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PREFACE 

T h i s  program on  high- temperature  secondary b a t t e r i e s  c o n s i s t s  of an  i n -  
house  r e s e a r c h  and development e f f o r t  a t  Argonne N a t i o n a l  Labora to ry  and 
s u b c o n t r a c t e d  work by i n d u s t r i a l  l a b o r a t o r i e s .  The work a t  Argonne i s  
c a r r i e d  o u t  p r i m a r i l y  i n  t h e  Chemical Engineer ing  D i v i s i o n ,  w i t h  a s s i s t a n c e  
on  s p e c i f i c  problems be ing  g i v e n  by t h e  M a t e r i a l s  S c i e n c e  D i v i s i o n  and,  from 
t i m e  t o  t i m e ,  by o t h e r  Argonne d i v i s i o n s .  

P r o g r e s s  on  t h i s  program th rough  March 1978 h a s  been covered by q u a r t e r l y  
r e p o r t s  t h a t  a p p l y  l a r g e l y  t o  Argonne in-house work. T h i s  r e p o r t  c o v e r s  
t h e  p e r i o d  of October  1977-September 1978 and c o n t a i n s  i n d i v i d u a l  c o n t r i b u -  
t i o n s  from t h e  major  s u b c o n t r a c t o r s ,  a s  w e l l  a s  a n  account  of t h e  in-house 
work a t  Argonne. 

T l ~ r  I n d f v i d u a l  e f f o r t s  of many e n g i n e e r s ,  s c i e n t i s t s ,  and t e c h n i c i a n s  
a r e  essent ia l  t n  t h c  o u c c c s s  01 Lllr program; r e c o g n i t i o n  o f  t h e s e  e f f o r t s  
i s  g i v e n  by t h e  i n d i v i d u a l  a u t h o r s  t h a t  a r e  c i t e d  throughout  t h e  I - r y u r ' ~ .  
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HIGH-PERFORMANCE BATTERIES FOR 
ELECTRIC-VEHICLE PROPULSION AND 

STATIONARY ENERGY STORAGE 

P r o g r e s s  Repvrt  f o r  t h e  P e r i o d  
October 19.77-September 1978 

ABSTRACT 

T h i s  r e p o r t  c o v e r s  t h e  r e s e a r c h ,  development,  and management 
a c t i v i t i e s  of t h e  programs a t  Argonne N a t i o n a l  Lahora to ry  (ANL) 
and a t  i l l d u s t r i a l  o u b c o n t r a c t n r s '  l a b o r a t o r i e s  on h igh- tempera tu re  
b a t t e r i e s  d u r i n g  t h e  p e r i o d  October 1977-September 1978.  These 
b a t t e r i e s  a r e  be ing  developed f o r  e l e c t r i c - v e h i c l e  p r o p u l s i o n  and 
f o r  s t a t i o n a r y - e n e r g y - s t o r a g e  a . p p l i c a t i o n s .  The p r e s e n t  c e l l s ,  
which o p e r a t e  a t  400-500°C, a r e  of a  v e r t i c a l l y  o r i e n t e d ,  p r i s m a t i c  
d e s i g n  w i t h  one o r  more i n n e r  p o s i t i v e  e l e c ~ r o d e s  of FeS o r  Fe,S2,. 
f a c i n g  e l e c t r o d e s  of lithium-aluminum a l l o y ,  and mol ten  LiC1-KC1 
e l e c t r o l y t e .  

During t h i s  f i s c a l  y e a r ,  c e l l  and b a t t e r y  development work 
h a s  con t inued  a t  ANL, Eagle-Picher I n d u s t r i e s ,  I n c . ,  t h e  Energy 
Systems Group of Rockwell I n t e r n a t i o n a l ,  and Gould I n c .  Re la ted  
work h a s  a l s o  heen i n  p r o g r e s s  a t  t h e  Carborundum Co., Genera l  
Motors Research L a b o r a t o r i e s ,  and v a r i o u s  o t h e r  o r g a n i z a t i o n s .  
A major even t  was t h e  i n i t i a t i o n  of a  s u b c o n t r a c t  w i t h  Eagle- 
P i c h e r  I n d u s t r i e s  t o  develop,  d e s i g n ,  and f a b r i c a t e  a  40 kW-hr 
b a t t e r y  (Mark IA) f o r  t e s t i n g  i n  an  e l e c t r i c  van .  Conceptual  
d e s i g n  s t u d i e s  on a  100 MW-hr s t a t i o n a r y - e n e r g y - s t o r a g e  module 
were  conducted a s  a  j o i n t  e f f o r t  between ANL and Rockwell  
I n t e r n a t i o n a l .  A s i g n i f i c a n t  t e c h n i c a l  advance was t h e  develop- 
ment of m u l t i p l a t e  c e l l s ,  which are c a p a b l e  of h i g h e r  performance 
t h a n  b i c e l l s .  

SUMMARY 

Commercial Development 

To a c h i e v e  s u c c e s s f u l  commerc ia l i za t ion  o f . t h e  l i t h i u m l m e t a l  s u l f i d e  
b a t t e r y ,  i n d u s t r y  must b e  convinced t h a t  t h i s  b a t t e r y  i s  t e c h n i c a l l y  f e a s i b l e ,  
mar l te table ,  and c a p a b l e  of meet ing governmental  r e q u i r e n ~ e n t s  . A r e p o r t  h a s  
been prepared on t h e s e  t h r e e  commerc ia l i za t ion  f a c t o r s .  

The f i r s t  commercial p r o d u c t i o n  of l i t h i u m l m e t a l  s u l f i d e  b a t t e r i e s  w i l l  
p robab ly  be  f o r  l i m i t e d  marke t s  (i.e., low volume and h i g h  c o s t )  such  a s  
p o s t a l  v a n s ,  buses ,  mining v e h i c l e s ,  and submarines .  I n  these  near- term 
marke t s  t h e  r e l a t i v e l y  h i g h  p r i c e  of t h e  b a t t e r i e s  s h o u l d  b e  o f f s e t  by t h e i r  
f a v o r a b l e  performance c h a r a c t e r i s t i c s .  The market  s i z e  of t h e  p i l o t  marke t s  
a t  d i f f e r e n t  b a t t e r y  c o s t s  h a s  been e s t i m a t e d .  

With r e s p e c t  t o  r e s o u r c e  u t i l i z a t i o n ,  q u e s t i o n s  of c o s t  and a v a i l a b i l i t y  
of l i t h i u m  have been d i s c u s s e d  w i t h  1ithii.lm p r o d u c e r s ,  and s t u d i e s  based on 
t h e i r  p r o j e c t i o n s  have i n d i c a t e d  t h a t ,  an adequa te  supp ly  w i l l  be  a v a i l a ' b l e  f o r  
a t  l e a s t  t h e  n e x t  twenty y e a r s  a t  a n  a c c e p t a b l e  c o s t .  



I n d u s t r i a l  S u b c o n t r a c t s  -- . 

The g o a l  of t h e  program a t  ANL i s  t o  f o s t e r  t h e  development of a  compe- 
t i t i v e ,  s e l f - s u s t a i n i n g  i n d u s t r y  f o r  t h e  p r o d u c t i o n  of e l e c t r i c - v e h i c l e  
and s t a t i o n a r y - e n e r g y - s t o r a g e  b a t t e r i e s .  To t h i s  end,  i n d u s t r i a l  f i r m s  were  
i n v i t e d  t o  p a r t i c i p a t e  i n  t h e  program, w i t h  abou t  50% of t h e  c u r r e n t  fund ing  
d i r e c t e d  t o  i n d u s t r i a l  s u b c o n t r a c t o r s .  The t h r e e  major  subcont rac to rs - -  
Eagle-Picher  I n d u s t r i e s ,  I n c . ,  Gould I n c . ,  and Rockwell I n t e r n a t i o n a l ' s  Energy 
Systems Group--are d e v e l o p i n g  manufac tu r ing  p rocedures  as w e l l  a s  t e s t i n g  and 
f a b r i c a t i n g  test c e l l s .  Other  s u b c o n t r a c t o r s  a r e  deve lop ing  m a t e r i a l s  and 
compon.ents . 

Eagle-Picher  I n d u s t r i e s ,  I n c .  Eagle-Picher  h a s  been awarded t h e  
Mark 'IA b a t t e r y  c o n t r a c t ,  which e n t a i l s  t h e  development,  d e s i g n  and f a b r i c a -  
t i o n  of a 40 kw-hr b a t t e r y  by e a r l y  1979. T h i s  b a t t e r y  w i l l  undergo 
s t a t i o n a r y  and i n - v e h i c l e  t e s t i n g  a t  ANL. 

.Eag le -P icher  s e l e c t e d  t h e  Li-Al/FeS m u l t i p l a t c  c e l l  f u r  u s e  i n  the 
Mark IA baLte ry .  Ovar t h c  last y r i r r ' ,  a h n u t  5U m u i t i p l d ~ r  c e l l s  have been 
L a b r l c a c e d ,  and a m a j o r i t y  of t h e s e  c e l l s  have been o r  a r e  be ing  t e s t e d  by 
e i t h e r  Eagle-Picher  o r  ANL. Some c e l l s  have ach icved  v e r y  h i g h  s p e c i f i c  
e n e r g i e s - - g r e a t e r  t h a n  100 W-hr/kg a t  t h e  4-hr r a t e .  However, s e v e r a l  yroh- 
l e m s  w i t h  Che operation of t h i s  t y p e  uf  c e l l  have been d i scovered :  a  g r a d u a l  
l o s s  uf c e l l  c a p a c i t y  beyond .60  c y c l e s ,  h i g h  r e s i s t a n c e  ( > 1  ma), and poor 
w e t t i n g  of t h e  s e p a r a t o r  by t h e  e l e c t r o l y t e .  I n  each of t h e  above a r e a s ,  t h e  
n e c e s s a r y  improvement can  p robab ly  be  ach ieved  through changes i n  t h e  d e s i g n  
o r  f a b r i c a t i o n  t e c h n i q u e .  Promising approaches  a r e  under  i n v e s t i g a t i o n  i n  
e a c h  area a s  a  r e s u l t  of a n  i n t e n s i v e  development program. To d a t e ,  t h e  t e s t  
r e s u l t s  i n d i c a t e  t h a t  t h e  performance g o a l s  f o r  t h e  Mark. 18 can b c  mct wi t l l iu  
t h e  s c h e d u l e d  t i m e .  

Mark I A  hardware o t h e r  t h a n  c e l l s  i s  a l s o  be ing  des igned  and f a b r i -  
c a t e d  by Eag le -P icher .  T h i s  hardware i n c l u d e s  a c e l l  t r a y ,  t e m p e r a t u r e - c o n t r o l  
and f a i l - s a f e  equipment ,  e l e c t r i c a l / e l e c t r o n i c  components, and an  i n s u l a t e d  
b a t t e r y  c a s e .  G r c a t  c a r e  h a s  been t a k e n  t o  minimize hardware weight  w i t h o u t .  
o t h e r w i s e  a f f e c t i n g  b a t t e r y  performance.  To a s s u r e  t h e  l i f e t i m e  r e q u i r e m e n t s  
of t h e  b a t t e r y ,  l i f e t i m e  t e s t s  were  performed on m a t e r i a l s  a t  o p e r a t i n g  tem- 
p e r a t u r e .  

I n  a d d i t i o n  t o  t h e  .development of t h e  Mark I A ,  a 6-V l i t h i u m l m e t a l  
s u l f i d e  b a t t e r y  i s  b e i n g  f a b r i c a t e d  by Eagle-Picher .  T e s t i n g  of t h i s  b a t t e r y  
w i l l  a i d  i n  deve lop ing  t h e  f i n a l  d e s i g n  f o r  t h e  Mark I A .  

V i b r a t i o n a l  tests of Li-A1/FeS2 b i c c l l s  are proceed ing  a t  Eagle- 
P i c h e r .  R e s u l t s  i n d i c a t e  . t h a t  the l i t h i u m l m e t a l  s u l f f d e  c e l l  w i l l  w i t h s t a n d  
t h e  v i b r a t i o n s  due  t o  road  usage  of test v e h i c l e s .  

Gould -1nc. During t h e  p a s t  y e a r ,  Gould f a b r i c a t e d  n e a r l y  50 upper- 
p l a t e a u  Li-A1/FeS2 b t c e l l s .  T e s t i n g  uf chese  c e l l s  i s  c u r r e n t l y  be ing  conducted 
a t  ANL. Gould a l s o  f a b r i c a t e d  two Li-Al/FeS m u l t i p l a t e  c e l l s ,  one of which 
o p e r a t e d  f o r  43 c y c l e s  and a t t a i n e d  a  s p e c i f i c  energy of %90 W-hr/kg a t  a  40-A 
d i s c h a r g e  c u r r e n t .  The performance of t h i s  m u l t i p l a t e  c e l l  was n e a r l y  i d e n t i c a l  
t o  t h a t  of a similar b i c e l l .  Gould I n c .  h a s  a l s o  f a b r i c a t e d  and t e s t e d  about  



f o r t y  L ~ - A ~ / F ~ s  b i c e l l s .  These c e l l s  were t e s t e d  t o  eva lua t e  e l e c t r o d e  compo- 
s i t i o n  and po ros i ty  a s  we l l  a s  s epa ra to r  form and conf igu ra t ion .  The fol lowing 
conclus ions  were reached from t e s t i n g  t h e s e  c e l l s :  t h e  room-temperature 
r e s i s t a n c e  of c e l l s  can be s i g n i f i c a n t l y  reduced by t h e  use  of BN-felt i n s t ead  
of BN-cloth s e p a r a t o r s ;  c e l l  r e s i s t a n c e  a t  ope ra t ing  temperacure can be 
reduced by t h e  use  of a  t h i n  n i c k e l  shee t  ( i n s t ead  of i r o n  shee t )  topped wi th  
a  busbar a s  t h e  p o s i t i v e  c u r r e n t  c o l l e c t o r ;  and t h e  pos i t i ve -e l ec t rode  u t i l i z -  
a t i o n  can be s i g n i f i c a n t l y  improved by adding e i t h e r  carbon, c o b a l t ,  o r  excess  
i r o n  t o  t h e  p o s i t i v e  e l e c t r o d e  o r  by us ing  a  L i C 1 - K C 1  e l e c t r o l y t e  w i th  a  h igh  
LiCl conten t  (61 mol % LiC1-39 mol % KC1). The t e s t  d a t a  i n d i c a t e  t h a t  t h e  
near-term (1979-1981) performance goa l s  f o r  t h e  e l e c t r i c - v e h i c l e  b a t t e r y  can 
be met o r  exceeded wi th  t h e  Li-AlIFeS system. 

Using t h e  Li-Al/FeS b i c e l l s ,  Gould a l s o  eva lua ted  v a r i o u s  e l e c t r o d e  
f a b r i c a t i o n  techniques.  I n  some of t h e  b i c e l l s ,  5.25 w t  % Li-A1 a l l o y  was 
extruded and s h e e t s  of t h i s  m a t e r i a l  were used a s  nega t ive  e l e c t r o d e s .  The 
capac i ty  of c e l l s  wi th  nega t ive  e l e c t r o d e s  f a b r i c a t e d  by t h i s  method was found 
t o  be l i m i t e d  by t h e  nega t ive  e l e c t r o d e ,  and development of t h i s  method was 
temporar i ly  d iscont inued .  Tes t s  have been conducted on c e l l s  wi th  p o s i t i v e  
e l e c t r o d e s  f a b r i c a t e d  by a  hot -ex t rus ion  method. The pre l iminary  r e s u l t s  have 
been encouraging. F i n a l l y ,  Gould Inc. i s  conducting a  des ign  and c o s t  a n a l y s i s  
of t h e  l i t h iumlme ta l  s u l f i d e  b a t t e r y .  

Rockwell I n t e r n a t i o n a l  The ~ n e r g ~  Systems Group a t  Rockwell 
I n t e r n a t i o n a l  (RI).  is  developing Li-Si/FeS, c e l l s  f o r  e l e c t r i c - v e h i c l e  and 
s tat ionary-energy-storage a p p l i c a t i o n s .  

Over t h e  p a s t  yea r ,  work was performed a t  R I  on p o s i t i v e  e l e c t r o d e  
s t r u c t u r e s  ( r i b  and s p l i t - r i b  des igns)  t h a t  a r e  amenable t o  high-volume, 
low-cost product ions.  S tud ie s  were a l s o  done on s e p a r a t o r s  made of 
co r ros ion - re s i s t an t  ceramic materials--AlN, Si3N4, CaO, Li4Si04 ,  and Li4Si04  
p lus  Li3P04. The r e s u l t s  obtained wi th  a  1:l mole r a t i o  of Li3P04 and Li4Si04 
a r e  be l ieved  t o  be s u f f i c i e n t l y  promising t o  warrant  f u r t h e r  s tudy  of t h i s  
system. 

