a g e  between -100 and 
-300 mV impl i e s  t h a t  w i t h i n  t h e  r e d u c t i o n  t i m e  of 20 minutes ,  
a l l  r e d u c i b l e  p a r t i c l e s  were i n  f ac t  reduced wi th  v o l t a g e s  as 
l o w  as -100 mV w h i l e  t h e  l a r g e  Cd(OH)2 p a r t i c l e s  remain unre- 

a s  

duced du r ing  shor t - t e rm r e d u c t i o n s .  "Reducible" are  cons idered  
t h e  s m a l l  p a r t i c l e s  (compare F igu re  82) i n  good c o n t a c t  w i th  t h e  
s u b s t r a t e  s u r f a c e .  

E f f e c t  of Temperature on Capac i ty  and Morphology 

Changes i n  c a p a c i t y  and morphology of 5-61-1 cadmium oxide f i l m s  
on c y c l i n g  w e r e  examined a t  75OC w i t h  6 N  KOH f i l m s  of 12.5 and 
1 0 0 ~  t h i ckness .  
of cyc l ing ,  
t o  those  ob ta ined  a t  room temperature., 
c i t y  on c y c l i n g  i s  more pronounced. 
c a p a c i t y  dec reases  t o  7 .7  and 5.8% of t h e  i n i t i a l  c a p a c i t y  w i t h  
a KOH f i l m  of 12.5 and loop, r e s p e c t i v e l y .  
t y p i c a l  va lues  between 1 7  and 35% a t  room temperature .  Extens ive  
r educ t ion  l e a d s  t o  p r o p o r t i o n a l l y  l a r g e r  c a p a c i t i e s  on subsequent  
d i scha rge  than  a t  room tempera ture ,  This  behavior  i s  s i m i l a r  t o  

F i g u r e s  115 and 116 show t h e  c a p a c i t y  as a f u n c t i o n  
The i n i t i a l  c a p a c i t i e s  on d i s c h a r g e  are comparable 

However, t h e  loss of capa- 
Thus, w i t h i n  t e n  c y c l e s ,  t h e  

This  compares wi th  
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t h a t  observed i n  6 N  KOH bulk e l e c t r o l y t e  (F igure  1 2 )  and i s  i n d i c a -  
t i v e  of t h e  i n c r e a s i n g  s i g n i f i c a n c e  of a mechanism invo lv ing  t h e  
e l e c t r o d e p o s i t i o n  of d i s s o l v e d  cadmium s p e c i e s  du r ing  e x t e n s i v e  
r educ t ion  (compare F igu re  1 2 )  

The morphology of t h e  e l e c t r o d e  changes a t  a cons ide rab ly  
f a s t e r  rate than  a t  room temperature .  During t h e  very  f i r s t  d i s -  
charge,  e s p e c i a l l y  i n  t h e  case  of t h e  1001.1 KOH f i l m ,  t h e  formation 
of l a r g e  c r y s t a l s  n e a r  t h e  s o l u t i o n  edge can be c l e a r l y  observed 
a t  a magn i f i ca t ion  of 220X (F igure  1 1 7 ) .  A t  t h e  f a r  edge of t h e  
e l e c t r o d e ,  e s s e n t i a l l y  no l a r g e  c r y s t a l s  are found even a f t e r  
2 1  c y c l e s  a t  75OC. A t  t h e  same t i m e ,  t h e  c r y s t a l s  c l o s e  t o  t h e  
s o l u t i o n  edge have grown i n  s i z e  (F igure  118)  * 

Also i n  c o n t r a s t  t o  t h e  o b s e r v a t i o n s  a t  room tempera ture ,  
t h e  e l e c t r o d e s  develop a brown appearance d u r i n g  t h e  f i r s t  seven 
c y c l e s .  Simultaneously,  cadmium s p e c i e s  become e n t i r e l y  dep le t ed  
from some p a r t s  of t h e  e l e c t r o d e .  During r e d u c t i o n  a t  -150 mV 

f o r  70  hours  a t  room tempera ture ,  a f t e r  c y c l i n g  a t  75OC, tree-like 
s t r u c t u r e s  are formed a t  t h e  s o l u t i o n  edge i n  l e n g t h s  up t o  1401.1, 

Subsequent c y c l i n g  a t  75OC and a t  room tempera ture  has  e s s e n t i a l l y  
no e f f e c t  on t h e s e  t r e e - l i k e  d e p o s i t s ,  

