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INTRODUCTION 

N i c k e l  e l e c t r o d e s  have  been  r e c o g n i z e d  a s  t h e  l i f e -  
l i m i t i n g  components  o f  n i cke l -hyd rogen  ce l l s .  I n  o r d e r  
to  d e v e l o p  a  l o n g  l i f e  n i c k e l  e l e c t r o d e  f o r  a  n i c k e l -  
hydrogen  c e l l ,  w e  are engaged i n  s t u d i e s  of v a r i o u s  
p a r a m e t r i c  e f f e c t s  on t h e  e l e c t r o d e  c y c l e  l i f e .  These  
p a r a m e t e r s  i n c l u d e  p l a q u e  pore s i z e ,  p l a q u e  mechan ica l  
s t r e n q t h ,  and a c t i v e  m a t e r i a l  l o a d i n g  l e v e l .  T h r e e  
l e v e l s  of v a r i a t i o n  were used f o r  each  p a r a m e t e r .  
S e v e r a l  f a b r i c a t i o n  p a r a m e t e r s  o f  n i c k e l  p l a q u e s ,  
i n c l u d i n g  n i c k e l  powder t y p e ,  powder" d e n s i t y ,  and 
s i n t e r i n g  t i m e  were s t u d i e d  i n  o r d e r  to  f a b r i c a t e  
p l a q u e s  w i t h  d e s i r e d  p a r a m e t r i c  v a r i a t i o n  ( 1 ) .  S e l e c t e d  
p l a q u e s  ( 7  t y p e s )  were impregna t ed  i n  t h r e e  l e v e l s  o f  
a c t i v e  m a t e r i a l  l o a d i n g  u s i n g  t h e  s t a n d a r d  A i r  Force/ 
Huqhes e l e c t r o c h e m i c a l  d e p o s i t i o n  p r o c e s s  i n  an  
a l c o h o l i c  b a t h .  S u b s e q u e n t l y ,  t h e s e  e l e c t r o d e s  were 
t e s t e d  by a  Hughes s t a n d a r d  test  p r o c e d u r e  (200  c y c l e s )  
a s  a  p a r t  o f  t h e i r  e v a l u a t i o n .  F o r  a  c y c l e  l i f e  
e v a l u a t i o n  of  t h e s e  e l e c t r o d e s ,  19 d i f f e r e n t  n i c k e l -  
hydrogen  b o i l e r  p l a t e  t e s t  ce l l s  were f a b r i c a t e d .  T h i s  
i n i t i a l  c e l l  pe r fo rmance  h a s  been d e s c r i b e d  e a r l i e r  ( 1 ) .  
The p r e s e n t  r e p o r t  p r e s e n t s  t h e  r e s u l t s  of t h e  c y c l e  
l i f e  tests  of  t h e  b o i l e r  p l a t e  ce l l s .  D e t a i l s  o f  t h e  
f a i l u r e  a n a l y s e s  of t h e s e  t e s t  cel ls  w i l l  be p r e s e n t e d  
l a t e r  ( 2 ) .  

TEST CELL MATRIX AND ACCELERATED CYCLE LIFE TEST 

The n i c k e l - h y d r o g e n t b o i l e r  p l a t e  test  c e l l  m a t r i x  
i n c l u d e s  19 o u t  o f  t h e  21 v a r i o u s  d e s i g n s  of  e l e c t r o d e s ,  
a s  shown i n  T a b l e  1 .  Each e l e c t r o d e  t y p e  was d e s i g n a t e d  
a s  f o l l o w s  f o r  conven ience  of  l a t e r  d i s c u s s i o n s :  The 
f i r s t  t w o  d i g i t s  r e p r e s e n t  t h e  n i c k e l  powder t y p e  and 
t h e  median p o r e  s i z e ,  i .e . ,  55 f o r  INCO n i c k e l  powder 
t y p e  255 and 10 p m  p o r e  s i z e ,  25 f o r  255 powder t y p e  and 
16 p m  p o r e  s i z e ,  and 87 f o r  287 powder t y p e  and 13 pm 
p o r e  s i z e ,  r e s p e c t i v e l y .  The l a s t  t w o  d i g i t s  r e p r e s e n t  



of t h e s e  ce l l s  i n i t i a l l y  i n c r e a s e d  w i t h  c y c l i n g  a l o n g  
w i t h  o t h e r  cel ls  up to  a b o u t  1000 c y c l e s  and t h e n  
s t a r t e d  to d e c r e a s e ,  w h i l e  t h e  p r e s s u r e  of  t h e  o t h e r  
c e l l s ,  on a v e r a g e ,  e i t h e r  remained c o n s t a n t  o r  i n c r e a s e d  
w i t h  c y c l i n g .  