During t h i s  yea r ,  a  2.5-kW-hr s ta t ionary-energy-s torage  c e l l  was 
f a b r i c a t e d  by R I .  Although t h e  c e l l  l i f e t i m e  was s h o r t ,  u s e f u l  in format ion  
was obtained dur ing  t h e  ope ra t ion  of t h i s  c e l l .  Another 2.5-kW-hr c e l l  i s  
under cons t ruc t ion .  Tes t ing  of s i x t e e n  Li-Si/FeS b i c e l l s  f o r  e l e c t r i c - v e h i c l e  
a p p l i c a t i o n s  was a l s o  completed dur ing  t h i s  year .  These t e s t s  i nd ica t ed  t h a t  
(1) p a r t i c l e  r e t a i n e r s  of n i c k e l  sc reen  a r e  supe r io r  t o  porous n i c k e l  s h e e t s ,  
(2) nega t ive  c u r r e n t  c o l l e c t o r s  made of Type 430 s t a i n l e s s  s t e e l  a r e  s u p e r i o r  
t o  c o l l e c t o r s  of low carbon s t e e l ,  (3) ope ra t ion  of t h e  c e l l s  a t  temperatures  
above 450" improves pos i t i ve -e l ec t rode  u t i l i z a t i o n ,  and (4) t h e  use  of a  LiC1- 
r i c h  e l e c t r o l y t e  improves pos i t i ve -e l ec t rode  u t i l i z a t i o n .  Although s u b s t a n t i a l  
p rogress  has  been made i n  t h e  development of t h e  e l e c t r i c - v e h i c l e  c e l l ,  f u r t h e r  
work i s  needed t o  a t t a i n  t h e  r equ i r ed  c o s t  and performance goa ls .  

Over t h e  p a s t  yea r ,  conceptual  des ign  s t u d i e s  of a  100 MW-hr energy- 
s t o r a g e  p l a n t  have been under way both a t  ANL and R I .  These two conceptua l  
des igns  have been r e c e n t l y  merged i n t o  one. A pre l iminary  des ign  has been 
prepared of a  4 MW-hr module t o  be Lested i n  t h e  Ba t t e ry  Energy Storage  
Test  (BEST) f a c i l i t y .  



Other  C o n t r a c t s .  I n  t h e  area of m a t e r i a l s  and components, t h e  
CarLorundum Co. is  deve lop ing  BN-felt e l e c t r o d e  s e p a r a t o r s ,  t h e  I l l i n o i s  
I n s t i t u t e  of Technology i s  i n v e s t i g a t i n g  t h e  e l e c t r o c h e m i c a l  d e s p o s i t i o n  of 
molybdenum f o r  j o i n i n g  and p l a t i n g  c u r r e n t - c o l l e c t o r  s t r u c t u r e s ,  and ILC 
Technology is  d e v e l o p i n g  i n s u l a t e d  e l e c t r i c a l  f e e d t h r o u g h s .  I n  a d d i t i o n ,  
Genera l  Motors Corp. i s  u n d e r t a k i n g  a n  e x p e r i m e n t a l  i n v e s t i g a t i o n  of l i t h i u m -  
a l l o y / F e S 2  c e l l s  w i t h  mol ten  LiC1-KC1 e l e c t r o l y t e .  

I n d u s t r i a l  C e l l  and B a t t e r y  T e s t i n g  

A  f a c i l i t y  f o r  t e s t i n g  UP t o  50 i n d u s t r i a l  c e l l s  i s  c u r r e n t l y  b e i n g  
c o n s t r u c t e d  a t  ANL; t o  b e  i n c l u d e d  as a n  i n t e g r a l  p a r t  of t h i s  f a c i l i t y  i s  a 
computer system f o r  ~ i ~ o n i t o r i n g  of c e l l  performance and d a t a  a c q u i s i t i o n .  
T h i s  f a c i l i t y  w i l l  b e  used p r i m a r i l y  f o r  l i f e t i m e  t e s t i n g  of i n d u s t r i a l  c e l l s .  
A  f a c i l i t y  is a l s o  be ing  c o n s t r u c t e d  f o r  l a b o r a t o r y  t e s t s  of l a r g e  (up t o  
60 kW-hr) b a t t e r i e s  t h a t  w i l l  p recede  i n - v ~ . h i c l e  tests. T h i s  f a c i l l ~ y  w l l l  
have t h e  c a p a b i l i t y  f o r  compute r -con t ro l l ed  o p e r a t i o n  and d a t a  a c q u i s i t i o n .  

Two i n d u s t r i a l  f i r m s  under  c o n t r a c t  w i t h  ANL--Eagle-Picher I n d u s t r i e s ,  
I n c .  arid Gould Inc.--have f a b r i c a t e d  ~ i - A l / F e s  and Li-A1/FeS2 b i c e l l s .  These 
c e l l s  have been q u a l i f i c a t i o n  t e s t e d ,  e i t h e r  a t  ANL o r  t h e i r  own l a b o r a t o r i e s ,  
t o  d e t e r m i n e  t h e  optimum d e s i g n  f e a t u r e s  of t h i s  t y p e  of c e l l .  I n  a d d i t i o n ,  
o t h e r  t e s t s  have  been performed on Eagle-Picher  c e l l s  t o  d e t e r m i n e  t h e  optimum 
o p e r a t i n g  cor id i t ions .  

The r e s u l t s  o b t a i n e d  from t h e  q u a l i f i c a t i o n  t e s t s  of Eagle-Picher  
Li-A1/FeSx b i c e l l s  i n d i c a t e  t h a t  t h e  s p e c i f i c  energy of a b i c e l l  can  b e  in -  
c r e a s e d  more e f f e c t i v e l y  by maximiz5ng t h e  e l e c t r o d e  c a p a c i t y  d e n s i t y  t h a n  
by maximizing t h e  u t i l i z a t i o n  a l o n e ,  and t h a t  t h e  h i g h e r  u t i l i z a t i o n  of t h i n -  
e l e c t r o d e  ( < 4  mm) c e l l s  does  n o t  cnmpensate cldcquately f o r  rlie lower r a t i o  of 
a c t i v e  m a t e r i a l  t o  c e l l  wei.ght. I n  311 c a s e s ,  the c e l l  r e s i s t a n c e  w a s  t h e  
dominant f a c t o r  i n  t h e  power c a p a b i l i t y .  

Two c o n c l u s i o ~ ~ s  were reached  w i t h  r e g a r d  t o  L11e o p e r a t i n g  mode of Eagle- 
P i c h e r  c e l l s :  t h e  c e l l  c a p a c i t y  is  s i g n i - f i c a n t l y  h i g h c r  at. 500°C t h a n  a t  
450°C, a r~d  i n c r e a s i n g  t h e  t e m p e r a t u r e  d e c r e a s e d  t h e  o p e n - c i r c u i t  v o l t a g e  o f  
t h e  c e l l  a t  v a r i o u s  s t a g e s  o f  d i s c h a r g e .  

Some g e n e r a l  c o n c l u s i v n s  were  reached  from t h e  r e s u l t s  of t e s t s  on t h e  
Gould Li-A1/FeS2 b i c e l l s .  Por  optimum o p e r a t i o n  o f  t h e  PeS2 e l e c t r o d e ,  t h e  
c e l l  shou ld  be des igned  t o  have 50  a t .  % l i t h i u m  i n  t h e  n e g a t i v e  e l e c t r o d e  and 
t o  u t i l i z e  l e s s  t h a n  70% of t h e  l i t h i u m .  The u s e  of more t h a n  30 v o l  % e l e c -  
t r o l y t e  ( d i s c h a r g e d  s t a t e )  i n  t h e  FeS2 e l e c t r o d e  does n.ot appear t o  o f f e r  any 
benefit: i n  c e l l  performance.  I n  c e l l s  w i t h  p o s i t i v e - e l e c t r o d e  thi .ckness of 
5 . 6  t o  1 0 . 4  mm, the c e l l s  w i t h  a t h i c k e r  p o s i t i v e  e l e c t r o d e  had lower u t i l i z -  
a t i o n  of t h e  a c t i v e  m a t e r i a l .  For FeS2 e l e c t r o d e s  t h a t  are more t h a n  5.6-mm 
t h i c k ,  t h e  e f f e c t  o f  e l e c t r o d e  t h i c k n e s s  on u t i l i z a t i o n  shou ld  b e  c o n s i d e r e d  
i n  t h e  c e l l  d e s i g n .  

Eagle-Picher  I n d u s t r i e s  was c o n t r a c t e d  by ANL t o  deve lop ,  d e s i g n  and 
f a b r i c a t e  a 40 kW-hr b a t t e r y  (Mark IA) by e a r l y  1979. T h i s  b a t t e r y  w i l l  
undergo s t a t i o n a r y  and i n - v e h i c l e  t e s t i n g  a t  ANL. 



B a t t e r y  Design 

I n  t h e  b a t t e r y  d e s i g n  e f f o r t  f o r  t h e  e l e c t r i c - v e h i c l e  ba t . t e ry ,  measure- 
ments were made of t h e  h e a t  g e n e r a t e d  by a c e l l  d u r i n g  o p e r a t i o n ,  and t h e  
c a l c u l a t e d  and measured v a l u e s  were found t o  b e  i n  agreement .  T h i s  informa- 
t i o n  w i l l  be  used i n  t h e  d e s i g n  of a h e a t i n g l c o o l i n g  system f o r  a n  e l e c t r i c -  
v e h i c l e  b a t t e r y .  I n  o t h e r  d e s i g n  work, a n  assessment  was made of t h e  
r e c t a n g u l a r  v e r s u s  t h e  c y l i n d r i c a l  c o n f i g u r a t i o n  f o r  a 50 kW-hr b a t t e r y ;  t h e  
c y l i n d r i c a l  c o n f i g u r a t i o n  a p p e a r s  t o  b e  s u p e r i o r  t o  t h e  r e c t a n g u l a r  one.  

Over t h e  p a s t  y e a r ,  c o n c e p t u a l  d e s i g n  s t u d i e s  of a  100 MW-hr energy- 
s t o r a g e  p l a n t  have been under  way a t  ANL and Rockwell I n t e r n a t i o n a l . .  These 
two c o n c e p t u a l  d e s i g n s  have been r e c e n t l y  w r g e d  i n t o  one.  The f o l l o w i n g  
t e c h n i c a l  a r e a s  have dominated t h e  d e s i g n  e f f o r t s :  (1) t h e  d e t e r m i n a t i o n  of 
t h e  c e l l  s i z e  and c o n f i g u r a t i o n ;  ( 2 )  t h e  s e l e c t i o n  of m a t e r i a l s  f o r  conduc tors  
and s t r u c t u r e s ;  (3)  t h e  c r e a t i o n  of module d e s i g n s  t h a t  a r e  amenable t o  f a c t o r y  
f a b r i c a t i o n ,  t r a n s p o r t  by t r u c k ,  an.d o n - s i t e  a s s e m b . 1 ~  . w i t h  a  minimum.of l a b o r ;  
and (4)  t h e  achievement of a h i g h  packing d e n s i t y .  During t h e  n e x t  y e a r ,  
e f f o r t s  w i l l  b e  made t o  r e d u c e  t h e  b a t t e r y  p l a n t  c o s t  f o r  t h i s  d e s i g n .  

C e l l  Development and Engineer ing  

This  p a r t  of t h e  program i s  d i r e c t e d  toward improving t h e  performance 
of l i t h i u m l m e t a l  s u l f i d e  c e l l s .  Over t h e  ' p a s t  y e a r ,  abou t  35' eng ineer ing-  
s c a l e  b i c e l l s  were  b u i l t  and t e s t e d  a t  ANL. 

During t h i s  r e p o r t  p e r i o d ,  a n  a t t e m p t  was made t o  improve t h e  performance 
of e n g i n e e r i n g - s c a l e  FeS b i c e l l s  ( e l e c t r o d e s  f a b r i c a t e d  by p r e s s i n g  t e c h n i q u e s )  
by e i t h e r  of two methods--the u s e  of a  LiC1-rich e l e c t r o l y t e  ( 6 1  rnol % LiC1- 
39 rnol % KC1) o r  t h e  a d d i t i o n  of 16 rnol % Cu2S t o  t h e  p o s i t i v e  e l e c t r o d e .  C e l l  
t e s t s  i n d i c a t e d  t h a t  b o t h  of t h e s e  methods improve e l e c t r o d e  u t i l i z a t i o n  by 
1 0  t o  40%. Subsequen t ly ,  tests were  conducted t o  de te rmine  t h e  e f f e c t  of pos i -  
t i v e  c a p a c i t y  d e n s i t y  (0 .7  t o  1 . 6  ~ - h r / c n l ~ )  on t h e  performance o f  eng ineer ing-  
s c a l e  FeS b i c e l l s  w i t h  e i t h e r  LiC1-rich e l e c t r o l y t e  and no Cu2S a d d i t i v e ,  u r  
e u t e c t i c  e l e c t r o l y t e  and 1 6  rnol % Cu2S a d d i t i v e ,  o r  e u t e c t i c  e l e c t r o l y t e  and 
no Cu2S a d d i t i v e .  T e s t s  r e s u l t s  showed t h a t ,  w i t h o u t  t h e  use  of Cu2S a d d i t i v e  
o r  LiC1-rich e l e c t r o l y t e  i n  t h e s e  FeS c e l l s ,  t h e  p o s i t i v e - e l e c t r o d e  u t i l i z a -  
Liua i s  p o u r .  I n  a d d i t i n n ,  t h e  h i c e l l  w i t h  Cu2S a d d i t i v e  and a  p o s i t i v e  l o a d i n g  
d e n s i t y  of 1 . 6  ~ - h r / c m ~  and t h e  b i c e l l  w i t h  LiC1-rich e l e c r r o l y L e  and a load-  
i n g  d e n s i t y  of 1 . 4  ~ - h r / c m ~  exhibited t h e  b e s t  performance c h a r a c t e r i s t i c s  f o r  
e l e c t r i c - v e h i c l e  a p p l i c a t i o n s .  

I n  o r d e r  t o  f u r t h e r  i n c r e a s e  t h e  s p e c i f i c  energy of t h e  Li-Al/FeS c e l l ,  
t h e  u s e  of m u l t i p l a t e  c e l l s  has  been proposed.  T h i s  c e l l  d e s i g n  c o n s i s t s  of 
t h r e e  n e g a t i v e  c l c c t r o d e s  o f  T,i-A1 a l l o y ,  two p o s i t i v e  e l e c t r o d e s  of m e t a l  
s u l f i d e ,  a  BN-felt s e p a r a t o r ,  and a mol ten LiC1-KC1 e l e c t r o l y t e .  Ca lcu la -  
t i u l i s  i n d i c a t e  t h a t  t h e  mii l . t ig la te  FeS c e l l  shou ld  a c h i e v e  a  s p e c i f i c  energy 
of 1 3 1  W-hrlkg a t  t h e  4-hr r a t e .  

I n v e s t i g a t i o n s  are c o n t i n u i n g  on Li-A1/FeS2 c e l l s  i n  which p a r t  o r  a l l  of 
t h e  i r o n  s u l f i d e  i n  t h e  p o s i t i v e  e l e c t r o d e  i s  r e p l a c e d  by n i c k e l  s u l f i d e .  I n  
g e n e r a l ,  t h e  c e l l s  w i t h  n i c k e l  s u l f i d e  i n  t h e  p o s i t i v e  e l e c t r o d e  have shown 
b e t t e r  capaCi. ty r e t e n t i o n  and l o n g e r  l i f e t i m e s  t h a n  c e l l s  w i t h  FeS2 p o s i t i v e  



e l e c t r o d e s .  The r e s u l t s  of t h e s e  s t u d i c o  a l s o  sugges ted  t h a t  t h e  u s e  of 
s u l f u r - t o - m e t a l  r a t i o s  t h a t  a r e  somewhat l e s s  t h a n  2 . 0  i n  Li-A1/MSx c e l l s  
t e n d s  t o  improve t h e  s t a b i l i t y  of t h e  c e l l  c a p a c i t y  f o r  a t  l e a s t  a  few hundred 
c y c l e s .  