The appearance of t h e  e l e c t r o d e  a f t e r  97 c y c l e s  i s  shown i n  
F igu res  119-122,  A l l  of t h e s e  micrographs w e r e  ob ta ined  a t  a 
magn i f i ca t ion  of 500X a f t e r  r i n s i n g  and d r y i n g  t h e  e l e c t r o d e ,  
F igu res  119  and 1 2 1  w e r e  ob ta ined  i n  dark f i e l d  and show an 
abundance of l a r g e ,  mostly t r a n s p a r e n t  c r y s t a l s  of s i z e s  up t o  
1 5 ~ ~  These c r y s t a l s  t end  t o  escape obse rva t ion  i n  t h e  b r i g h t  
f i e l d  (F igu res  1 2 0  and 1 1 2 ) .  However, t h e  e x i s t e n c e  of a number 
of well-developed hexagonal p a r t i c l e s  and of a s u r f a c e  f i l m  con- 
t a i n i n g  h o l e s  i s  c l e a r l y  e v i d e n t .  I t  cannot  be s a i d  wi th  cer- 
t a i n t y  whether t h i s  s u r f a c e  f i l m  causes  t h e  brown appearance of 
t h e  e l e c t r o d e ,  

The format ion  of l a r g e  hexagonal Cd(OH)2 c r y s t a l s  du r ing  t h e  
f i r s t  d i scha rge  (F igure  1 1 7 )  i s  due t o  a dissolution-precipitation 
mechanism, The format ion  of tree-like s t r u c t u r e s  on extended re- 
duc t ion ,  t o g e t h e r  w i th  t h e  recovery of much i n c r e a s e d  c a p a c i t i e s  
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Fig. 117. Optical micrograph of 61.1 CdO film Fig. 118. Optical micrograph of same electrode 
near solution edge after 1st discharge at 75OC 
using 1 0 0 ~  film of 6N KOH (220X,dark field,wet). 

same area after 21 cycles at 75OC (220X, dark 
field, wet). 

Fig. 119. Optical micrograph of same electrode 
in dry state after 97 cycles at 75OC (500X, 
dark field). 

Fig. 120. Optical micrograph near solution 
edge after 97 cycles. (500X, bright field, 
dry). 

Fig. 121. Optical micrograph of different 
area near solution edge after 97 cycles 
(500X, dark field, dry). 

Fig. 122. Optical micrograph near far edge 
after 97 cycles (500X, bright field, dry). 
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on subsequent  d i scha rge ,  sugges t s  t h a t  e l e c t r o d e p o s i t i o n  of d i s -  
solved cadmium s p e c i e s  occurs  on charge.  This  l a t t e r  mechanism 
w a s  found t o  be dominant i n  6 N  KOH bulk e l e c t r o l y t e ,  The ap- 
pearance of a brown f i l m  a f t e r  seven c y c l e s  sugges t s  t h e  forma- 
t i o n  of cadmium oxide.  The s i g n i f i c a n c e  of t h i s  f i l m  i n  t h e  loss 
of c a p a c i t y  i s  n o t  c l e a r l y  understood, The i n c r e a s e d  r a t e  of 
c a p a c i t y  loss  on c y c l i n g  a t  75OC as  compared t o  room temperature  
i s  m o s t  l i k e l y  due t o  t h e  i n c r e a s e d  ra te  of p a r t i c l e  growth 
caused by t h e  i n c r e a s e d  ra te  of d i s s o l u t i o n  and t h e  much h ighe r  
s o l u b i l i t y  of cadmium s p e c i e s  a t  75OC as compared t o  room 
temperature .  ( 6  1 

Concent ra t ion  Changes i n  F i l m  E l e c t r o l y t e  

The combination of equa t ions  IlJ and 123 shows t h a t  hydroxyl 
i o n s  are consumed on d i scha rge  and formed on charge,  I n  t h i n  
f i l m s  of e l e c t r o l y t e ,  pH-changes on charge and on d i s c h a r g e  may, 
t h e r e f o r e ,  be expected and have, i n  f a c t ,  been demonstrated t o  
e x i s t  i n  f i l m s  w i th  t h i c k n e s s e s  of 0,5 t o  2 mm, ( 2 6 )  

pH-changes i n  t h e  p r e s e n t  case of a min ia tu re  e l e c t r o d e  w a s  
i n i t i a t e d  b u t  n o t  completed. 