PARAMETRIC EFFECTS OF CYCLE LIFE 

Rated  and t h e o r e t i c a l  c a p a c i t i e s  ( c h e m i c a l  
c a p a c i t y )  dep th-of  - d i s c h a r g e  (DOD) o f  c y c l i n g  w i t h  
r e s p e c t  t o  t h e  t h e o r e t i c a l  c a p a c i t y ,  and t h e  c y c l e  l i f e  
t o  0,9 V of EODV a r e  summarized i n  T a b l e  2. Al though  
t h e  r a t e d  c a p a c i t y  was based  on t h e  i n i t i a l  measured 
c a p a c i t y ,  t h e  t h e o r e t i c a l  c a p a c i t y  was used  i n  t h e  
a n a l y s i s  o f  t h e  r e s u l t s .  T h i s  is b e c a u s e  t h e  measured 
c a p a c i t y  v a r i e d  w i t h  t h e  measurement c o n d i t i o n s  and 
showed a  memory e f f e c t  o f  p r i o r  c y c l i n g .  The c y c l e  
l i f e  o f  n i c k e l  e l e c t r o d e  depends  s t r o n g l y  on t h e  DOD of 
c y c l i n g .  T h e r e f o r e ,  it is n e c e s s a r y  to  compare t h e  
c y c l e  l i f e  o f  v a r i o u s  ce l l s  a t  a  g i v e n  v a l u e  of  DOD i n  
o r d e r  to  e v a l u a t e  t h e  e f f e c t s  o f  t h e  e l e c t r o d e  
p a r a m e t e r s .  A q u a n t i t a t i v e  r e l a t i o n s h i p  between c y c l e  
l i f e  and DOD of a  n i cke l -hyd rogen  c e l l  o r  a  n i c k e l  
e l e c t r o d e  is no t  a v a i l a b l e .  However, t h e  f o l l o w i n g  
q u a n t i t a t i v e  r e l a t i o n s h i p  between t h e  DOD and an 
e x p a n s i o n  r a t e  of t h e  n i c k e l  e l e c t r o d e  a c t i v e  m a t e r i a l  
h a s  been e s t a b l i s h e d  ( 4 ) .  

where k is t h e  e x p a n s i o n  r a t e  and A is a c o n s t a n t .  F o r  
t h e  p r e s e n t  d a t a  a n a l y s i s  it h a s  been assumed t h a t  t h e  
c y c l e  l i f e  o f  t h e  n i c k e l  e l e c t r o d e  is i n v e r s e l y  
p r o p o r t i o n a l  t o  t h i s  r a t e ,  k. The measured c y c l e  l i f e  
was n o r m a l i z e d  to  70% DOD of t h e  t h e o r e t i c a l  c a p a c i t y  
u s i n g  t h e  r e l a t i o n s h i p  i n  E q u a t i o n  ( 1  ) ,  combined w i t h  
t h i s  a s s u m p t i o n .  

The n o r m a l i z e d  c y c l e  l i f e  v a l u e s  a r e  summarized i n  
T a b l e  2 and p l o t t e d  a g a i n s t  t h e  median p l a q u e  p o r e  s i z e ,  
t h e  p l a q u e  bend s t r e n q t h ,  and t h e  a c t i v e  m a t e r i a l  
l o a d i n g  i n  F i g u r e s  3, 4 and 5 ,  r e s p e c t i v e l y .  The 
optimum p o r e  s i z e  a p p e a r s  to  be a b o u t  12 pm, r e g a r d l e s s  
o f  t h e  l o a d i n g  l e v e l  ( F i g u r e  3 ) .  The 16-pm p l a q u e s  
showed much s h o r t e r  c y c l e  l i f e  t h a n  t h e  o t h e r  p l a q u e s .  



m e c h a n i c a l  s t r e n g t h  (bend  s t r e n g t h ) :  40 f o r  400 p s i ,  55 
f o r  550 p s i ,  and 70 f o r  700 p s i .  Fo r  example ,  an  8755 
p l a q u e  is made of  287 t y p e  powder w i t h  a bend s t r e n g t h  
o f  550 p s i  and a  median p o r e  s i z e  o f  13 p m ,  The l e t t e r s  
L, M ,  and H i n d i c a t e  t h e  nomina l  a c t i v e  material  l o a d i n g  
l e v e l s  o f  1 .4 ,  1 .55,  and 1.7 g / c c  v o i d ,  r e s p e c t i v e l y ,  