Carbon-bonded p o s i t i v e  e l e c t r o d e s  a r e  be ing  developed a s  a n  a l t e r n a t i v e  
t o  t h o s e  made by p r e s s i n g  t e c h n i q u e s .  I n  t h e  development of t h e  carbon-bonded 
e l e c t r o d e ,  an e f f o r t  h a s  been made t o  maximize t h e  d e l i v e r a b l e  energy p e r  
u n i t  volume of p o s i t i v e  e l e c t r o d e  by o p t i m i z i n g  t h e  t y p e ,  amount, and degree  
of d i s p e r s i o n  of t h e  carbonaceous  f i l l e r  m a t e r i a l .  T e s t s  u s i n g  s m a l l - s c a l e  
FeS c e l l s  i n d i c a t e d  t h a t  8-10 v o l  % carbon w i t h  dense  carbon powder o r  f i b e r s  
as t h e  f i l l e r  r e s u l t s  i n  g r e a t e r  t h a n  70% p o s i t i v e - e l e c t r o d e  u t i l i z a t i o n  a t  a  
c u r r e n t  d e n s i t y  of 100 m ~ / c m ~ .  I n  t h e  i n v e s t i g a t i o n  of p o t e n t i a l  manufac tu r ing  
methods f o r  carbon-bonded e lec t rodes . ,  t h e  u s e  of a  h e a t - t r e a t e d  c a t a l y s t  
( 1  wt % m a l e i c  anhydr ide)  t o  polymerize  t h e  f u r a n  r e s i n  reduced t h e  c u r i n g  
t i m e  t o  about  1 5  min a t  200°C- T e s t s  wcrc  co11clucLed on fnili- e i ~ g i n a c r i n g  
s r a l e  b i c c l l s  wiL11 carbon-bonded e l c c t r o d e s .  The r.arDon-bondcd c l e c t r u d e s  
were  composed uL e f c h e r  PeS2, NiS2-CoS2, FeS-Cu2S, o r  FeS. These t e s t s  showed 
t h a t  carbon-bonded p o s i t i v e  el.ectrodes arc n vi ;rble nlrejclndtivc L U  cof d- o r  
h o t - p r r s u l n g  r e t h n i q u e s  f o r  t h e  f a b r i c a t i o n  of e l e c t r o d e s  and t h a t  t h e y  have 
good e l e c t r i c a l - p e r f o r m a n c e  c h a r a c t e r i s t i c s .  A c h o i c e  between carbon-bonding 
and p r e s s i n g  p r o b a b l y  w i l l  depend p r i m a r i l y  on r e l a t i v e  c o s t s  and a d a p t a b i l i t y  
t o  m a s s  p r o d u c t i o n .  

E a r l i e r  work a t  ANL had i n d i c a t e d  t h a t  non-conductive ceramic  powders 
a r e  a p o s s i b l e  low-cost  a l t e r n a t i v e  t o  t h e  BN f a b r i c  and f e l t  c u r r e n t l y  used 
as e l e c t r o d e  s e p a r a t o r s  i n  l i t h i u m l m e t a l  s u l f i d e  c e l l s .  During t h i s  p a s t  
y e a r ,  e i g h t  e n g i n e e r i n g - s c a l e  b i c e l l s  w i t h  MgO powder s e p a r a t o r s  were  t e s t e d .  
The r e s u l t s  i n d i c a t e  t h a t  powder s e p a r a t o r s  may be  an  a l t e r n a t i v e  t o  BN f e l t  
o r  f a b r i c .  A t  t h e  p r e s e n t  t ime,  however, f u r t h e r  work i s  needed t o  demons t ra te  
t h e  long-term s t a b i l i t y  of powder s e p a r a t o r s ,  p a r t i c u l a r l y  under  v i b r a t i o n ,  
and t o  develop m u l t i p l a t e  c e l l  d e s i g n s  t h a t  can accommodntc powder s e p a r a t o r s .  

M a t e r i a l s  D e v e l o ~ m e n t  

A s e r i e s  of s t a t i c  c o r r o s i o n  t e s t s  on r e p r e s e n t a t i v e  c u r r e n t - c o l l e c t o r  
m a t e r i a l s  was conducted a t  450°C i n  e i t h e r  Cures2,  NiS, NiS2, o r  TiS2 and 
LiC1-KC1 e l e c t r o l y t e .  These r e s u l t s  were  combined w i t h  t h o s e  of p r e v i o u s  
e x p e r i m e n t s  on FeS, CuzS, FeS, and CnS2 and y i e l d e d  t h e  f o l l o w i n g  o r d e r  f o r  
increasing c o r r o s i v e n e s s  of t h e  m e t a l  s u l f i d e  environments :  FeS, Cu2S, 
CuFeS2, NiS, FeS2, TiS2,  NiS2, and CoS2. T e s t s  on Be0 f e e d t h r o u g h  i n s u l a t o r s  
showed t h a t  t h e s e  components have e x c e l l e n t  c o r r o s i o n  r e s i s t a n c e  t o  t h e  
n e g a t i v e - e l e c t r o d e  envi r n n m ~ n t  . 

The o x i d a t i o n  p o t e n t i a l s  of seven  n i c k e l - b a s e  a l l o y s  i n  e l e c t r o l y t e  a t  
425°C were determined.  A l l  of t h e s e  a l l o y s  had breakdown p o t e n t i a l s  betwcen 
t h a t  of n i c k e l  (2 .48 V )  and molybdenum (2.70 V)  . The a l l o y s  w i t h  h i g h  niulyb- 
denum c o n c e n t r a t i o n s  had t h e  h i g h e s t  v a l u e s ,  whereas t h o s e  a l l o y s  w i t h  h i g h  
i r o n  c o n c e n t r a t i o n s  had t h e  l o w ~ s t  v a l u c o .  

T e s t i n g  has  been completed f o r  t h r e e  Li-AlIFeS c e l l s  w i t h  n i c k e l  components 
i n  t h e  p o s i t i v e  e l e c t r o d e .  The c o r r o s i o n  a t t a c k  was minimal o v e r  most of t h e  
component s u r f a c e s ,  b u t  l o c a l i z e d  r e g i o n s  e x h i b i t e d  e x t e n s i v e  c o r r o s i o n  due 
t o  i n t e r g r a n u l a r  a t t a c k .  The mean c o r r o s i o n  r a t e  a f t e r  n e a r l y  t h r e e  mnnths of 



ope ra t i on  was 110 vm/yr. Has t e l l oy  B componerits i n  th.e p o s i t i v e  e l e c t r o d e s  
of two Li-A1/FeS2 c e l l s  showed un i fo rm, su r f ace  a t t a c k ,  and a  g r a d i e n t  i n  t h e  
r a t e  of r e a c t i o n  ( t h e  h ighes t  r a t e s  near  t h e  edges of t h e  c o l l e c t o r ) .  Both 
of t h e s e  c e l l s  were opera ted  f o r  one month pe r iods ,  and t h e  components had 
h igh  co r ros ion  r a t e s ,  >600 vm/yr. 

M e t a l l i c  s u b s t r a t e s  coated w i th  e l e c t r i c a l l y  conduct ive  ceramic a r e  being 
considered a s  s u b s t i t u t e s  f o r  t h e  expensive molybdenum c u r r e n t  c o l l e c t o r s  
p r e s e n t l y  used i n  Li-A1/FeS2 c e l l s .  Thus f a r ,  low-carbon s t e e l  specimens 
coated w i th  TiB2, TiN and FeB-FeB2 have been obta ined  from vendors .  Prel imin-  
a r y  s t a t i c  co r ros ion  t e s t s  i n d i c a t e  t h a t  TiN has  good p o t e n t i a l  a s  a  c o a t i n g  
m a  Lei i a l  . 

F e l t  and powder s e p a r a t o r s  a r e  being developed a s  an  a l t e r n a t i v e  t o  t h e  
expensive BN f a b r i c  c u r r e n t l y  used i n  l i t h iumlme ta l  s u l f i d e  c e l l s .  During 
t h e  p a s t  year  Carborundum Co. has  f a b r i c a t e d  approximately 20 m2 (200 f t 2 )  
of BN f e l t .  Tes t s  on t h i s  m a t e r i a l  have shown t h a t  i t . p o s s e s s e s  s u f f i c i e n t  
s t r e n g t h  and f l e x i b i l i t y  f o r  u se  i n  c e l l s .  I n - c e l l  tests on. EN f e l t  and MgO 
powder have been conducted du r ing  t h i s  year .  A t  low c u r r e n t  d e n s i t i e s  (<60 
mA/cm2) t h e  u t i l i z a t i o n  of a c t i v e  m a t e r i a l  was t h e  same f o r  c e l l s  u s ing  both  
types  of s e p a r a t o r s ;  however, a t  h igh  c u r r e n t  d e n s i t i e s ,  c e l l s  wi th  MgO-powder 
s e p a r a t o r s  had a  lower u t i l i z a t i o n  than  t h a t  of c e l l s  w i t h  BN-felt s e p a r a t o r s .  
This  l a t t e r  e f f e c t  i s  be l ieved  t o  be due t o  t h e  lower p o r o s i t y  of t h e  powder 
s epa ra to r  (%50 us.  90%). Porous,  s i n t e r e d  Y203 and MgO s e p a r a t o r s  a r e  being 
f a b r i c a t e d  and eva lua ted .  Process ing  techniques have been developed t o  fab-  
r i c a t e  Y203 pl.ates t h a t  a r e  t h i n  (%I-2 mm), porous (50-60%), and f l a t .  Two 
Li-Al/FeS c e l l s  u s ing  t h i s  type  of s epa ra to r  have been assembled so  f a r .  One 
of t h e s e  c e l l s  has  opera ted  f o r  83 days (283 c y c l e s )  a t  c u r r e n t  d e n s i t i e s  up 
t o  100 mA/cm2. The performance of t h e s e  c e l l s  has  been comparable t o  t h a t  of 
c e l l s  u s ing  BN-felt o r  MgO-powder s e p a r a t o r s .  

The fo l lowing  c n n r l i ~ s i o e s  were reached from f l o w a b i l i t y  s t u d i e s  of FeS. 
and MgO powder: an MgO powder s epa ra to r  (.70 v o l  % ~01ld) w i l l  hold its shape 
a f t e r  some i n i t i a l  degree of compaction; cold-pressed o r  hot-pressed FeS 
e l e c t r o d e s  w i l l  e a s i l y  f low or  ex t rude  a t  s t r e s s e s  a s  low a s  200 kPa; and t h e  
e x t r u s i o n  of FeS and s a l t  mix ture  i s  p o s s i b l e  above s t r e s s e s  of 200 kPa a t  
350-450°C. 

Contact ang le  measurements have been made of molten LiC1-KC1 on varluus 
c e l l  m a t e r i a l s .  The only  m a t e r i a l  i n s t an t aneous ly  wet by t h e  s a l t  was Li-A1 
a l l o y .  Type 304 s t a i n l e s s  steel and Y203 had easy-to-wet behavior ,  whereas 
FeS2, FeS, Li2S, Fe, BN,  MgO, and Fe had d i f f i cu l t - t o -we t  behavior .  P r e t r e a t -  
ment of some of t h e  d i f f i cu l t - t o -we t  m a t e r i a l s  (e.g., BN f e l t  and MgO powder) 
wi th  LiA1C14 has  been found t o  improve m a t e r i a l  w e t t a b i l i t y .  Contact ang le  
measurements were a l s o  used to e s t ima te  t h e  h e i g h t  t o  which a  porous c e l l  
component can main ta in  e l e c t r o l y t e  i n f i l t r a t i o n ;  f o r  s t r u c t u r e s  formed from 
powders w i th  p a r t i c l e  s i z e s  of 100 vm n r  less ,  no problem i s  expected w i t h  
e l e c t r o l y t e  dra inage .  

Over t h e  p a s t  year ,  52 engineer ing  c e l l s  have undergone p o s t - t e s t  examin- 
a t i o n s .  The major causes  of c e l l  f a i l u r e  were t h e  honeycomb c u r r e n t  c o l l e c t o r  
c u t t i n g  t h e  s e p a r a t o r  and c e l l  assembly problems. Most of t h e  causes  of c e l l  
f a i l u r e  have been mechanical i n  o r i g i n  and can be co r r ec t ed  by mod i f i ca t i ons  
i n  t h e  c e l l  des ign .  



The f o l l o w i n g  c o n c l u s i o n s  were drawn from s t u d i e s  of some of t h e  p o s t - t e s t  
c e l l s :  (1) a  s i g n i f i c a n t  l i t h i u m  c o n c e n t r a t i o n  g r a d i e n t  c a n  occur  i n  charged 
n e g a t i v e  e l e c t r o d e s ;  ( 2 )  Y203- fe l t  o r  powder s e p a r a t o r s  used i n  b o t h  FeS and 
FeS2 c e l l s  r e a c t  wi th .  s u l f u r  t o  form Y202S; (3) t h e  c o r r o s i o n  01 t h e  molyb- 
dcnurn c u r r e n t  c o l l e c t o r  used i n  FeS2 c e l l s  i s  minimal ;  (4)  t h e  l i f e t i m e  of 
low-carbon s teel  c u r r e n t  c o l l e c t o r s  i s  Q800 days  i n  Li-A1 e l e c t r o d e s  b u t  on ly  
~ 2 2 5  d a y s  i n  FeS-Cu2S e l e c t r o d e s ;  and (5) when used i n  t h e  p o s i t i v e  e l e c t r o d e ,  
c a r b o n  m i g r a t e s  t o  t h e  n e g a t i v e  e l e c t r o d e .  

C e l l  Chemistry 

I n  t h e  c e l l  c h e m i s t r y  s t u d i e s ,  t h e  p r o p e r t i e s  of t h e  m e t a l  d i s u l f i d e  
e l e c t r o d e s  were  i n v e s t i g a t e d  through c y c l i c  voltan'metry,  s m a l l - s c a l e  c e l l  
tests,  and m e t a l l o g r a p h i c  s t u d i e s .  

The c u r r e n t  s t a t u s  of t h e  Li-Fe.,S p l ~ a s e  diagram is  p r e s e n t e d .  The 
i m p o r t a n t  phases  a r e  FeS2, Fel-,S, Li3Fe2S4, L i 2 F e S 2 ,  B e ,  and a s a l i d -  
solllt  i nn f i e l d  w h i c l ~  IS connected w i t h  L i 2 F e S 2 .  This. phase  diagram was used t o  
d e s c r i b e  t h e  d i s c h a r g e  mechanism of t h e  FeS2 e l e c t r o d e  i n  LiC1-KC1 e l e c t r o l y t e .  
The c h a r g e  mechanism of t h i s  e l e c t r o d e  i s  more complicated t h a n  t h e  d i s c h a r g e  
mechanism, and is  s t i l l  under  i n v e s t i g a t i o n .  

S t u d i e s  were  conducted on t h e  b e h a v i o r  of FeS2 e l e c t r o d e s  i n  LiC1-KC1 
electrolyte of v a r y i n g  cvmposi t ion ( e u t e c t i c ,  KC1-rich, and L iC1- r ich) .  
C y c l i c  voltammetry showed t h a t  t h e  e l e c t r o c h e m i c a l  r e v e r s i b i l i t y  of FeS2 
e l e c t r o d e s  i n  e i t h e r  LiC1-r ich o r  e u t e c t i c  e l e c t r o l y t e  was poor a t  h i g h  e l e c -  
t r o d e  u t i l i z a t i o n .  C y c l i c  vu l tammet ry ,  c e l l  tests, and m e t a l l o g r a p h i c  
s t u d i e s  showed t h a t  KFeS2 formed d u r i n g  t h e  c h a r g i n g  of FeS2 e l e c t r o d e s  i n  
KC1-rich e l e c t r o l y t e ;  however, t h e  r e v e r s i b i l i t y  problem of FeS2 i n  e i t h e r  
LiC1-r ich o r  e u t e c t i c  ~ L e s t r o l y t e  w d s  found n o t  t o  b e  caused by t h i s  
potassium-containi-ng phasc .  Ce l l  t e s t s  i n d i c a t e d  t h a t  t h e  phases  invo lved  
~ L I  t h e  r e a c t i o n  w i t h  poor  r e v e r s i b i l i t y  were T,i3Fe2S4 and Fs32. 

M c t a l l o g r d p h j c  s t u d i c s  were  performed on t h e  u s e  of CoS2 a s  an  a d d i t i v e  
t o  FeS2 e l e c t r o d e s .  These s t u d i e s  i n d i c a t e d  t h a t  Li-Cu-S a n a l o g s  of Li-Fe-S 
compounds d o  n o t  e x i s t  a t  c e l l  o p e r a t i n g  t empera tu re .  Thus c o b a l t  and i r o n  
s u l f i d e s  f o l l o w  independen t  charge-d i scharge  p a t h s ,  w i t h  c o b a l t  p r e s e n t  a s  
i t s  b i n a r y  Co-S compounds. It was recummended t h a t  a  reassessment  of t h e  
e f f e c t s  of t h i s  a d d i t i v e  on c e l l  performance shou ld  h~ u u d ~ r r a l c c n .  