A s tudy  of 

I n  t h e  p rev ious  s tudy  of pH-changes on a macroelectrode,  
narrow s t r i p s  of Cd/Cd(OH)2 a t  a minimum d i s t a n c e  of 5 mm from 
each o t h e r  w e r e  used as probes,  ( 2 6  1 These probes  served  t o  apply  
s m a l l  a l t e r n a t i n g  c u r r e n t  s i g n a l s  and t h u s  t o  determine t h e  elec- 
t r o l y t e  r e s i s t a n c e  from t h e  measured a l t e r n a t i n g  c u r r e n t  impedance 
A f t e r  c a l i b r a t i o n  wi th  KOH e l e c t r o l y t e  of known concen t r a t ions ,  
t h e  pH-profi le  was determined from t h e  measured va lues  of t h e  
local  e l e c t r o l y t e  r e s i s t a n c e ,  

I n  p r e p a r a t i o n  f o r  an i d e n t i c a l  approach, cover  p l a t e s  con- 
t a i n i n g  min ia tu re  probes  of s i l v e r  w e r e  p repared  f o r  t h e  e l e c t r o -  
l y t i c  ce l l ,  The cover  p l a t e s  c o n s i s t e d  of q u a r t z  p l a t e s  1 x 1 i n c h  
by l O / l O O O  of 
s m a l l  spac ing  
developed f o r  

s i  l v e  r probe s 

an i n c h  t h i c k .  Due t o  t h e  s m a l l  dimensions and t h e  
of t h e  s i l v e r  probes ,  a masking technique  r e c e n t l y  
semiconductor p rocess ing  (32 1 w a s  app l i ed ,  
are 1 mm long ,  0,l mm wide and 15-201.1 t h i c k  and 

The 
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are spaced a t  a d i s t a n c e  of 0 . 3  mm on c e n t e r s ,  S i l v e r  s t r i p s  of 
double t h e  width,  t h a t  i s  0 . 2  mm, are conducted t o  t h e  edge of 
t h e  q u a r t z  p l a t e  over  a d i s t a n c e  of about  1 c m ,  Since t h e  dimen- 
s i o n  of t h e  test  e l e c t r o d e  i s  1 x 1 nun, f o u r  s i l v e r  probes  can 
be accomodated i n  t h e  s e c t i o n  of t h e  q u a r t z  p l ake  cover ing  t h e  
t es t  e l e c t r o d e ,  

The method of p r e p a r i n g  t h e  cover p l a t e  c o n s i s t s  of u s ing  
a photographic  mask c o n t a i n i n g  t h e  d e s i r e d  p a t t e r n ,  A molybdenum 
f i l m  of 5,000& t h i c k n e s s  i s  evapora ted  on t h e  q u a r t z  p l a t e  and 
t h e n  covered w i t h  a p h o t o r e s i s t  l a y e r  of 11.1 t h i c k n e s s ,  The 
p h o t o r e s i s t  i s  exposed through t h e  mask and t h e  exposed p a r t  of 
t h e  resist removed wi th  developer  i n  t h e  u s u a l  way, Channels of 
t h e  d e s i r e d  depth  are in t roduced  by e t c h i n g  i n  buf fered  hydro- 
f l u o r i c  a c i d  (1 p a r t  of 48% HF:10 p a r t s  of 408 NH4F) f o r  f o u r  
hours ,  The p h o t o r e s i s t  and molybdenum a d j o i n i n g  t h e  e t ched  
channels  are then  removed wi th  h o t  97% H2SQ4" 

d u c t i n g  s i lver  p a i n t  (Micro-Circui ts  C o o ,  N e w  Buffa lo ,  Michigan, 
Type S C 1 2 )  i s  subsequent ly  used t o  f i l l  t h e  e t ched  channels ,  
Before d ry ing  t h e  p a i n t ,  s i lver  w i r e s  of 1 2 . 5 ~  diameter  are 
i n s e r t e d  i n  t h e  channels  wi th  t h e i r  free ends emerging f r o m  t h e  
q u a r t z  p l a t e  and f a s t e n e d  t o  a m i c r o c i r c u i t  board,  The excess 
s i lver  p a i n t  between t h e  channels  i s  f i n a l l y  wiped off wi th  
ketone.  The r e s u l t i n g  s i l v e r  probes  are f l u s h  w i t h  t h e  s u r f a c e  
of t h e  q u a r t z  p l a t e ,  