A l l  test  cel ls  c o n t a i n e d  t h r e e  s t a n d a r d  f  l i g h t - t y p e  
n i c k e l  e l e c t r o d e s  i n  a r e c i r c u l a t i o n  s t a c k  d e s i g n  ( 3 )  
and 31% KOH e l e c t r o l y t e .  The ce l l  c a p a c i t i e s  were 
r a t e d  i n  t h r e e  g r o u p s :  2 .7 ,  3.0 and 3.3 A-hr, based  on 
c a p a c i t i e s  measured by c h a r g i n g  t h e  c e l l s  f o r  80 m i n u t e s  
a t  C r a t e  and t h e n  d i s c h a r g i n g  them t o  1.00 V a t  2.74 C 
r a t e .  The i n i t i a l  measured c a p a c i t i e s  r anged  f rom 2 , 8  
t o  3.1 A-hr, from 3.1 t o  3.5 A-hr and 3.5 to  3.9 A-hr 
f o r  t h e  2.7,  3.0,  and 3.3 A-hr r a t i n q s ,  r e s p e c t i v e l y .  

The c y c l e  l i f e  tests of  a l l  of  t h e  19 b o i l e r  p l a t e  
t e s t  ce l l s  were c a r r i e d  o u t  a t  2 3 " ~  by a c o n t i n u o u s  
c y c l i n g  to  80% d e p t h - o f - d i s c h a r g e  o f  t h e i r  r a t e d  
c a p a c i t i e s  u s i n g  45-minute c y c l e  r eg imes .  These  were 
i n t e r r u p t e d  p e r i o d i c a l l y  f o r  c a p a c i t y  measurements  a f t e r  
a p p r o x i m a t e l y  e v e r y  1500 c y c l e s .  The c y c l i n g  r eg ime  
i n c l u d e d  a  2.74 C ra te  o f  d i s c h a r g e  f o r  17.5 m i n u t e s  and 
a 27.5-minute c h a r g e  a t  1.92 C r a t e  f o r  110% r e c h a r g e .  
End-of - c h a r g e  v o l t a g e s  (EOCV) and end-of - d i s c h a r g e  
v o l t a g e s  (EODV) , and end-of -charge  p r e s s u r e s  (EOCP ) and 
e n d - o f - d i s c h a r g e  p r e s s u r e s  (EODP) o f  t h e  ce l l s  were  
m o n i t o r e d  d a i l y  ( e v e r y  32 c y c l e s  ) . 

CELL VOLTAGE AND PRESSURE DURING LIFE TEST 

P l o t s  o f  EODV and EODP o f  v a r i o u s  ce l l s  v e r s u s  t h e  
number o f  l i f e  c y c l e s  are shown i n  F i g u r e s  1 and 2. The 
EODV d e c r e a s e d  g r a d u a l l y  w i t h  c y c l i n g  u n t i l  n e a r  t h e  end 
o f  l i f e  where  t h e  v o l t a g e  d e c r e a s e  a c c e l e r a t e d ,  e x c e p t  
i n  t w o  anomalous  c e l l s ;  i , e . ,  8770H ( F i g u r e  1 )  and 
5 5 5 5 M  ( F i g u r e  2 ) .  The end o f  l i f e  was d e f i n e d  a s  0 , 9  V 
of  t h e  EODV. The EOCVPs of  t h e  c e l l s  showed n e i t h e r  any  
a p p r e c i a b l e  v a r i a t i o n s  w i t h  v a r i o u s  e l e c t r o d e  t y p e s  no r  
any a p p r e c i a b l e  change  d u r i n g  t h e  c y c l e  l i f e  t es t .  

The EOCP" and EODP's o f  a g i v e n  ce l l  changed i n  
p a r a l l e l  t o  each  o t h e r  a s  e x p e c t e d  by t h e  f i x e d  q u a n t i t y  
o f  c h a r g e  and d i s c h a r g e .  The cel ls  w i t h  s h o r t  c y c l e  
l i f e  showed o v e r a l l  lower p r e s s u r e  t h a n  t h e  o t h e r  cel ls .  
These  s h o r t  l i f e  ce l l s ,  which i n c l u d e  t h e  2540 t y p e  and 
a l l  L - s e r i e s ,  a l s o  showed a  p r e s s u r e  peak ,  The p r e s s u r e  



N o  d e f i n i t e  e f f e c t  of  t h e  bend s t r e n g t h  on t h e  
c y c l e  l i f e  was i d e n t i f i e d ,  due  to t h e  s p r e a d  d a t a  
p o i n t s ,  a s  shown i n  F i g u r e  4 .  