Over t h e  p a s t  y e a r ,  s t u d i e s  were conducted on FeS e l e c t r o d e s  t o  de te rmine  
t h e  l i n l i t s  of  J-phase (LiK6FeZ4Sz6C1) f o r m a t i o n ,  which h a s  been shown t o  have 
an  a d v e r s e  e f f e c t  on e l e c t r o d e  k i n . e t i c s .  C c l l s  t e s t s  and voltammetry s t u d i e s  
u1 Li-A11 FeS c e l l s  con£ irmed e a r l i e r  s t u d i e s  which had i n d i c a t e d  t h a t  the 
c o n v e r s i o n  u f  J phase  t o  FeS r e q u i r e s  a p o t e n t i a l  of abou t  1 . 6  V US. LiA1. 
Out -o f -ce l l  t e s t s  i n d i c a t e d  t h a t  J -phase  fo rmat ion  shou ld  be  reduced i n  FeS 
c e l l s  by i n c r e a s i n g  t h e  L iCl  c o n c e n t r a t i o n  i n  t h e  e u t e c t i c  e l e c t r o l y t e  o r  by 
u s i n g  a hj.gh o p e r a t i n g  t e m p e r a t u r e  (>45OoC). T e s t s  i n  s m a l l - s c a l e  FeS c e l l s  
showed t h a t  a  L i C l  c o n c e n t r a t i o n  of 67 mnl % i n  t h c  LiC1-KC1 e l e c t r o l y t e  and 
a n  o p e r a t i n g  t empera tu re  of 450°C r e s u l t  i n  a  s a t i s f a c t o r y  p o s i t i v e - e l e c t r o d e  
u t i l i z a t i o n  (91% a t  a  c u r r e n t  d e n s i t y  of 50 m ~ l c m ~ ) .  



E x p l o r a t o r y  s t u d i e s  were under taken  on FeS-NiS e l e c t r o d e s  and FeSe e l e c -  
t r o d e s .  I n  t e s t s  on s m a l l - s c a l e  Li-A1/Fe0.5Ni0.5S c e l l s ,  J phase  (p robab ly  
w i t h  n i c k e l  s u b s t i t u t e d  f o r  a p o r t i o n  of t h e  i r o n )  was found. I n  tests on- 
s m a l l - s c a l e  Li-Al/FeSe c e l l s ,  a  se len ium ana log  of J phase  was .found. 

S t u d i e s  of t h e  p r o p e r t i e s  of l i t h i u m  n e g a t i v e  e l e c t r o d e s  were  a l s o  under- 
t aken .  Opera t ion  of Li-A1 e l e c t r o d e s  c o n t a i n i n g  v a r i o u s  a d d i t i v e s  ( I n ,  Sn, 
Pb, Cu, Ag, Sb, Zn, o r  Mg) showed t h a t  indium i s  t h e  o n l y  one t h a t  s i g n i f i -  
c a n t l y  improves c a p a c i t y  r e t e n t i o n .  

Advanced B a t t e r y  Research 

The u b j e c t i v e  of t h i c  program i s  t o  d e v i s e  new combinat ions  of e l e c t r o d e  
m a t e r i a l s  and e l e c t r o l y t e s  t h a t  w i l l  p r o v i d e  a  b a s i s  f o r  t h e  development of 
i n e x p e n s i v e ,  high-performance b a t t e r i e s .  Over t h e  p r e v i o u s  y e a r ,  s t u d i e s  
were cvriducted of c e l l s  having n e g a t i v e  e l e c t r o d e s  of e i t h e r  ca lc ium a l l o y  o r  
magnesium a l l o y ,  p o s i t i v e  e l e c t r o d e s  of m e t a l  s u l f i d e  o r  m e t a l  o x i d e ,  and a  
m o l t e n - s a l t  e l e c t r o l y t e .  

A 70 A-hr p r i s m a t i c  Ca(Mg2Si)/LiC1-KC1-CaC12/NiS2 c e l l  (assembled i n  t h e  
uncharged s t a t e )  was t e s t e d  t o  e v a l u a t e  t h e  b e h a v i o r  of ca lc ium e l e c t r o d e s  i n  
a p r a c t i c a l  c o n f i g u r a t i o n .  T h i s  c e l l ,  a l t h o u g h  n o t  opt imized f o r  s p e c i f i c  
energy,  ach ieved  42 W-hr/kg a t  t h e  6-hr r a t e .  Opera t ion  was t e r m i n a t e d  a f t e r  
120 c y c l e s  due t o  d e c l i n i n g  coulombic e f f i c i e n c y .  The r e s u l t s  of t h i s  c e l l  
t e s t  were  v e r y  encouraging.  

S i n c e  t h e  e l e c t r o l y t e  i n  t h e  above c e l l  i s  r e l a t i v e l y  expens ive  because  
of i t s  h i g h  l i t h i u m  c o n t e n t  (54 rnol % L i C l ) ,  a s e a r c h  was made f o r  a l t e r n a t i v e  
e l e c t r o l y t e s  f o r  ca lc ium/meta l  s u l f i d e  c e l l s .  The s a l t  t h a t  was d i s c o v e r e d  
t o  b e  t h e  most promising i s  29 rnol % LiC1-20 rnol % NaC1-35 rnol % CaC12-16 
rnol % BaC12. 

C y c l i c  vultainmetry s t u d i e s  were i n i t i a t e d  on metal d i s u l f i d e  (FeS2 and 
NiS2) e l e c t r o d e s  V s .  CaA14 i n  e i t h e r  LiC1-KC1-CaC12 o r  LiC1-NaC1-CaC12-BaC12 
e l e c t r o l y t e .  I n  t h e s e  s t u d i e s ,  t h e  h igh-vo l tage  (1 .8  V) r e a c t i o n s  of FeS2 
and NiS2 e x h i b i t e d  poor e l e c t r o c h e m i c a l  r e v e r s i b i l i t y ;  however, t h i s  r e v e r s i -  
b i l i t y  problem may be  t h e  r e s u l t  of minor o v e r p o t e n t i a l s  f o r  t h e  calcium-ion 
r e a c t i o n s  r a t h e r  than  a  problem of a more s e r i o u s  n a t u r e .  The c a u s e  of t h e  
poor r e v e r s i b i l i t y  and methods of e l i m i n a t i n g  i t  w i l l  b e  sought  i n  f u t u r e  
exper iments .  

S t u d i e s  were conducted on a l t e r n a t i v e  n e g a t i v e  e l e c t r o d e s  t o  t h e  
Ca-Mg-Sf sys tem used i n  t h e  e n g i n e e r i n g - s c a l e  c e l l .  Nega t ive  e l e c t r u d e s  
e v a l u a t e d  d u r i n g  t h e  p a s t  y e a r  i n c l u d e d  Ca-Si, Ca-Al-Zn, and Ca-Pb. The 
Ca-Si e l e c t r o d e  was t h e  on ly  one found t o  have a c c e p t a b l e  u t i l i z a t i o n  f o r  
e l e c t r i c - v e h i c l e  a p p l i c a f i o n s .  Both t h e  Ca-Mg-Si and Ca-Si sys tems  w i l l  b e  
e v a l u a t e d  i n  f u t u r e  c e l l  tests. 

The i n v e s t i g a t i o n  of c e l l s  hav ing  magnesium n e g a t i v e  e l e c t r o d e s  was 
prompted by t h e  promising p r o p e r t i e s  of magnesium. The performance of t h e  
f o l l o w i n g  s m a l l - s c a l e  c e l l s  was s t u d i e d :  Mg2A13/NiS2, Mg2A13/TiS2, 
Mg2Cu/TiS2, Mg2Cu/Ni-MgO, and Mg2Cu/Fe-MgO. None of t h e  above c e l l  sys tems  
showed promise  f o r  f u r t h e r  c e l l  development.  Owing t o  t h e  u n f a v o r a b l e  r e s u l t s  
o b t a i n e d  w i t h  the m a g ~ ~ e s i u m  c e l l s ,  i t  wa6 dec ided  t n  c o n c e n t r a t e  f u t u r e  
e f f o r t s  on ca lc ium c e l l s .  



I. INTRODUCTION 
(U. L .  Barney, R. K. Steunenberg) 

~ i t h i u m / m e t a l  s u l f i d e  b a t t e r i e s  a r e  being developed by Argonne Nat ional  
Labora tory  (ANL) and i t s  i n d u s t r i a l  subcon t r ac to r s  f o r  u se  a s  (1)  power 
sou rces  f o r  e l e c t r i c - v e h i c l e  propuls ion ,  and (2)  s ta t ionary-energy-s torage  
a p p l i c a t i o n s  such a s  load  l e v e l i n g  on e l e c t r i c  u t i l i t y  systems o r  s t o r a g e  of 
energy produced by s o l a r ,  wind o r  o t h e r  i n t e r m i t t e n t  sources .  I n  gene ra l  
t e r m s ,  t h e  major requi rements  f o r  an e l e c t r i c - v e h i c l e  b a t t e r y  a r e  h igh  
s p e c i f i c  energy (w-hr/kg) , h igh  volumet r ic  energy d e n s i t y  ( W - h r / ~ ) ,  and h igh  
s p e c i f i c  power (w/kg). Economic cons ide ra t i ons  i n d i c a t e  t h a t  t h c  b a t t e r y  
should have a  minimum l i f e t i m e  of t h r e e  y e a r s  ( ~ 1 0 0 0  deep d i scha rge  c y c l e s  o r  
equ iva l en t )  and a  maximum c o s t  of about $35-40/kW-hr. The s p e c i f i c  energy and 
s p e c i f i c  power requi rements  a r e  somewhat less s t r i n g e n t  f o r  t he  s t a t i o n a r y -  
energy-storage b a t t e r y ,  bu t  t h i s  a p p l i c a t i o n  r e q u i r e s  a  longer  l i f e t i m e  ( ~ 1 0  
y e a r s  and 3000 cyc l e s )  and a  lower cos t  (~$20/kW-hr).  The approachec t h a t  are  
being taken  i n  t h e  d e s i g n s  of c e l l s  and b a t t e r i e s  I o r  t h e s e  two a p p l i c a t i o n s  
d i f f e r  s i g n i f i c a n t l y  a s  a r e s u l t  of t he se  requirements .  

The s t r a t e g y  t h a t  ha s  been adopted f o r  t he  e l e c t r i c - v e h i c l e  b a t t e r y  in -  
v o l v e s  t h e  development, de s ign ,  and f a b r i c a t i o n  of a  s e r i e s  of l i t h ium/me ta l  
s u l f i d e  b a t t e r i e s  by i n d u s t r i a l  subcon t r ac to r s .  Each of t h e  b a t t e r i e s  i n  
t h i s  s e r i e s ,  des igna ted  Mark T ,  11, and 111, has a  s p e c i f i c  s e t  of o b j e c t i v e s .  
The main purpose of t h e  Mark I b a t t e r y  i s  t o  e v a l u a t e  t h e  t e c h n i c a l  f e a s i -  
b i l i t y  of  t he  l i t h i u m l m e t a l  s u l f i d e  system f o r  e l e c t r i c - v e h i c l e  b a t t e r i e s  and 
t o  r e s o l v e  i n t e r f a c i n g  problems between t h e  b a t t e r y  and t h e  v e h i c l e  and 
cha rge r .  The Mark I1 b a t t e r y  has  somewhat h igher  performance g o a l s  t han  
Mark I ,  bu t  t h e  main emphasis i s  on t h e  development of de s igns  and m a t e r i a l s  
t h a t  w i l l  permit  low-cost manufacturing techniques .  The Mark I11 b a t t e r y  i s  
planned a s  a  high-performance p rn tn type  s u i t s b l c  f o r  e v a l u a t i u u  and demon- 
s t r a t i o n  i n  a  passenger  c a r .  The performance and l i f e t i n i e  goa l s  f o r  t h e  
Mark I, 11, and I11 b a t t e r i e s  a r e  presen ted  i n  Table 1-1. 

I n  AugusL 1 9 7 7 ,  a d e c i s i o n  was made t o  proceed wi th  a  Mark 1 b a t t e r y ,  
which i s  des igna ted  Mark I A .  A r eques t  f o r  p roposa ls  was i s sued  i n  November, 
arid a  c o n t r a c t  was awarded t o  Eagle-Picher I n d u s t r i c s ,  Inc.  a t  J o p l i n ,  
Missour i .  This  c o n t r a c t ,  which went i n t o  e f f e c t  February 1978, c a l l s  f o r  t h e  
development, de s ign ,  and f a b r i c a t i o n  of a  40 kW-hr b a t t e r y  package c o n s i s t i n g  
of two 20 kW-hr modules t o  be  de l ive red  t o  ANL i n  1 2  months. The t e c h n i c a l  
g o a l s  f o r  t h e  Mark I A  b a t t e r y  a r e  presented i n  Table  1-2, I n  t h e  s ta te~r len t  
of work f o r  t h e  Mark I A  c o n t r a c t .  t h e  gna1.s are .  Listed i n  t h e  f s l l awing  order  
of p re fe rence :  (1)  o p e r a b i l i t y ,  (2) energy o u t p u t ,  (3)  power o u t p u t ,  
(4 )  s p e c i f i c  energy,  (5)  s p e c i f i c  power, and  (6) l i . fe t imc,  When the Mark I A  
b a t t e r y  i s  d e l i v e r e d  t o  ANL, i t  w i l l  be  t e s t e d  i n  t h e  3.aboratot.y and thcn i n  en  
e l e c c r i c  van, Tile performance and l i f e t i m e  goa l s  f o r  t h e  Mark I A  b a t t c r y  a r e  
somewhat lower t han  t h o s e  l i s t e d  i n  Table 1-1 f o r  t h e  Mark I b a t t e r y .  The 
p r e s e n t  p l a n  i s  t o  des ign  and f a b r i c a t e  a  group of c e l l s ,  des igna ted  Mark I B ,  
t o  ach i eve  t he  f u l l  Mark I c e l l  goa l s .  

An e f f o r t  ha s  been i n i t i a t e d  on a  Mark I1 b a t t e r y  development program 
t h a t  i s  expected t o  extend over a  per iod  of fou r  o r  f i v e  y e a r s  and r e s u l t  i n  
t h e  d e l i v e r y  of p ro to type  e l e c t r i c - v e h i c l e  b a t t e r i e s  t h a t  would be 
commercially v i a b l e  and manufacturable  a t  moderate c o s t .  The f i r s t  phase of 



Table  1-1. Program Coals  f o r  t h e  LithiurnIMetal  
S u l f i d e  E l e c t r i c - V e h i c l e  B a t t e r y  

Goal Mark I Mark I1 Mark I11 
=- 

S p e c i f i c  Energy, W-hr/kg 
C e l l  ( average)  a 100 125  1 6  0  
B a t t e r y  7 5  100  1 3 0  

Energy Dens i ty ,  W - h r / l i t e r  
C e l l  ( a v e r a g e )  320 400 525 
B a t t e r y  100  2  00 300 

Peak Power, W/kg b  

C e l l  ( average)  a 
B a t t e r y  

B a t t e r y  Heat Loss,  wC 30U 150 125 

L i f e t i m e  
Deep d i s c h a r g e s  4 00 500 1000 
Equiva len t  k i l o m e t e r s  65,000 95,000 240,090 
E q u i v a l e n t  m i l e s  40 ,000 60,000 150,000 

a  
I n d i v i d u a l  c e l l s  f o r  t h e  Mark I b a t t e r y  w i l l  have about  10% e x c e s s  
s p e c i f i c  energy  and power above t h o s e  shown t o  a l l o w  f o r  p o s s i b l e  c e l l  
f a i l u r e s  and mismatching; a  4% e x c e s s  i s  planned f o r  t h e  i n d i v i d u a l  
Mark I1 c e l l s .  

b ~ e a k  power s u s t a i n a b l e  f o r  1 5  s e c  a t  0  t o  50% s t a t e  o f  d i s c h a r g e ;  a t  
80% d i s c h a r g e ,  t h e  peak power i s  70% o f  t h e  v a l u e  shown. 

C 
The v a l u e s  shown r e p r e s e n t  t h e  h e a t  l o s s  of t h e  b a t t e r y  th rough  t h e  
i n s d a t e d  j a c k e t  ; under  some o p e r a t i n g  c o n d i t i o n s ,  a d d i t i o n a l  h e a t  
removal may be  r e q u i r e d .  

t h i s  program i n c l u d e s  t h r e e  c o s t  and d e s i g n  s t u d i e s  a t  Gould I n c . ,  Eagle- 
P isher  I n d u s t r i e s ,  I n c . ,  and t h e  Energy Systems Group of  Rockwell I n t e r n a -  
t i o n a l .  These t h r e e  s t u d i e s  were s t a r t e d  i n  J u l y  lY18 and are scheduled L U L  
comple t ion  hy t h e  end of October.  The n e x t  phase  o f  t h e  Mark I1 program w i l l  
i n v o l v e  t h e  i n i t i a t i o n  o f  two development c o n t r a c t s  about  January  1, 1979. 
Thesc c o n t r a c t s  w i l l  be d i r e c t e d  toward t h e  development of b a t t e r y  d e s i g n s  
and f a b r i c a t i o n  methods,  and wil.1 each r e s u l t  i n  t h e  f a b r i c a t i o n  of a 
50-kW-hr b a t t e r y .  