Fast-drying con- 

While i n  t h e  p r e s e n t  s tudy  t h e s e  cover  p l a t e s  w e r e  a c t u a l l y  
n o t  a p p l i e d  t o  measure t h e  pH-gradient i n  t h e  e l e c t r o l y t e  f i l m  
cover ing  t h e  tes t  e l e c t r o d e ,  t h e  e x i s t e n c e  of pH-changes had been 
q u a l i t a t i v e l y  e s t a b l i s h e d  i n  a g r o s s  way i n  p rev ious  experiments ,  
Two probes w e r e  l o c a t e d  a t  t h e  s o l u t i o n  edge and t h e  f a r  edge and 

t h e  impedance w a s  measured immediately a f te r  f u l l y  charg ing  and 
d i scha rg ing  t h e  tes t  e l e c t r o d e ,  
pedance w e r e  found, sugges t ing  major changes i n  t h e  e l e c t r o l y t e  
concen t r a t ion  du r ing  charge and d i scha rge .  

Pronounced changes i n  t h e  i m -  
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I n  a d d i t i o n  t o  changes i n  t h e  KOH c o n c e n t r a t i o n ,  changes i n  

t h e  c o n c e n t r a t i o n  of cadmiate i o n s  i n  t h e  f i l m  du r ing  charge and 
d i scha rge  are expec ted  t o  occur (compare equa t ion  [l] and [2] ) e 
The formation of s o l u b l e  cadmium s p e c i e s ,  t h a t  i s  e i t h e r  C d ( O H ) s  

o r  C d ( O H ) z ' ,  i s  evidenced by t h e  formation of p r e c i p i t a t e d  
p a r t i c l e s  du r ing  d i scha rge ,  The p a r t i c u l a r  c o n d i t i o n s  of charge 
and d i scha rge  w i l l  a f f e c t  t h e  cadmiate concen t r a t ion  which i n  
t u r n  has  a decisive e f f e c t  on t h e  morphology, 

Mechanism f o r  Changes i n  Capac i ty  and Morphology 

The r e s u l t s  i n  t h i s  s tudy  are c o n s i s t e n t  w i th  t h e  fo l lowing  
mechanism: On d i scha rge ,  a s o l i d  state- and a d i s s o l u t i o n -  
p r e c i p i t a t i o n  mechanism occur  s imul taneous ly ,  bo th  c o n t r i b u t i n g  
t o  t h e  measured c a p a c i t y  and t h e  l a t t e r  l e a d i n g  t o  t h e  formation 
of large c r y s t a l s .  The n e t  r e a c t i o n s  may be w r i t t e n  as: 

C d  + 2 OH- Cd(OH)2 + 2e- ( s o l i d  s ta te )  [31 

C d  + 3 OH' 2 Cd(0H): + 2e-  (d i S s o l u t i o n  ) [ 4 a l  

C d  (OH) 3 + 4- C d ( O H ) 2  + OH- ( p r e c i p i t a t i o n )  [ 4b] 

Many of t h e  p r e c i p i t a t e d  p a r t i c l e s  have poor c o n t a c t  w i t h  
t h e  s u b s t r a t e .  The p a r t i c l e s  ox id i zed  v i a  s o l i d  s ta te  react ion131 
become surrounded by a l a y e r  of cadmium hydroxide which h i n d e r s  
subsequent  charge t r a n s f e r  and r e q u i r e s  i n c r e a s i n g  overvol tages ,  
This  i s  e v i d e n t  from t h o s e  p a r t s  of t h e  d i scha rge  cu rves ,  where 
t h e  voltages rises s t e e p l y  w i t h  f u r t h e r  d i scha rge  (compare curve 
a f t e r  4000  c y c l e s  i n  F igure  6 8 ) .  

On charg ing ,  t h e  ra te  and d u r a t i o n  of cha rg ing  i s  s i g n i f i c a n t  
i n  determining t h e  r e a c t i o n  mechanisms. On s h o r t  and h igh - ra t e  
charges ,  t h e  solid s ta te  r e a c t i o n  [ 3 ]  ( i n  reverse d i r e c t i o n )  
dominates and e x p l a i n s  t h e  observed p e r s i s t e n c e  of t h e  l a r g e  pre-  
c i p i t a t e d  Cd (OH)  2 c r y s t a l s .  On prolonged and low-rate charges ,  

t h e  r e a c t i o n  [4b] leads t o  t h e  observed d i s s o l u t i o n  of Cd(OH)2 
c r y s t a l s ,  I n  t h i s  case, s u f f i c i e n t  t i m e  i s  a v a i l a b l e  f o r  t h i s  
slow p rocess  (18) t o  occur ,  The d i s s o l u t i o n  p rocess  i s  fur thermore  
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favored by the  i n c r e a s e  i n  pH dur ing  charg ing  which r a i s e s  t h e  
s o l u b i l i t y  of cadmiate i o n s ,  T h e  d i s s o l u t i o n  i s  followed by the  