The a c t i v e  m a t e r i a l  l o a d i n g  l e v e l  a f f e c t e d  t h e  
c y c l e  l i f e  s t r o n g l y ,  a s  shown i n  F i g u r e  5, i f  t h e  v a l u e s  
of t h e  2540 p l a q u e s  were d i s r e g a r d e d  because  of t h e i r  
e x c e p t i o n a l l y  s h o r t  l i f e .  The optimum l o a d i n g  l e v e l  
a p p e a r s  to  be a t  a b o u t  1.6 g / cc  vo id .  The p r e c e e d i n g  
c o n c l u s i o n s  on t h e  p a r a m e t r i c  e f f e c t s  on t h e  c y c l e  l i f e  
d i d  n o t  change when t h e  d a t a  were a l t e r n a t i v e l y  a n a l y z e d  
u s i n g  t h e  c y c l e  l i f e  v a l u e s  of  0.5 V f o r  t h e  end of  
l i f e ,  or w i t h o u t  u s i n g  t h e  DOD c o r r e c t i o n .  

CELL PRESSURE AND ACTIVE MATERIAL UTILIZATION 

A n a l y s e s  of  t h e  c e l l  p r e s s u r e s  d u r i n g  t h e  i n t e r i m  
c e l l  c a p a c i t y  measurements  r e v e a l e d  a  r e l a t i o n s h i p  
between t h e  c e l l  p r e s s u r e  and t h e  a c t i v e  m a t e r i a l  u t i l i -  
z a t i o n .  T h i s  u t i l i z a t i o n  is d e f i n e d  a s  t h e  r a t i o  of  t h e  
measured v s  t h e  t h e o r e t i c a l  c a p a c i t i e s ,  A no rma l i zed  
c e l l  p r e s s u r e  a f t e r  f u l l  c h a r g e  and d i s c h a r g e ,  
(P-Po)/Co, (where  P is t h e  cel l  p r e s s u r e ,  Po is t h e  
p r e c h a r g e  p r e s s u r e ,  and Co is t h e  t h e o r e t i c a l  c a p a c i t y  
of n i c k e l  e l e c t r o d e ) ,  is p l o t t e d  a g a i n s t  a c t i v e  m a t e r i a l  
u t i l i z a t i o n  of  t h e  ce l l s  a f t e r  1700 l i f e  c y c l e s  
( F i g u r e  6 ) .  The term (P-P,)/C, is a  measure  of  t h e  
a v e r a g e  o x i d a t i o n  s t a t e  of  t h e  n i c k e l  a c t i v e  m a t e r i a l .  
A f t e r  f u l l  c h a r g e  and f u l l  d i s c h a r g e  of  t h e  c e l l ,  t h e  
p l o t s  gave  s t r a i g h t  l i n e s ,  r e s p e c t i v e l y .  The v a l u e s  o f  
(P-Po)/CQ a t  cha rged  s t a t e  i n c r e a s e d ,  w h i l e  t h e  v a l u e s  
a t  t h e  d i s c h a r g e d  s t a t e  d e c r e a s e d  a s  t h e  u t i l i z a t i o n  
i n c r e a s e d .  The v a l u e s  a t  t h e  cha rged  s t a te  i n c r e a s e d  
more r a p i d l y  t h a n  t h o s e  a t  t h e  d i s c h a r g e d  s t a t e  
d e c r e a s e d  when t h e  u t i l i z a t i o n  i n c r e a s e d .  T h i s  r e s u l t  
a p p e a r s  to  i n d i c a t e  t h a t  an i n c r e a s e d  a c t i v e  m a t e r i a l  
u t i l i z a t i o n  is more dependen t  on r e a c h i n g  a  h i g h  a v e r a g e  
o x i d a t i o n  s t a t e  t h a n  on d i s c h a r g e  t o  a  l o w  a v e r a g e  
o x i d a t i o n  s t a t e .  T h i s  o b s e r v a t i o n  a f t e r  1700 c y c l e s  is  
q u i t e  c o n t r a r y  to an e a r l i e r  o b s e r v a t i o n  a t  t h e  
beg inn ing  of l i f e  on t h e  r e l a t i o n s h i p  between (P-Po)/Co 
and t h e  a c t i v e  m a t e r i a l  u t i l i z a t i o n  which showed t h a t  
t h e  a v e r a g e  o x i d a t i o n  s t a t e  i n  t h e  c h a r g e  s t a t e  was 
independen t  of  t h e  u t i l i z a t i o n  ( I ) ,  The u t i l i z a t i o n  was 
e n t i r e l y  dependen t  on t h e  o x i d a t i o n  s t a t e  i n  t h e  
d i s c h a r g e d  s t a t e .  I t  is s p e c u l a t e d  t h a t  t h i s  change o f  
t h e  r e l a t i o n s h i p  between t h e  u t i l i z a t i o n  and (P-Po)/C 
w i t h  c y c l i n g  may i n d i c a t e  a  change  of  t h e  mechanism 09 
t h e  a c t i v e  m a t e r i a l  u t i l i z a t i o n .  The v a l u e  of (P- 
P,)/Co g r a d u a l l y  i n c r e a s e d  w i t h  an i n c r e a s e d  