For s t a t i o n a r y - e n e r g y - s t o r a g e  a p p l i c a t i o n s ,  assessment  s t u d i e s  have 
i n d i c a t e d  t h a t  b a t t e r i e s  having a l i f e  of 8 t o  1 2  y e a r s  and a  c a p i t a l  c o s t  of 
abou t  $20 t o  $3O/kW-hr would be c o m p e t i t i v e  with o t h e r  methods of s t o r i n g  
energy  o r  producing supplemental  power. Program g o a l s  f o r  t h e  s t a t i o n a r y -  
energy  s t o r a g e  b a t t e r y  a r e  g iven  i n  Table  1-3. The p r e s e n t  p l a n  i s  t o  
develop a b a t t e r y  module of about  5-6 MW-hr c a p a c i t y ,  which w i l l  b e  t e s t e d  i n  
t h e  BEST ( B a t t e r y  Energy S torage  T e s t )  F a c i l i t y .  T h i s  f a c i l i t y  i s  t h e  r e s u l t  
o f  a  j o i n t  u n d e r t a k i n g  by t h e  U.S. Department of Energy,  t h e  E l e c t r i c  Power 



Table 1-2. Technical  Goals f o r  t h e  Mark I A  B a t t e r y  

B a t t e r y  C h a r a c t e r i s t i c s  Goals 

Energy Output ,  1cW-hra 
Power o u t p u t ,  k ~ b  
Maximum Weight, kg 
Maximum Volume, l i te rs  
S p e c i f i c  Energy, W-hr/kga 
Energy Dens i ty ,  W-hr / l i t e ra  
Opera t ing  Temperature, O C  

Maximum Heat Loss,  W 
B a t t e r y  v o l t a g e ,  V 
Cycle ~ i f e '  

a Discharge t o  1.00  cell a t  t h e  4-hr r a t e .  

b ~ u s t a i n e d  through a  15-sec pu l se  a t  50% s t a t e  
of d i s cha rge .  

C 
To 20% l o s s  of t h e  des ign  capac i ty .  

Table  1-3. Program Goals f o r  t h e  S t a t i ona ry -  
Energy-Storage Ba t t e ry  

Program BEST 
Goal Module Demonstration 

Energy Output ,  MW-hr 5  

Power, MW 
Pcak 
Sus ta ined  

a 
S p c c i f i c  Energy, W - ~ I L / ~ ~  80 

Cycle L i f e  500-1000 

Discharge Time, h r  5-10 

Charge Time, h r  10  
- 

%ased on c e l l  weight only.  

Research I n s t i t u t e ,  and the Pub l i c  Serv ice  Company of New Je r sey  t o  provide  
f o r  t h e  t e s t i n g  of  v a r i o u s  t ypes  n f  b a t t e r i e ~  on an  c l ~ c t . r i c - u t i l i t y  6yuLcm. 

The b a t t e r y  c e l l s  t h a t  a r e  being cons idered  f o r  s t a t i o n a r y  energy 
s t o r a g e  have l i t h i u m - s i l i c o n  o r  lithium-aluminum nega t ive  e l e c t r o d e s  and FeS 
p o s i t i v e .  e l e c t r o d e s .  Conceptual d e s i g n  s t u d i e s  of a  100 MW-hr energy-storage 
p l a n t ' t h a t  were being conducted independent ly  a t  ANL and a t  t h e  Energy Systems 
Group of  Rockwell I n t e r n a t i o n a l  have been merged i n t o  a  j o i n t  e f f o r t  by t he se  
two o r g a n i z a t i o n s  under an ANL subcon t r ac t  w i t h  Rockwell. I n  t h e  p re sen t  
concept ,  t h e  100-MW-hr p l a n t  w i l l  c o n s i s t  of 5- t o  6-MW-hr modules. These 



modules a r e  made up of 35 kW-hr submodules i n  a c o n t a i n e r  t h a t  i s  weatherproof  
and t h e r m a l l y  i n s u l a t e d .  Each submodule c o n s i s t s  of a s t a c k  of e i g h t  m u l t i -  
p l a t e  c e l l s .  I n  t h e  p r e s e n t  c o n c e p t u a l  d e s i g n ,  t h e  c e l l s  a r e  i n  t h e  form of 
an  a p p r o ~ i m a t e l y  25-cm cube,  and t h e  e l e c t r o d e  p l a t e s  a r e  o r i e n t e d  hor izon-  
t a l l y .  

The l i t h i u m l m e t a l  s u l f i d e  b a t t e r y  program c o n s i s t s  o f  a n  in-house r e -  
s e a r c h  and development e f f o r t  a t  ANL and work performed under s u b c o n t r a c t s  
w i t h  v a r i o u s  i n d u s t r i a l  o r  academic o r g a n i z a t i o n s .  The ANL ' e f f o r t  i n c l u d e s  
c e l l  chemis t ry  s t u d i e s ,  m a t e r i a l s  development and e v a l u a t i o n ,  c e l l  and 
b a t t e r y  development,  i n d u s t r i a l  c e l l  and b a t t e r y  t e s t i n g ,  b a t t e r y  d e s i g n ,  and 
commerc ia l i za t ion  s t u d i e s .  P r e p a r a t i o n s  are a l s o  b e i n g  made f o r  l a b o r a t o r y  
and i n - v e h i c l e  t e s t s  o f  t h e  PIark I A  b a t t e r y  and f o r  c t a t i s t i c a l  l i f e t i m e  
t e s t i n g  of c e l l s .  Another smal l  e f f o r t  a t  ANL i s  d i r e c t e d  toward t h e  
development of ca lc ium a l l o y / m e t a l  s u l f i d e  c e l l s ,  which have a  low c o s t  
p o t e n t i a l .  

Among t h e  i n d u s t r i a l  s u b c o n t r a c t o r s ,  n e a r l y  a l l  of  t h e  c e l l  developmenl,  
d e s i g n  and f a b r i c a t i o n  work i s  performed by Eagle-Picher  I n d u s t r i e s ,  I n c . ,  
Gould I n c . ,  and t h e  Energy Systems Group of Rockwell I n t e r n a t i o n a l .  The 
Carborundum Co. i s  invo lved  i n  t h e  p r e p a r a t i o n  of boron n i t r i d e  s e p a r a t o r  
m a t e r i a l s  and t h e  development of p r o d u c t i o n  p r o c e s s e s  f o r  t h e s e  m a t e r i a l s .  
The General  Motors Research L a b o r a t o r i e s  a r e  conduc t ing  a  s y s t e m a t i c  i n v e s -  
t i g a t i o n  of t h e  c h a r a c t e r i s t i c s  of FeS2 e l e c t r o d e s .  Other  s u b c o n t r a c t o r s  
p a r t i c i p a t l i ~ l g  i n  the  program d u r i n g  t h e  p e r i o d  covered by t h i s  r e p o r t  a r e  
Budd Co., C a t a l y s t  Research Corp., E l e c t r i c  Technology Corp., ESB, I n c . ,  
ETA, I n c . ,  ILC Technology I n c . ,  I l l i n o i s  I n s t i t u t e  o f  Technology, Sigma 
Research,  I n c . ,  Thermo E l e c t r o n  Corp., TRW, I n c . ,  and United Technolog ies  
Corpora t ion .  

A s  a r e s u l t  of t h e  c e l l  development e f f o r t ,  s i g n i f i c a n t  improvements 
have occur red  i n  t h e  l i f e t i m e  and performance o f  L i - ~ 1 1 F e S  and Li-A1/FeS2 
b i c c l l s f i  d u r i n g  t h e  pasL L e w  years, a3 c h o w  by F J g s .  T - 1  th rough  1-6. 
The M-, R-, KK-, and CB-series c e l l s  shown i n  t h e s e  f i g u r e s  were des igned  
and f a b r i c a t e d  a t  ANL; t h e  o t h e r s  were b u i l t  by i n d u s t r i a l  s u b c o n t r a c t o r s .  
Also shown i n  t h e s e  f i g u r e s  a r e  t h e  p r o j e c t e d  performance and l i f e t i m e  g o a l s  
f o r  t h e  c e l l s  of e l e c t r i c - v e h i c l e  b a t t e r i e s .  I n  g e n e r a l ,  t h e  Li-Al/FeS c e l l s  
have 6hnr.m lnng  r .ycle l i f e  (F ig .  I - 1 ) ,  bu t  t h e y  are l i m i t e d  i n  s p e c i f i c  
energy  ( F i g .  1-2) and s p e c i f i c  power (1-3). The l i t e  o t  t h e  L I - A ~ / F ~ S ~  ~ t l l s  
t h a t  have bccn t e s t e d  t o  date h a s  n o t  exceeded about  500 c y c l e s  (F ig .  I - 4 ) ,  
bu t  t h e s e  c e l l s  have ach ieved  h i g h e r  s p e c i f i c  energy  ( F i g .  1-5) and s p e c i f i c  
power ( F i g .  1-6) t h a n  t h e  ~i-Al./Fe.s c e l l s .  A  major  improvement i n  p e r f o r -  
mance h a s  r e s u l t e d ' f r o m  t h e  deve.1.opment of mul t ip - la te  c e l l  d e s i g n s  ( s e e  
Fig .  1-2).  It a p p e a r s  t h a t  t h e  Mark I and I1 performance g o a l s  f o r  e l e c t r i c -  
v e h i c l e  b a t t e r i e s  c a n  be met by ~ i - ~ l l F e S  c e l l s ,  u s i n g  t h e  m u l t i p l a t e  d e s i g n .  
The Mark I11 g o a l s ,  however, w i l l  r e q u i r e  t h e  u s e  o f  L i - ~ l l ~ e S ~  c e l l s .  

7% 

These c e l l s  c o n t a i n  a s i n g l e  p o s i t i v e  e l e c t r o d e  and two f a c i n g  n e g a t i v e  
e l e c t r o d e s .  
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F i g .  1-1. Cycle  L i f e  of ~ i - A ~ / F ~ S  C e l l s .  
(ANL Neg. NO.  308-78-174) 
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F i g .  1-2. S p e c i f i c  Energy of  L ~ - A ~ / F ~ S  C e l l s .  
(ANL N e e .  N o .  308-78-169) 
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Fig .  1-3. Peak S p e c i f i c  Power o f  ~.,i-Al/Fes C e l l s .  
( A N L  Neg. No. 308-78-176) 
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F i g .  1-4. Cycle L i f e  of Li-A1/FeS2 Cells. 
( A N L  Neg. No. 308-78-173) 
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Fig. 1-5. Specific Energy of Li-A1/FeS2 Cells. 
(ANL Neg. No. 308-78-175) 
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Fig. 1-6. Peak Specific Power of L ~ - A ~ / F ~ s ?  Cells. 
(ANL Neg. No. 308-78-170) 



11. COMMERCIAL DEVELOPMENT 
(A. A. Ch i lenskas )  

The o b j e c t i v e  of t h e  commerc ia l i za t ion  s t u d i e s  a t  ANL i s  t o  p r o v i d e  d a t a  
on t h e  manufac tu r ing  c o s t  and market  r e q u i r e m e n t s  f o r  t h e  l i t h i u m / m e t a l  s u l f -  
i d e  b a t t e r y .  The commerc ia l i za t ion  s t u d i e s  a r e  conducted a t  ANL w i t h  
a s s i s t a n c e  from i n d u s t r i a l  s u b c o n t r a c t o r s  and c o n s u l t a n t s .  These s t u d i e s  
i n v o l v e  t h e  i d e n t i f i c a t i o n  of p o t e n t i a l  m a r k e t s ,  manufac tu r ing  c o s t  a n a l y s e s ,  
f i n a n c i a l  p l a n s ,  and e v a l u a t i o n s  o f  competing t e c h n o l o g i e s .  

To a c h i e v e  s u c c e s s f u l  commerc ia l i za t ion  of t h e  l i t h i u m j m e t a l  s u l f i d e  
b a t t e r y ,  i n d u s t r y  must b e  convinced t h a t  t h e  b a t t e r y  $s (1)  t e c h n i c a l l y  f e a -  
s i b l e ,  (2)  marke tab le ,  and (3) c a p a b l e  of mee t ing  governmental  r e q u i r e m e n t s .  
I n  r e g a r d  t o  t h e  f i r s t  c o n d i t i o n ,  t h e  Mark I t e s t s  of t h e  e l e c t r i c - v e h i c l e  
b a t t e r y  and t h e  BEST f a c i l i t y  t e s t s  of t h e  s t a t i o n a r y - e n e r g y - s t o r a g e  b a t t e r y  
a r e  expec ted  t o  e s t a b l i s h  t h e  t e c h n i c a l  f e a s i b i l i t y  of t h e  sys tem.  The 
second c o n d i t i o n  i n v o l v e s  m a r k e t a b i l i t y  o f  t h e  b a t t e r y  a t  a n  a c c e p t a b l e  c o s t .  
The f i r s t  commercial p r o d u c t i o n  w i l l  p robab ly  be  f o r  l i m i t e d  marke t s  (i.e., 
low volume and h i g h  c o s t ) ,  and t h e s e  p i l o t  marke t s  a r e  d i s c u s s e d  below. The 
t h i r d  c o n d i t i o n  i n v o l v e s  t h e  s a f e t y  a s p e c t s  of t h e  b a t t e r y ,  env i ronmenta l  and 
h e a l t h  c o n s i d e r a t i o n s ,  and r e s o u r c e  u t i l i z a t i o n .  A p r e l i m i n a r y  assessment  of 
t h e  s a f e t y  a s p e c t s  of t h e  l i t h i u m / m e t a l  s u l f i d e  b a t t e r y  h a s  been conducted by 
Budd Co. T h e i r  r e s u l t s  a r e  h i g h l y  encouraging w i t h  r e s p e c t  t o  t h e  s a f e  de- 
ployment of l i t h i u m / m e t a l . s u l f i d e  b a t t e r i e s  i n  e l e c t r i c  v e h i c l e s  (ANL-77-75, 
pp. 12-13). A b r i e f  d i s c u s s i o n  of t h e  c o s t  and a v a f l a b i l i t y  of l i t h i u m  i s  
p r e s e n t e d  below. 

A. A. C h i l e n s k a s  and W. L.  owle el have p r e p a r e d  a paper  on t h e  above t h r e e  
c o n d i t i o n s ,  and, based on t h e i r  f i n d i n g s ,  have developed a  s c h e d u l e  f o r  t h e  
c o m r ~ e r c i a l i z a t i o n  of l i t h i u m l m e t a l  s u l f i d e  b a t t e r i e s .  According t o  t h i s  
s c h e d u l e ,  v a n  t e s t s  w i t h  a 60-kW-hr b a t t e r y  w i l l  b e  done i n  1981-1983, and 
p i l o t - p l a n t  p r o d u c t i o n  and f u l l - s c a l e  automated p r o d u c t i o n  of l i t h i u m / m e t a l  
s u l f i d e  c e l l s  w i l l  occur  by 1982 and 1987, r e s p e c t i v e l y .  These dates a r e  
based on p r e s e n t  and p r o j e c t e d  fund ing  f o r  t h e  b a t t e r y  program, and a r e  con- 
s i d e r e d  t o  be t h e  e a r l i e s t  p o s s i b l e  d a t e s .  

A. P i l o t  Markets 

The f i r s t  commercial p r o d u c t i o n  of l i t h i u m l m e t a l  s u l f i d e  b a t t e r i e s  w i l l  
p robab ly  b e  f o r  limiCecl (low volume and h i g h  c o s t )  marke t s  such  as p o s t a l  
v a n s ,  b u s e s ,  mining v e h i c l e s ,  and submarines .  I n  t h e s e  near- term (1982-1990) 
marke t s  t h e  r e l a t i v e l y  h i g h  p r i c e  of t h e  b a t t e r i e s  should h e  o f f s e t  by t h e i r  
f a v o r a b l e  .performance c h a r a c t e r i s t i c s .  A  s t u d y  of t h e s e  near-term marke t s  
gave  t h e  r e s u l t s  shown i n  Tab le  XI - l , .where  t h e  p r o j e c t e d  market  s i z e  f o r  
v a r i u u s  app1icat ion.s  i~ g i v e n  f o r  d i . f f e r e n t  b a t t e r y  c o s t s .  