r e v e r s e  of r e a c t i o n  [4aJ  which l e a d s  t o  t h e  e l e c t r o d e p o s i t i o n  of 
cadmium. I n  p a r a l l e l  t o  the dissolution-electrodeposition 
p r o c e s s ,  t h e  s o l i d  s ta te  r educ t ion  of many p a r t i c l e s  t a k e s  p l a c e ,  
i n  p a r t i c u l a r  t h e  smaller ones which are i n  good c o n t a c t  w i t h  

the  s u b s t r a t e  s u r f a c e .  A s  t h i s  p r o c e s s  proceeds,  t h e  p a r t i c l e s  
become surrounded wi th  a conduct ing l a y e r  of cadmium which f a c i l i -  
tates f u r t h e r  r educ t ion .  T h i s  i s  ve ry  l i k e l y  t h e  reason  why 
charg ing  occurs  w i t h  s m a l l e r  ove rvo l t ages  than  d i scha rg ing ,  

Cadmiate i o n s  a r e  expec ted  t o  d i f f u s e  and, du r ing  d i s c h a r g e ,  
t o  migrate  toward t h e  counter  e l e c t r o d e .  Once they  have l e f t  
t h e  s m a l l  volume of the f i l m  e l e c t r o l y t e ,  very  long charg ing  
t i m e s  a r e  r e q u i r e d  t o  e l e c t r o d e p o s i t  t h e m  on the  t e s t  e l e c t r o d e ,  
The a r e a s  of t h e  t es t  e l e c t r o d e  nea r  t h e  e l e c t r o l y t e  w e l l  are 
p r e f e r r e d  s i tes  f o r  d e p o s i t i o n ,  T h e  observed growth of tree- 
l i k e  s t r u c t u r e s  du r ing  prolonged r e d u c t i o n  i s  evidence f o r  t h i s  

mechanism, 
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' 'coNcLusIoNs 

I n  bulk s o l u t i o n s  of KOH under c o n d i t i o n s  of s t i r r i n g  and 

uniform c u r r e n t  d i s t r i b u t i o n  w e  a r r i v e  a t  t h e  fo l lowing  con- 
c l u s i o n s  wi th  r e g a r d  t o  t h e  changes i n  c a p a c i t y  and morphology 
of 

1. 

2. 

3. 

4. 

5. 

6. 

cadmium f i l m  e l e c t r o d e s  d u r i n g  cyc l ing :  

I n  concen t r a t ed  bulk s o l u t i o n s  of KOH, prolonged d i s c h a r g e  
and e s p e c i a l l y  cont inuous  c y c l i n g  lead t o  a d r a s t i c  loss i n  
c a p a c i t y  and complete change i n  morphology due t o  e x t e n s i v e  
d i s s o l u t i o n  of cadmium s p e c i e s .  T h e  s o l u b l e  s p e c i e s  l e a v e s  
t h e  e l e c t r o d e  b e f o r e  s u p e r s a t u r a t i o n  and p r e c i p i t a t i o n  can 
occur .  

T h e  d i s c h a r g e  occur s  v i a  a d i s s o l u t i o n  mechanism t o  the  ex- 
t e n t  of 70 t o  80% and v i a  a s o l i d  s t a t e  t r a n s p o r t  mechanism 
t o  t h e  e x t e n t  of 20 t o  30%. The l a t t e r  p a r t  of t h e  d i s -  

charged s p e c i e s  remains a t  t h e  s u r f a c e  and p a s s i v a t e s  r e a d i l y ,  
T h e  p r o p o r t i o n s  of cadmium d i s s o l v i n g  and undergoing s o l i d  
s ta te  o x i d a t i o n  depend upon t h e  i n i t i a l  morphology of t h e  
e l e c t r o d e ,  

Prolonged cha rg ing  l e a d s  t o  e l e c t r o d e p o s i t i o n  of p r e v i o u s l y  
d i s s o l v e d  cadmium s p e c i e s  and hence, t o  t h e  recovery  of 
c a p a c i t i e s  n e a r  t h e  t h e o r e t i c a l  va lues .  