number of  c y c l e s .  T h i s  i n c r e a s e  a p p e a r s  to  be d u e ' t o  
e i t h e r  an i n c r e a s e  i n  t h e  a v e r a g e  o x i d a t i o n  s t a t e  o f  
a c t i v e  m a t e r i a l  or a g r a d u a l  c o r r o s i o n  o f  t h e  n i c k e l  
s i n t e r  to  be c o n v e r t e d  to  n i c k e l  o x i d e s  or h y d r o x i d e s ,  
or b o t h .  

CONCLUDING REMARKS 

o The a c t i v e  m a t e r i a l  l o a d i n g  l e v e l  s t r o n g l y  
a f f e c t s  t h e  c y c l e  l i f e  o f  t h e  n i c k e l  elec- 
t r o d e s ,  showing t h e  optimum l o a d i n g  l e v e l  a t  
a b o u t  1.6 g / cc  v o i d .  

e The p l a q u e  p o r e  s i z e  a f f e c t s  t h e  c y c l e  l i f e  
s i g n i f i c a n t l y ,  showing t h a t  t h e  optimum p o r e  
d i a m e t e r  w a s  a b o u t  1 2  urn .  

a N o  n o t i c e a b l e  e f f e c t  of t h e  p l a q u e  m e c h a n i c a l  
s t r e n g t h  on t h e  c y c l e  l i f e  was found i n  t h e  
bend s t r e n g t h  r a n g e  o f  400 to  700 p s i .  

CD A s  t h e  test  cells were c y c l e d ,  t h e  a v e r a g e  
v a l u e s  of  (P-Po)/C g r a d u a l l y  i n c r e a s e d ,  and 
t h e  r e l a t i v e  depen8ence  o f  t h e s e  v a l u e s  a t  t h e  
c h a r q e d  and d i s c h a r q e d  s t a t e s  on t h e  a c t i v e  
m a t e r i a l  u t i l i z a t i o n  was changed ,  i n d i c a t  i n q  a 
p o t e n t i a l  change  of t h e  u t i l i z a t i o n  mechanism 
of  a c t i v e  m a t e r i a l .  
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MEDIAN PORE DIAMETER,prn 

Figure 3. Plots of the normalized (calc, ) cycle life at 
70% DOD with respect to the theoretical 
capacity versus median plaque pore diameter, 
Curves A (A), B ( @ ) ,  and C (0) represent 
active material loading level of 1 - 4 ,  1.55,  
and 1.7  g/ce void, respectively- 



BEND STRENGTH, psi 

Figure 4. Plots of the normalized (calc.) cycle life 
vs plaque bend strength for various plaque 
types and the active material loading 
level, 



PLAQUE TYPES: 

ACTIVE MATERIAL LOADING, g/cc VOID. 

Figure 5. Plots of the normalized (calc. ) cycle life 
vs the active material for various types of 
electrodes, 
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F i g u r e  6.  (P-Po)/C v e r s u s  a c t i v e  m a t e r i a l  u t i l i z a t i o n  
a f t e r  1700 c y c l e s .  Charged f o r  16 h o u r s  a t  
0.1 C ra te  and d i s c h a r g e d  to  0.5 V a t  0.5 C 
r a t e ,  