The bus  market i s  of sper . i a1  i n t e r e s t  t o  p o t e n t i a l  e l e c t r i c  v e h i c l e  
manufac tu re r s ,  b o t h  i n  t h e  U.S. and th roughout  t h e  world ,  because  t h e  c o s t  of 
purchas ing  buses  i s  v e r y  o f t e n  s u b s i d i z e d  by n a t i o n a l  o r  l o c a l  governments.  
I n  t h e  U.S. t h e  Urban Mass T r a n s p o r t a t i o n  A u t h o r i t y  (UMTA) p r o v i d e s  an  80% 
f e d e r a l  s u b s i d y  f o r  bus  purchases .  An a n a l y s i s 2  h a s  shown t h a t  a  s i g n i f i c a n t  
market  s i z e  of abou t  40 MW-hrIyr could  b e  ach ieved  by 1982; t h i s  1982 market  
could t h e n  r a p i d l y  expand t o  abou t  580 MW-hr/yr i n  1985 and t o  about  934 MW-hr 
i n  1990, which i s  enough t o  s u p p o r t  t h e  o u t p u t  from one automared b a t l e r y  
p l a n t .  



T a b l e  1.1-1. P i l o t  Markets f o r  t h e  LithiilmAMetal S u l f i d e  B a t t e r y  

P r i c e ,  Market S i z e ,  a Year 
$/kW-hr MW-hr/yr Markets I n i t  i -a ted 

300 85 Submersibles  1982 
200 119 P o s t a l  vans  1982 
17 0  197 P o s t a l  vans  1982 
150 441 P o s t a l  v a n s ,  1982 

b u s e s ,  mining 
v e h i c l e s  

50 580 Buses 1987 
5  0  18,900 Vans 1987 
50 934 Buses 1990 

a 
The market  s i z e  shown assumes t h a t  t h e  L ~ / M S  b a t t e r y  c a p t u r e s  
t h e  e n t i r e  marke t .  The e f f e c t  of marke t - shar ing  because  uf 
compet iL iu l~  from ociier  advanced b a t t e r i e s  w i l l  need t o  b e  
c o n s i d e r e d  a s  p a r t  of an  o v e r a l l  h u s i n ~ s s  p l a n .  

The van  market  a f t e r  1987 (assuming t h a t  automated b a t t e r y  p l a n t s  
p roduce  Li/MS b a t t e r i e s  a t  about  $ 5 O / k ~ - h r )  can  b e  v e r y  l a r g e .  An e s t i m a t e  
h a s  been  made t h a t  t h i s  market  cou ld  s u p p o r t  300,000 bat tery-powered vans  
p e r  y e a r ,  which would r e q u i r e  18,900 MW-hr/yr of p l a n t  c a p a c i t y .  T h i s  market  
a l o n e  would r e q u i r e  t h e  o u t p u t  from about  17  automated b a t t e r y  p l a n t s  r a t e d  
a t  1 , 1 0 0  MW-hr/yr. 

A  near - t e rm market  of i n t e r e s t  f o r  t h e  Li/MS b a t t e r y  i s  a high-performance 
b a t t e r y  f o r  use i n  f n r k - l i f t  fruelco f o r  t h e  U.S. Army. Eagle-.Yicher 
I n d u s t r i e s ,  I n c .  h a s  been c o n t r a c t e d  t o  d e l i v e r  s c v e r a l  c e l l s  and a 6-V 
b a t t e r y  module t o  F o r t  B e l v o i r  (MERADCOM) f o r  t e s t  e v a l u a t i o n .  

D. Ll th ium Supply and Demand 

institutional a g e n c i e s  w i t h  r e s p o n s i b i l i t i e s  i n  r e s u u r c e  s u r v e i l l a n c e  and 
management a r e ,  of c o u r s e ,  i n t e r e s t e d  i n  t h e  e f f e c t  of t h e  mass-product ion of 
l i t h i u m / m e t a l  s u l f i d e  b a t t e r i e s  on t h e  world  l i t h i u m  r e s o u r c e s .  The p r o j e c t e d  
l i t h i u m  r e q u i r e m e n t s  f o r  t h e  u s e  of t h e  l i t h i u m / m e t a l  s i i l f i d ~  b a t t e r y  f o r  
rhe e l e c t r i c - v e h i c l e  and s t a t i o n a r y - e n e r g y - s t o r a g e  a p p l i c a t i o n s  a r e  shown In 
T a b l e  11-2. To a c h i e v e  a  s i g n i f i c a n t ;  p roduc t ion  of u t i l i t y  and c l t c t r r i c - v e l ~ l c l e  
b a t t e r i e s  w i l l  r e q u i r e  a s u b s t a n t i a l  f r a c t i o n  of t h e  known l i t h i u m  r e s e r v e s .  
The l i t h i u m  p r o d u c t i o n  by t h e  y e a r  2000 would r e q u i r e  abou t  15% of U.S.  
r e s e r v e s  ( C l a s s  A, B,  and C) and abou t  5% of t h e  world  r e s e r v e s  ( C l a s s  A, R ,  
and C).  A l ~ l ~ u u g l i  a d e q u a t e  domes t ic  and world-wide. r e s e r v e s  appear  t o  b e  
a v a i l a b l e  up u n t i l  t h e  y e a r  2000, t h e  c o s t  of t h e  r e s o u r c e  as a f u n c t i o n  of 
large-volume p r o d u c t i o n  remains  i n  q u e s t i o n ,  and a p p e a r s  t o  be  r e s o l v a b l e  
o n l y  as p a r t  of an  a c t u a l  commerc ia l i za t ion  e f f o r t .  



Table  1.1-2. P r o j  e c t e d  Li thium Requi reme~i t s  

Y e a r l y  P r o d u c t i o n  

B a t t e r i e s  Produced, MW-hr 400 10,000 30,000 70,000 

Number of 100 MW-hr 
U t i l i t y  P l a n t s  

Number of 4-lcW-hr E l e c t r i c -  
Vehicle Batteries 7,500 1.7x105 5 x 1 0 ~  1.1~10~ 

Li th ium i n  B a t t e r i e s ,  
m e t r i c  t o n s  

Convent ional  Uses 
met r i c .  t o n s  

Annual Li th ium P r o d ~ c t i o n , ~  
m e t r i c  t o n s  5 ,300 13,000 29,000 59,000 

C a p i t a l  f o r  Li th ium ~ r o d u c t i o n , ~  
$ x 106 - - 24 0  480 900 

a The cumula t ive  l i t h i u m  p r o d u c t i o n  up u n t i l  t h e  y e a r  2000 is  e s t i m a t e d  t o  be 
489,000 m e t r i c  t o n s .  

b ~ a s e d  on $30 m i l l i o n  f o r  1 ,000  m e t r i c  t o n s l y r .  

REFERENCES , . .- .. 
1,. A. A. Ch i lenskas  and W. L .  Tnwl.e, A Commercialization Scenario for the 

Lithim/MetaZ Sulfide ~ a t t e ~ ,  unpubl i shed  (November 1977) .  

2. S. Nelson and A .  A. Chi lenskas ,  A Preliminary Evaluation of Near-Term 
(1980-1985) Markets for Lithiwn/Iron Sulfide Batkeries, unpubl i shed  
(1977) .  



111. TNDTTSTRIAL SUBCONTRACTS 

The ultimate goal of the program at ANL is to foster the development of 
a competitive, self-sustaining industry for the production of electric-vehicle 
and stationary-energy-storage batteries. To this end, industrial firms were 
invited to participate in the program, with approximately 50% of the current 
funding directed to industrial subcontracts. Three firms--Eagle-Picher 
Industries Inc., Gould Inc., and the Energy Systems Group of Rockwell Inter- 
national--are developing manufacturing procedures and fabricating test cells. 
Carborundum Co., the Illinois Institute of Technology, and ILC Technology Inc. 
are developing cell materials and components. 

A. Eagle-Picher Industries, Inc. 
(R. Hudson) 

Eagle-Picher Industries, Inc.. entescd into the lithium/rnctal sulfide 
battery program in May, 1975 as one of the first industrial contractors to 
associare themselves with Argonne National Laboratory in the battery program. 
Initial efforts in the program were directed toward developing prismatic cells 
suitable for use in electric vehicles and stationary-energy-storage applica- 
tions. The effort for the last year has been directed primarily toward devel- 
opment of electric-vehicle cells. These efforts to date have proved very 
successful. Some of the FeS cells have operated in excess of 1,000 cycles in 
the laboratory. Innovative designs and fabrication techniques have been de- 
veloped at Eagle-Picher, and the fabrication of the initial demonstration 
battery is now feasible. In February 1978, Eagle-Picher was awarded the 
Mark IA contract for the design, development and fabrication of a 40-kW-hr 
battery. This battery will demonstrate the technicat feasibility of the 
Li/MS battery for electric-vehicle use. Delivery of the battery is currently 
scheduled for February 1979. As a part'of the development program at Eagle- 
Picher, lithiumlmetal sulfide cells have been vibrated at levels which can be 
expected under normal vehicle use. These tests have shown no problems to 
exist within the system. 

Eagle-Picher management is firmly committed to the development of the 
Li/MS battery. This is exemplified by Eagle-Picher establishing a pre-pilot 
plant'facility which has the capability to produce 3 to 4 MW-hr/yr. 

1. Cell Uevelopment for the Mark IA Battery 
(E. Cupp, J. Buchanan, L. Aupperly, and J. Whitford) 

In February 1978 Eagle-Picher was awarded a contract to design, 
develop, fabricate, and deliver a 40-kW-hr battery to Argonne Natjonal T,ahnr- 
atory. The contracted program is for a year, with the battery to h e  deliv~red 
to Argullne in February 1979. 'l'he battery will be initially tested at ANL and 
then will be tested in a demonstration electric van. The van will be fully 
instrumented to monitor the performance of the battery while operating under 
road-load conditions. The technical goals for the Mark IA battery are pre- 
sented in Table 1-2. The battery will contain two modules (20-kW-hr capacity) 
connected in series. Specific areas which are being addressed in the program 
are cell development, battery hardware development, cell testing, test equip- 
ment for cells and batteries, and assembly techniques for batteries. 



a. M u l t i p l a t e  C e l l  Development 

I n  o r d e r  t o  m e e t  t h e  b a t t e r y  c r i t e r i a  s e t  f o r t h  i n  T a b l e  1-2, 
t h e  m u l t i p l a t e  FeS c e l l  was chosen.  The b a s i c  weight  and volume r e s t r a i n t s  
f o r  t h e  Mark'IA b a t t e r y  p rec luded  t h e  u s e  of b i c e l l  a s s e m b l i e s .  The m u l t i -  
p l a t e  c e l l  c o n s t r u c t i o n  s e l e c t e d ,  w h i l e  n o t  t h e  optimum c o n f i g u r a t i o n  i n  a l l  
r e s p e c t s ,  i s  a  compromise among weigh t ,  energy ,  volume, and power c o n s i d e r -  
a t i o n s .  A c e l l  concep t  d e s i g n  rev iew was h e l d  a t  Eagle-Picher  i n  February  
1978 a t  which t ime  t h i s  d e s i g n  w a s  reviewed w i t h  ANL. The f i r s t  m u l t i -  
p l a t e  c e l l  d e s i g n  had i t s  i n c e p t i o n  i n  t h e  c y l i n d r i c a l  b a t t e r y  c o n f i g u r a t i o n  
of t h e  Mark "0" b a t t e r y  d e s i g n .  These proposed c e l l s  u t i l i z e d  12 .7  x 17 .8  cm 
e l e c t r o d e s  ( f o u r  p o s i t i v e  and f i v e  n e g a t i v e ) .  T h i s  c e l l  c o n f i g u r a t i o n  a l l o w s  
c e l l s  w i t h  a c a p a c i t y  of 450 A-hr t h e o r e t i c a l  and abou t  320 A-hr nominal a t  t h e  
4-hr r a t e  t o  be  f a b r i c a t e d .  The c e l l  c o n f i g u r a t i o n ,  however, was such t h a t  
120 c e l l s  cou ld  n o t  b e  f i t t e d  i n  t h e  two modules r e q u i r e d  f o r  t h e  Mark IA 
b a t t e r y ;  t h e r e f o r e ,  t h e  Mark 0  c e l l  d e s i g n  w a s  abandoned. However, t o o l i n g  f o r  
t h e  12 .7  x 17 .8  cm e l e c t r o d e  w a s  under f a b r i c a t i o n  a t  t h e  t ime  of t h e  award of 
t h e  Mark IA c o n t r a c t ,  and t h u s  t h e  f i r s t  s e r i e s  of m u l t i p l a t e  c e l l s  ( a  t o t a l  
of 20 c e l l s )  was c o n s t r u c t e d  u s i n g  12.7 x 17 .8  cm e l e c t r o d e s .  

The f i n a l  c e l l  d e s i g n  f o r  t h e  Mark IA b a t t e r y  h a s  as i t s  concep- 
t u a l  b a s i s  a n  e f f o r t  t o  g e t  t h e  most c a p a c i t y  i n  t h e  a l lowed  volume. The major 
r e s t r a i n t s  a r e  t h e  p h y s i c a l  d imensions  o f  t h e  b a t t e r y  compartment of t h e  e l e c -  
t r i c  v e h i c l e  and t h e  volume r e q u i r e d  f o r  the rmal  i n s u l a t i o n ,  e t c .  An e l e c -  
t r o d e  dimension of 1 7 . 8  x 17 .8  cm w a s  s e l e c t e d  f o r  t h i s  c e l l .  The c e l l  
c o n s i s t s  of t h r e e  p o s i t i v e  and f o u r  . n e g a t i v e  e l e c t r o d e s .  A l l  of t h e  m u l t i -  
p l a t e  c e l l s  f a b r i c a t e d  a f t e r  t h e  f i r s t  20 had t h i s  d e s i g n .  T h i s  c e l l  d e s i g n  
i s  shown i n  Fig .  111-1. 

The e l e c t r o d e s  f o r  t h e  m u l t i p l a t e  c e l l s  a r e  c o l d  p r e s s e d  i n t o  
a honeycomb-type p l a t e ,  as shown i n  F i g .  111-2. U t i l i z i n g  a 500 t o n  
( 5  x l o 5  kg) p r e s s ,  we compressed t h e  a c t i v e  powders, weighed t o  20 .1  g ,  i n t o  
p l a t e s  a t  p r e s s u r e s  o f  from 1,350 t o  1 , 4 5 0  kg/cm2. These p r e s s u r e s  y i e l d  
p o s i t i v e  e l e c t r o d e s  having approx imate ly  50% p o r o s i t y  and n e g a t i v e  e l e c t r o d e s  
having 20-25% p o r o s i t y .  The e l e c t r o d e s  assembled by t h i s  method a r e  s t r o n g  
and e a s i l y  handled d u r i n g  c e l l  f a b r i c a t i o n .  

The. s e p a r a t o r  u t i l i z e d  i n  t h e  m u l t i p l a t e  c e l l s  i s  BN c l o t h .  
T h i s  m a t e r i a l  i s  soaked i n  a s o l u t i o n  of a b s o l u t e  methy l  a l c o h o l  and LiC1-KC1 
e u t e c t i c  b e f o r e  c e l l  assembly.  The s e p a r a t o r  i s  t h e n  formed on a d i e  and 
d r i e d ,  t o  form a n  open-ended box. One such  box f i t s  o v e r  t h e  open f a c e  o f  
each  p o s i t i v e  e l e c t r o d e ,  and p h y s i c a l l y  s e p a r a t e s  t h e  p o s i t i v e  and n e g a t i v e  
e l e c t r o d e s .  F u r t h e r  s e p a r a t i o n  i n  t h e  form of p a r t i c l e  b a r r i e r s  made up of 
f i n e  p o r e - s i z e  m a t e r i a l s  such a s  Y203 and Zr02 f e l t s  a r e  a l s o  u t i l i z e d .  I n  
a d d i t i o n  t o  t h e  above s e p a r a t i o n ,  a s t a i n l e s s  s teel  s c r e e n  forms a p a r t i c l e  
r e t a i n e r  around each  e l e c t r o d e .  

Cons iderab le  d e s i g n  e f f o r t  h a s  been expended t o  deve lop  a  
l i g h t - w e i g h t  t e r m i n a l  assembly f o r  t h e  Mark IA c e l l .  A  t rade-of f  h a s  been 
made between peak power c a p a b i l i t y  and weigh t .  C a l c u l a t e d  v a l u e s  i n d i c a t e d  
t h a t  a 0.47-cm copper-cored i r o n  t e r m i n a l  should  g i v e  r e s i s t a n c e s  i n  t h e  area 
of 1 m a .  I n  p r a c t i c e ,  r e s i s t a n c e s  have been a p p r o x i m a t e l y  2.0 m a  a t  t h e  c e l l  
o p e r a t i n g  t empera tu re .  The s i z e  o f  t h e  t e r m i n a l  h a s  been i n c r e a s e d  from 0.47 
t o  0.78 cm, and t h e  r e s i s t a n c e  t o  d a t e  a p p e a r s  t o  have been reduced t o  t h e  
d e s i r e d  range.  
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Fig. 111-2. Pressed Positive Electrode e 

The raw materials are received, sampled, and accepted on the 
basis of specifications which were prepared especially for this project. 
Lithium-all~rninuim alloy, Cu2S, FeS, and electrolyte materials must meet 
particle-size requirements. 