A s  t h e  KOH c o n c e n t r a t i o n  d e c r e a s e s ,  t h e  d i s s o l u t i o n  mechanism 
becomes less and t h e  s o l i d  s ta te  t r a n s p o r t  mechanism m o r e  
impor t an t  

I n  0.1N KOH there i s  very  l i t t l e  change i n  morphology and 
c a p a c i t y  on c y c l i n g ,  b u t  t h e  c a p a c i t y  cor responds  t o  the  

o x i d a t i o n  and r e d u c t i o n  of on ly  a few atom l a y e r s .  The 

l i m i t e d  e x t e n t  of  r e a c t i o n s  i s  due t o  t h e  format ion  of and 
subsequent  i o n i c  t r a n s p o r t  through p a s s i v a t i n g  l a y e r s .  

The p a s s i v a t i n g  l a y e r s  a r e  l i k e l y  t o  c o n s i s t  of cadmium ox ide  a s  
impl ied  by the  appearance of a brown f i l m  and c u b i c  p a r t i c l e s .  



I n  t h i n  f i l m s  of cohcen t r a t ed  KOH under c o n d i t i o n s  of h i g h l y  
non-uniform c u r r e n t  d i s t r i b u t i o n ,  s i m u l a t i n g  c o n d i t i o n s  i n  a 
s i n g l e  pore  of a cadmium b a t t e r y  p l a t e ,  w e  a r r i v e d  a t  t h e  fol low- 
i n g  conclus ions  : 

1. 

2, 

3. 

4. 

5. 

6 .  

7. 

The f i r s t  d i s c h a r g e  leads t o  t h e  recovery  of t y p i c a l l y  60% 

of t h e  t h e o r e t i c a l  c a p a c i t y ,  b u t  t h e  c a p a c i t y  d e c r e a s e s  
s t e e p l y  du r ing  c y c l i n g ,  t y p i c a l l y  t o  1 2 %  of t h e  t h e o r e t i c a l  
va lue  i n  t e n  c y c l e s .  Discharge l e a d s  t o  t h e  format ion  of 

l a r g e  well-behaved c r y s t a l s  of 6-Cd (OH) and some Y - C d  (OH) 

due t o  d i s s o l u t i o n  and subsequent  p r e c i p i t a t i o n  of s o l u b l e  
cadmium s p e c i e s  which i s  favored  by t h e  d e c r e a s i n g  pH 
dur ing  d i scha rge .  

The l a r g e  c r y s t a l s  do n o t  c o n t r i b u t e  t o  t h e  c a p a c i t y  on 
subsequent  c y c l i n g  and, hence,  are r e s p o n s i b l e  f o r  t h e  pro- 
nounced loss of  c a p a c i t y  observed d u r i n g  t h e  i n i t i a l  c y c l e s ,  

The remaining c a p a c i t y  i s  due t o  t h e  charge  and d i s c h a r g e  of 

p a r t i c l e s  of t h e  o r i g i n a l  s i z e  v i a  a s o l i d  s t a t e  t r a n s p o r t  
mechanism. 

The format ion  of p a s s i v a t i n g  f i l m s ,  probably  cadmium ox ide ,  
i s  sugges ted  by t h e  appearance of a brown f i l m  accompanied 
by a f u r t h e r  decrease of t h e  c a p a c i t y  on cont inued  c y c l i n g .  

Prolonged r e d u c t i o n  leads t o  t h e  d i s s o l u t i o n  of t h e  C d ( O H ) 2  

c r y s t a l s  due t o  t h e  i n c r e a s e  i n  pH on charg ing .  E l e c t r o -  
d e p o s i t i o n  of cadmium leads t o  i n c r e a s e d  c a p a c i t y  on sub- 
sequen t  d i scha rge .  

The t h i c k n e s s  of t h e  e l e c t r o l y t e  f i l m  has  very  l i t t l e  

e f f ec t  on t h e  observed phenomena, 

The method of p r e p a r i n g  t h e  e l e c t r o d e  may have s i g n i f i c a n t  
e f f e c t s  on t h e  morphology and c a p a c i t y ,  Pas t ed  cadmium ox ide  
e l e c t r o d e s  d i s p l a y  bet ter  coherence between p a r t i c l e s  t han  
e l e c t r o p h o r e t i c  cadmium oxide  e l e c t r o d e s  and show cons ide rab ly  
s m a l l e r  loss of c a p a c i t y  on cycl ing, ,  
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8 ,  I n c r e a s e d  tempera ture  enhances t he  ra te  of p a r t i c l e  growth 
and r e s u l t s  i n  i n c r e a s e d  loss of c a p a c i t y  on cyc l ing .  
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