The final assembly of the cell consists of stacking the appro- 
priate electrodes and separators together, as shown in Fig. 111-3, and then 
pushing the complete assembly into the cell container. At this point, the 
terminal assemblies are welded to the electrode leads, and the cover and feed- 
through housing are welded in place (Fig. 111-4). The feedthrough insula- 
tors are placed into the housing around the terminal, compacted, and crimped 
into place. The cells are then leak-checked and then filled with electrolyte. 



Fig. 111-3. Elec~~udrs P ~ i u r  to InsrallatiOn lnto Containers 

b. Test Results of Multi~late Cells 

HaLrPx A Cells 

As medeioned previously, the Matrix A cells had electrode 
sizes of 13 x 18 cm. In general, these cells were built and tested to ex- 
y l u r e  L11e design strengths and weaknesses of mukiplate cells. In addition, 
various types of particle retainers and additives to the positive electrode 
were to be evaluated. In the Matrix A cells, the type of particle barrier 
and the positive active material were varied. Three types of particle bar- 
riers were used: a stainless steel screen, a stainless steel screen and 
Zr02 felt, and a stainless steel screen and Y203 felt. In addition, three 
types u1 additives to the positive electrode were tested: Cu2S (either 10, 
15, or 20 wt %), Cu powder, and CuFeS2 (either 17, 24, or 31 wt %). 
Table 111-1 lists the design variables for each Matrix A cell. 



Table 111-1. The Variables for Matrix A Cells 

Capacity, A-hr 

Particle Pos. Elect. 
Cell No. Pos. Neg . Retainera ~ d d i t i v e ~  

a All particle retainers in f e l t  form; in addition, 200-mesh 
SS screen was used on a l l  electrodes. 

b~umber in parentheses indicates w t  X of additive. 



Fig. 111-4. P o s i t i v e  and Negative Bus Welded i n  Place  

Table 111-2 presents  performance d a t a  f o r  t h e  Matrix A 
cells. Due t o  a high f a i l u r e  rate on these  c e l l s  caused by equipment malfunc- 
t i o n s  and other  de fec t s ,  a complete ana lys i s  of the  t e s t  d a t a  was not possible.  
However, t h e  following inferences  can be drawn from t h e  data.  

For c e l l s  wi th  no a d d i t i v e  i n  t h e  p o s i t i v e  e lec t rode,  the  
u t i l i z a t i o n  of t h e  a c t i v e  mate r i a l  was very low a f t e r  t h e  i n i t i a l  discharge. 
The add i t ion  of 10 w t  % Cu2S t o  t h e  p o s i t i v e  e lcc t rodc incrcascd the  u t i l i z a -  
t ion .  These c e l l s  had s t a b l e  performance f o r  about 40 t o  50 cycles ,  and a 
u t i l i z a t i o n  of 60-65% a f t e r  60 cycles .  The addi t ion  of 15  w t  % Cu2S t o  t h e  
p o s i t i v e  e lec t rode  increased t h e  u t i l i z a t i o n  t o  80% a t  40 cycles.  The u t i l i -  
z a t i o n  of c e l l s  with 20 wt % Cu2S a d d i t i v e  d id  not d i f f e r  from t h a t  of c e l l s  
wi th  15  w t  % Cu2S. F ina l ly ,  t h e  CuFeS2 add i t ive  d id  not  s e e m  t o  have t h e  
s a m e  b e n e f i c i a l  e f f e c t  a s  t h a t  of Cu2S. 

C e l l s  EPMP-5-009 and EPMP-5-010 showed high performance 
l e v e l s  a f t e r  75 cycles ,  which appears t o  be connected with t h e  higher 
negative-to-positive capaci ty  r a t i o s  f o r  these  c e l l s .  The type of p a r t i c l e  
b a r r i e r  used appears t o  have l i t t l e  s igni f icance .  



Table 111-2. Performance Data for Matrix A Cells 

Max. capacity ,a Capacity Decline 
Cell No. A- hr No. Cycles per Cycle, % 

a. 
Measured at the 4-hr rate. 

b~~ailed after only a few cycles due to equipment malfunction, 

ii. Matrix B Cells 

As mentioned previously, the Matrix B cells were built 
using the 18 x 18 cm electrodes. The Li-A1 electrodes for these cells were 
found to warp after the cold-pressing operation; this of course causes prob- 
lems with cell assembly. However, all the cells were fabricated as listed 
in Table 111-3. These cells were constructed to assess different types of 
honeycomb current collectors (nickel or iron), the addition of Cu2S (15 and 
20 wt %) to the positive electrode mixture, the use of LiC1-rich electrolyte 
(67 mol % LiC1-33 mol % KCl), and the use of a Y203 particle retainer in 
addition to the stainless stecl screen. 



Table  111-3. Va r i ab l e s  f o r  t h e  Matr ix  B Cells 

C e l l  No. 

T h e o r e t i c a l  P o s i t i v e  
Capac i ty ,  A-hr Current  Terminal P a r t i c l e  
Pos.  Neg . c o l l e c t o r a  ~ o d "  Reta iner  

4  00 F e ( 0 . 0 0 8 c m )  Fe (0 .47cm)  

4 00 Fe (0.013 cm) Fe (0.78 cm) 

402 Fe (0.013 cm) Fe (0.78 cm) 

402 F e ( 0 . 0 1 3 c m )  F e ( 0 . 7 8 c m )  

409 Fe (0.008 cm) Fe (0.47 cm) 

409 N i  (0.008 cm) N i  

4  o? N i  (0.008 cm) N i  

409 N i  (0.008 cm) N i  

409 Fe (0.U13 cm) Y e  (0.78 cm) 

409 F e ( 0 . 0 1 3 c m )  Fc (0.47cm) 

409 Pe (0.013 cm) Fe (0.78 cm) 

440 Fe (0.013 cm) Fe (0.47 cm) 

440 F e ( 0 . 0 1 3 c m )  F e ( 0 . 4 7 c m )  

44 0 Fe (0.013 cm) Fe (0.47 cm) 

440 N i  (0.008 cm) Fe (0.47 cm) 

440 N i  (0.008 c m )  Fe (0.47 cm) 

440 Ni (0 ,008 cm) Fe (0.47 cm) 

a Numbers i n  pa ren theses  aye rhicicnesses u f  1iulieycueL~ r l b b u ~ l .  

b ~ u m b e r s  i n  pa ren theses  a r e  d iameters .  
C 

Only on p o s i t i v e  e l e c t r o d e .  

p o s i t i v e  and n e g a t i v e  e l e c t r o d e s .  
e Used LiC1-rich e l e c t r o l y t e .  

Seventeen c e l l s  were b u i l t  f o r  t h i s  test  mat r ix .  'She 

d a t a  t o  d a t e  are i r lcuuclusive.  Some problems wi th  c e l l  weering have occurrcd 
and i t  i s  f e l t  t h a t  many of t h e s e  c e l l s  were t e s t e d  i n  t h e  e l e c t r o l y t e - s t a r v e d  
s t a t e .  However, t h e  p re l imina ry  r e s u l t s  from some of t h e s e  c e l l s  a r e  promis- 
ing .  Ea r ly  d a t a  i n d i c a t e  t h e  d e s i r a b i l i t y  of 0.013-cm i r o n  c u r r e n t  c o l l e c t o r s  
and 0.78-cm i r o n  t e rmina l  rods  f o r  t h e  p o s i t i v e  e l e c t r o d e s .  Some i n d i c a t i o n  of 
h ighe r  u t i l i z a t i o n  of p o s i t i v e  m a t e r i a l  ha s  been noted i n  conjunc t ion  wi th  t h e  
20 w t  % Cu2S a d d i t i v e  i n  t h e  p o s i t i v e  e l e c t r o d e  and t h e  LiC1-rich e l e c t r o l y t e .  
Table  111-4 p r e s e n t s  c a p a c i t y  and c y c l e  d a t a  f o r  Matr ix  B c e l l s .  



Table 111-4. Cell Performance Data for Matrix B Cells 

Max. Capacity on 
Cell Noaa Capacity, A-hr Last Cycle, A-hr No. Cycles 

a 
Cells not listed have not yet been put into operation. 

bShort-circuited during electrolyte filling operation. 
C Tested at 425-430°C. 

iii. Matrix C Cells 

The Matrix C cells are under construction. This cell 
matrix contains cells having refinements over the Matrix B cells. The nega- 
tive electrode has been made smaller to allow for electrode expansion after 
pressing the Li-A1 alloy. These cells were tested to determine the effect 
on performance of the following design features: Cu2S additive in the posi- 
tive electrode, LiC1-rich electrolyte, Y203 particle retainers, and nickel 
c u r r e n t  colLectoss for t h e  positive electrode. 

One of the Matrix C cells has been used in an attempt to 
increase separator wettability by pretreating the BN separator with lithium 
tetra chloro aluminate (ANL-78-21, p. 48). Although the electrolyte filling 
operation was successful, the cell short-circuited through the separator 
after being placed in operation. The remaining cells in this matrix, 
24 bells in all, have not as yct bc.cn plnccd'undcr tcct. 

The last matrix of Mark IA cells will be built shortly; 
these cells will establish the final configuration of the Mark IA cell. 

2. Development of Hardware for the Mark IA Battery 
(K. Gentry, J. Miller, M. McGinty) 

The objective of this portion of the Mark IA program effort at 
Eagle-Picher is to design, develop, and fabricate all battery-associated 
hardware (other than cells) for the Mark IA battery. 



The goals of the Mark IA program (Table 1-2) have the following 
order of preference: (1) operability, (2) energy storage, (3) power, (4) 
weight, (5) and lifetime. First and foremost, operability should be 
achieved.   he energy storage is determined by the capacity of the cells, 
but the battery hardware must supply a thermally efficient, insulated con- 
tainer with a uniform temperature to assure optimum stored energy. The power 
delivered by the cells must be efficiently transferred from one cell to 
another and from the cells to the battery terminals; therefore, much design 
effort was expended to optimize the inter-cell connectors and power bus. 
Weight is always an important concern when trying to maximize energy storage 
devices in which mobility is required. The utmost care has been taken to 
minimize hardware weight without otherwise affecting the performance of the 
battery. To assure the lifetime required of the battery hardware, tests 
were performed on materials at operating temperature; and simulated abrasive 
tests were performed on the electrical.insulation, a potential failure mode, 
High reliability materials and commercially availahle parts are used in the 
design whenever possible. Every choice of material and fabrication technique 
io closely analyccd. 

In addition to the development program for the Mark IA battery, 
a 6-V battery with similar design characteristics was developed and is 
currently being fabricated. This battery will aid in determining battery- 
type controls and monitoring that will be required for the Mark IA. The 
information obtained in the design, development, and fabrication of the 6-V 
battery has been of great help in preventing major problems with the Mark IA. 

a. Conceptual Design of Battery Hardware 

i ,  Battery Casa for thc Marlc IA Eattery 

To attain maximum thermal efficiency and yet minimize 
weight and volume, a very efficient insulation for the battery case was re- 
quired. A survey of available insulations was made, and the only candidate 
available that would meet the thermal ioss goal. (300 W) was a multilayered 
vacuum insulation. This required a vacuum-bottle approach in which metal 
foil layers are placed within the vacuum space. Two available sources were 
solicited for the multilayered foil-insulat ion material, and MULTIFOIL@* was 
chosen. Various geometries were considered for the .vacuum container design, 
and calculations determining weight, volume, and ease of fabrication were 
performed to determine the optimum configuration. Other battery case designs 
that were considered included: honeycomb walls, structural support (truss 
and membrane), and massive thick-wall single-skeet c ~ n t a i n e r s .  These desi.gn.s 
were all discarded for various reasons, and the final design utilized a thin- 
wall corrugarion approach (see ANL-78-45, pp. 12-13). This resulted in a 
rectangular container with optimum efficiency as a battery case. Figure 111-5 
is a sketch of the battery case for one of the 20 kW-hr modules. 

* 
MULTIFOIL is a registered trademark of Thermo Electron Corp., Waltham, 
Massachusetts. 



Fig. 111-5. Battery Case for a 20-kW-hr Battery Module 

ii. Ancillary Hardware for the Mark IA Battery 

After the basic cell requirements were determined, a 
method of assembling and packaging 60 cells per 20 kW-hr module was determined. 
For a dynamic environment, the cell block must be considered as a unit to 
determine overall operating characteristics. 

To assure adequate performance of the battery, the 60 cells 9 
must be electrically isolated from one another, yet react as a "lumped mass" for $ 
environmental (vibration and shock) inputs, This task was accomplished by 
assembling the cells into a tray with high-temperature electrical insulation 
completely surrounding each cell. Figure 111-6 is a photograph of a proto- 
type cell tray loaded with aluminum blocks to simulate the actual cell weight. 
This cell tray will be assembled with a prototype battery case and exposed to 
simulated vibrations expected in the vehicle; this test will assure mechanical 
structural capability. 

Additional hardware development consists of selecting and 
testing commercially available parts for specific applications. Some of the 
major items are: temperature controllers, cooling fans, heaters, thermo- 
couples, and appropriate electrical feedthroughs for battery current and 
voltage monitoring. 
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b. Testing of Battery Materials 

Both wire insulation and cell insulation had previously been 
tested under separate ANL contracts. From these test data, the most suitable 
insulation for the Mark IA was chosen. These insulation materials were 
chosen based on hundreds of hours of tests at operating temperature, and 
were determined to be the best choice for their required application, Once 
the materials were received at Eagle-Picher, they were used in actual cell 
testing. These materials have now accumulated over a thousand hours of t e s t ,  
and appear to be adequate as presently designed. 

Adhesive ceramics have also been tested and a candidate chosen 
for use in battery assembly of electrical insulation parts. 

For the application of temperature control and monitoring, the 
K-type thermocouple was chosen for its superior p~rfnrmance a ~ d  expected lifc 
at battery operating temperature and under possible oxidizing atmospheres. 
Even though the battery compartment is tn  h~ maintained under an incrt atrnos 
phere, the K-type thermocouple was determined to be superior to other types 
ul ~Eiermacouples. Thermocouple penetration feedthroughs were also studied, 
and rests comparing the accuracy of temperature measurement by various ap- 
proaches were performed. The tested approaches include straight K-type 
thermocouple wire, K-type thermocouple-feedthrough conductors, and hermetic 
gold-plated copper terminals. The results of these tests indicated that a 
temperature fluctuation of a maximum of 2OC existed under the worst-case 
conditions tested. The hermetic feedthrough copper conductor, with an ex- 
pected accuracy within fl°C, was chosen for thermocouple wires. This accu- 
racy is well within the allowable limits. 



Testing of Battery Hardware 

To support various design requirements, it was necessary to 
conduct tests 01 battery hardware, .including cell trays, temperature control 
and fail-safe equipment and heat-exchanger equipment. 

To aid in the design of cell tray and cell end-plate restraints, 
a test was constructed to determine forces exerted by a restrained cell. Data 
obtained were used in stress calculations for materials of the cell tray. 

As the need for support equipment became necessary, various 
temperature controlling devices and fail-safe equipment became a system re- 
quirement. The temperature control within the battery requires both heating 
and cooling depending upon the load (i.e., driving profile imposed on the 
battery). After the necessary equipment had been designed and fabricated, 
equipment check-out was performed. A test oven was used to simulate the 
battery operating environment and various driving profiles. In every case 
tested, the equipment performed as designed. This equipment may be used in 
the 6-V battery and the 40lk~-hr battery. 

To aid in design of the heat exchanger within the battery, a 
thermal test station was fabricated to determine various efficiencies of the 
heat exchanger. Both smooth-tube and finned-tube applications were tested, 
and data were obtained for use in final hardware design. Figure 111-7 is a 
photograph of the thermal test oven. 

A major requirement of operability of the battery lies in the 
ability to control the temperature within each individual battery module 
during all phases of the chargeldischarge cycle. A thermal management scheme 
was initiated to determine the thermal effects on the battery hardware of 
various cell reactions. From information obtained on reversible heating 
(TAS) and cooling effects and calculations made for irreversible heating 
( I ~ R ) ,  along with anticipated ambient losses of the system, a mathematical 
model was constructed to determine the temperature profile due to these heat- 
ing and cooling effects (see ANL-78-45, pp. 14-15). The program was struc- 
tured with battery current us. time as the variable input, and the response 
is the battery mean temperature vs. time. This design tool has been and will 
C V L I L ~ I I U ~  LO be used for design of various components of the battery hardware. 

d. Support Contracts 

Two industrial firms, Budd Co. and Thermo Electron Corp., were 
contracted by Eagle-Picher to aid in the completion of the tasks required for 
the development of the 40-kW-hr battery. The contract with Budd Co. involves 
design analysis and vibrational testing of a 20-kw-hr module. The contract 
with Thermo Electron Corp. involved the design and fabrication of the insu- 
lated Latrery case lor the Mark IA. 

3. Six-Volt Battery 

A 6-V battery was also included in the statement of work for the 
Mark IA battery program. This battery design and fabrication program has 
aided in defining fabrication techniques for all battery-associated hardware 
in the Mark IA. Fabrication of the 6-V battery hardware preceded fabrication 
of the hardware for the prototype 20-kW-hr module; and valuable fabrication 
experience was gained in container welding and thermal-insulation wrapping. 





a. Cell Design Characteristics and Manufacturing Techniques 

The cell chosen for initial vibration tests was a Li-A1/FeS2 - 
bicell (Type I8 series cells, ANL-78-21, p. 21). This cell configuration, 
suggested for test by ANL, was chosen to determine the effects of vibrations K-. 
on the molybdenum to molybdenum weld joints of the electrodes. Other design z features of the Type I8 cells included the following: continuous molybdenum ,, , 
ribbon from the bottom of the honeycomb current collector to the top of the 
tab bundle, 100-mesh molybdenum screen on positive electrode, no Zr02 cloth 
particle retainers, no BN insulator electrode, and a particle barrier of 
stainless steel 165-mesh screen. 

These cells were constructed primarily to reduce the ratio of -. - 
hardware to active material and thereby increase the specific energy. 

A low activated resistance was found to exist in a number of 
these Type I8 cells. Table 111-5 lists the activated resistance of the cells 
in this series. Various cells with low activated resistances (both cells 
that had been cycled and cells that had not been cycled) were sectioned, and 
in all cases positive active material was found to have migrated through the 
particle retainer screen. Tests were then conducted on Type I8 electrodes 
in electrolyte baths, and it was determined that active material was being 
washed out of the electrodes by the electrolyte during the electrolyte- 
filling operalion. This effect was more pronounced in positive electrodes 
than in negative electrodes. 

Table 111-5. Activated Resistances of 
Type I8 Cells 

Type I8 Electrolyte Activated 
Ccll No, Wsigl~L, g Resistance," 61 

a 
The unactivated resistance of all these 
cells was infinity. 



Subsequently, replacement cells for the defective Type I8 
cells were built with the following design features to prevent the escape 
of active material from the positive electrode: a positive particle barrier 
of 150-mesh molybdenum screen, FeS2 sieved to -40 to f150 mesh, Y203-felt 
particle barriers on both positive and negative electrodes, BN insulator 
electrodes, and particle barriers of 115-mesh stainless steel screen. Figure 
111-8 shows a schematic drawing of these replacement cells. 

b. Vibration Testing and Equipment 

Vibration testing was completed at Eagle-Picher's Environmental 
Laboratory. Equipment used is shown in Fig. 111-9, and includes a Ling Model 
2758 Exciter, a Ling Model PP60180 power supply, and an instrumentation con- 
sole for controlling and monitoring the vibration levels. The cells were under 
constant surveillance with a chargeldischarge cycler and voltage and current 
recorder during vibration testing. 

The cell was placed in the test fixture and bolted to a 
mounting plate (see Fig. 111-10). Under the mounting plate are three layers 
of Transite for heat insulation between the oven and the shaker head. The 
Transite is cut so as to fill as much of the oven as feasible. A cell mount- 
ing plate was bolted through the Transite to the aluminum vibration plate, 
and the aluminum plate was then bolted to the shaker head in such a way as 
not to allow a direct heat path from the oven area to the shaker head. 

The power leads for the cell were four-gauge asbestos insu- 
lated wire, and the voltage monitoring leads were sixteen-gauge high- 
temperature insulation wires being considered for battery usage. A braze 
joint was utilized at the cell terminals to minimize contact resistance (see 
Figs. 111-11 and -12) . 

The cells were vibrated at a level of 0.63-cm (0.25 in.) dis- 
placement amplitude (5-16 Hz) aucl 1.5 g (16-50 Hz), with a swccp time of 
7.5 min. This level was continued Livltil 1.37 x l o 6  vllr~aLiulla1 icy~les were 
accumulated on the test specimen. This fulfilled the minimal requirement of 
1 x lo6 cycles. Vibration was performed on a schedule of approximately a 
4-hr cell discharge (17 A) and no vibration during the approximately 8-hr 
charging mode (9 A). Table 111-6 shows the cell cycling schedule during 
vibration. This table summarizes the vibration/elec~rical sequeaciag of 
the cells. 

c. Results of Vibrational Tests 

A total of 1.37 x lo6 vibrational cycles were accumulated on 
the cells; this is equivalent to over 12 years of expected road life. Several 
problems were encountered during the vibration cycles, but none were related 
to cell operation. Failures experienced during the vibrations were all in the 
lead wires on the shaker. The problems were attributed to oxidation of the 
copper conductors, insulation being torn away, or brittleness of the wire due 
to braze material wicking. These problems were solved and the last three runs 
were without failures. 



Results of this testing indicate that the lithiumlmetal sulfide 
cell will withstand the vibrations due to road usage of the test vehicles. 
As noted above, the failures experienced were in the lead wires, and much 
design effort has been expended to assure that the battery will not have wires 
attached or supported in the same manner. The brazed wire joints and the 
routing of the wires have been designed to eliminate problem areas. 
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Fig. 111-9. Equipment for C e l l  Vibration Tests 
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Fig. 111-11. Vibration Cell Electrical Connections 
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Table 111-6. Cycling Schedule during Vibrations 
- - 

Type I8 Capacity on 
Cell No. Cycle No. Last Cycle, A-hr Vibration 

No 
Yes 
No 
Yes 
No 

No 
Yes 
No 



Gould Inc. 

The development effort at Gould has been directed toward (1) the fabri- 
cat ion and delivery of ~~~er-~lateau* Li-AllFeS? bicells, (2) development of 
Li-Al/FeS multiplate cell designs, (3) development of improved Li-Al/FeS cell 
designs, cell components, and performance characteristics, (4) development of 
electrode fabrication processes suitable for mass manufacturing, and (5) the 
expansion and improvement of cell test facilities. 

The lithiumlmetal sulfide battery program at Gould Inc. has been managed 
by Mr. R. J. Rubischko since mid-1975. A total of nine professionals and 
technicians have been assigned to the program. The program is supported by 
various analytical and shop service groups. The L~/Ms Program is organized 
to function as a team on major tasks with the primary responsibilities for 
specific items assigned to the individuals. Mr. L. W. Eaton, Project 
Engineer, is responsible for overall cell design and fabrication, tooling, 
and positive electrode deveiopmenr. Mr. E. J. Cl~a~lry is responsible for scp 
arator fabrication and development, seal development, facilities, and special 
cell testing. D r .  F. Marikvr Is ruspuusible lor the post operative analyoic 
of cell-s, materials evaluation, and negative electrode development. 
Mr. R. E. Thompson is responsible for cell life-testing, data analysis, and 
computer modeling. Mr. Y. B. Assaf is responsible for quality assurance, 
documentation, and material procurement and control. Mr. T. E. Bickman is 
responsible for test facility design and installation. Mr. H. Kramer, 
Mr. S. Lockwood, and Mr. N. Luna are technicians who have the responsibility 
for fabrication, assembly, inspection and testing of components and cells. 

1. Upper-Plateau Li-~l/~eS2 Test Cells 

About 55 upper-plateau Li-A1/FeS2 bicells were fabricated from 
September 1977 to December 1977. At that time they represented the largest 
single set of lithium alloylmetal sulfide cells fabricated. Tile Guuld cells 
were assembled in accordance wiLh previously defined specificaLlous, l~rliulll- 
leak checked, filled with electrolyte, elec~rochemically formed through Lwo 
cycles of charge and discharge, coated with high-temperature paint, and de- 
livered to ANL for testing. The primary problem encountered in the assembly 
of these cells was the welding of molybdenum current-collector components. 
Several design modifications were required to improve the quality of the 
welds which were failing due to embrittlement ot molybdenum during welding. 
Problems were also encountered during the electrolyte filling operation. 
These problems were related to the heating system of the fill-formation fa- 
cility and were not associated with the cells. This equipment has since 
been modified and improved. The final upper-plateau FeS2 cells were de- 
livered to ANL by early-February 197U. Tlia testing of these cells is being 
carried out at ANL (see Section IV.A.3). 

2. Development of Li-Al/FeS Multiplate Cells 

As a part of the L ~ - A ~ / F ~ s  development effort, a multiplate cell 
design was developed during September-October 1977. Detailed drawings and 
specifications were delivered to ANL at that time. The multiplate cell con- 
figuration is shown in Fig. 111-13. Two prototype multiplate~cells were 

..-- 7 

* 
These cells are operated only on the upper of two voltage plateaus that are 
characteristic of FeS2 cells. 



I -&%;'1, ,/-Nag. Posts - 6  Req'd 
- 

L L C C T R O ~ C  I n S u L A l O I  COST 

separator - Pantcle 

. .- 
I - :  - 

Fig. 111-13. Multiplate Cell Design 



fabricated after a design review held at ANL in November 1977. The first 
cell failed during the formation cycles due to the insufficiency of 
added electrolyte. A second cell was assembled and placed on test at Gould 
early in March 1978. This is the first multiplate Li-Al/FeS electric-vehicle 
cell operated successfully at Gould. The cell weighed 6.5 kg and had a theo- 
retical capacity of 535 A-hr. It was tested through 43 cycles (over 
1150 hours) until a faulty container weld caused about one third of the elec- 
trolyte to drain away from the cell. The cell was discharged at various cur- 
rents, the highest current being 100 A (58 nA/cm2). The specific energy was 
1152 W-hr/kg at 100-A discharge and 1190 W-hr/kg at 40-A discharge currents. 
The performance characteristics were essentially identical to those of a simi- 
lar bicell, X-9. The resistance of the multiplate cell, based upon current 
interruptions, was 0.8 mi2 at t = 0 sec and 1.1 m62 at t = 15 sec. Further 
development of multiplate cell designs will follow the demonstration of reli- 
able performance in bicells using BN-felt separators. 

3. Development of L ~ - A ~ / F ~ s  BicelLs 

Tke Gvuld effort for Li-Al/PeS cell development has bccn dircctcd 
toward (1) the design of cell components and development of tabrication 
techniques that will enable a high rate of production at low cost while 
maintaining technical reliability, and (2) the evaluation of electrode com- 
position and porosity as well as separatof form and canfiguratioh. The ef- 
fects on cell operation of electrode and separator operating characteristics 
need to be identified to optimize cell performance. Rigorous evaluation of 
the effects of varying positive electrode formulation, negative electrode 
fabrication and composition, and fiber density of separator material requires 
a formidable number of cells. Within the scope of the current project, con- 
siderable care had to be devoted to untangling the cross eftects of modifica- 
tions in the cell design. 

The initial FeS cells (see Fig. 111-14) consisted of a single posi- 
tive electrode compacted with a current collector consisting of 100 g of 
expanded metal in 24 layers, a 125-pm (5 mil)-thick iron sheet, and a 0.6-cm 
(0.25 in.)-dia iron rod. These cells also had two hot-pressed Li-Al negative 
electrodes containing iron current collectors. The electrode separator and 
particle retainer were made of BN cloth and Zr02 cloth, respectively. The 
cell can was made of 0.058-cm (0.023 in.)-thick 1010 steel and had a heavy, 
bulky seal. The recent cells have two positive half-slabs of active 
materials sandwiched between a current collector of 0.0325-cm (0.013 in.) 
nickel sheet topped with a bus bar. This electrode is wrapped with a 250-mesh 
stainless steel screen. A shoebox-type screen basket holds a separator of 
nonwoven BN-felt face sheets and side strips around the positive electrode; 
the two negative electrodes, which were hot pressed from alloy powder, have 
no current collector. The cell uses Li-rich electrolyte and the cell can is 
made of either 304 stainless steel or 1010 steel. The seal is small, simple, 
and weighs only 60 g. The logic behind the evolutionary process in cell design 
as well as the problems encountered and the solutions that emerged are all 
discussed in the following section. 

Appendix A presents the engineering characteristics of the forty 
Li-Al/FeS bicells (the X series) built to date. The table summarizes the 
important design parameters along with information on positive material 
utilization, cell resistance, specific energy, and cycle life. 
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a. Cell Design and Separator Development 

The objective of this effort is (1) the development of improved 
cell hardware configurations which result in increased cell specific energy, 
reduced cell impedance and low cost, and (2) the development of improved fab- 
rication techniques which lead to increased reproducibility and reliability, 
incr.eased productivity (reduced labor input), and low cost. In the evolution- 
ary process towards these goals, four chronological phases of development 
were identified. 

i. Phase I 

It was realized early in the first phase of cell develop- 
ment that the several layers of X-met used in the positive and negative elec- 
trodes constituted an underestimate of the conductance of the electrode active 
materials. The removal ol: the expanded metal greatly simplified electrode 
fabrication and cell assembly, and permitted the sandwiching ul: a 0.0058 cm- 
thick-1010 steel sheet between the hot-pressed positive half slabs. Cells 
assembled in this manner showed a decrease in resis~ance lueasurecl Ly c u ~ c e u t  
interruption (at t = 0 and t = 15 seconds). Attempts were also made during 
this period to replace the expensive ($250/m2) Zr02 cloth used as a particle 
retainer with low-cost carbon felt. These attempts did not succeed since 
the electrolyte would not wet the carbon felt even after pretreatment with 
electrolyte solutions. Since the hot pressing of the negative electrode is 
not amenable to high rates of production, discussions were begun with the 
Aluminum Company of America (ALCOA) to attempt to extrude a 5 wt % Li-A1 alloy. 
As a test of this approach, slabs of 4.56 wt % Li-A1 alloy with nine machined 
ribs (to provide the appropriate electrode spacing) were incorporated in cell 
X-7. This represents one of the first attempts to incorporate a solid lithium 
alloy in an engineering cell. After a dozen cycles, cell operation was ter- 
minated, and the cell was examined. 

ii. Phase I1 

Separator cups fabricated from BN woven cloth were used 
in all the experimental Li-Al/FeS bicells, up to X-9. The use of a cloth 
separator results in significant porosity variations in the separator, and 
this was suspected to lead to nonuniform active-marerfal utilization and in- 
creased cell resistance. Also, fabrication techniques involving BN cloth 
cups were unsuitable for mass manufacturing, and BN cloth was by .far the most 
expensive single item in the cells ($5900/m2) . Evaluation of BN felt config- 
urations was the highest priority in the Gould cell development pro ram. a Since BN felt was not available from either ANL or Carborundum Co., it was 
tabr~cated at Gould from BN fibers salvaged ILUIU scrap clot11 pieces. The felt 
was pretreated with an aqueous solution of LiC1-KC1 to promote wetting by 
electrolyte in the cell. The treated felt was formed into two half cups, and 
the positive electrode with the Zr02 cloth wrap was placed in the shoe box- 
type structure produced by mating the half-cups. The use of these felt cups 
along with the replacement of the iron sheet by a nickel-sheet current collec- 
tor (selected for its superior conductivity and electrochemical stability) was 
the most important design modification tested during the second phase. 

* 
Contracted by ANL to fabricate BN felt (see Section VI1.B). 



The fabrication of the felt cups is an extremely difficult 
process and was not satisfactory even as a temporarymeasure. (The first 
multiplate cell, GIII-2, assembled during this period was built using the more 
familiar cloth cups.) 'The next step in separator development was to evaluate 
the potentially less expensive sheet separators. Cell X-11 which employed 
5.25 wt % Li-A1 alloy extrusions purchased from ALCOA limited the capacity of 
the negative electrode on discharge (determined by a LiAl reference electrode). 
Metallographic examination of the extruded material indicated that the distri- 
bution of the lithium-ion-conducting 6-LiA1 phase was in the form of isolated 
island-like platelets rather than as an interconnected network in the a-matrix 
as observed in the cast material. Under these circumstances, a multiplate 
cell was constructed using negative electrodes of compacted 8.18 wt % alloy 
powder, the only innovation being hot pressing without electrolyte. This 
fabrication technique has produced reliable negative electrodes which have 
never shown any discharge limitation, even against the best of the positive 
electrodes. 

Concurrent with these design changes in negative elec- 
trodes and separators were experiments to improve positive-material utiliza- 
tion, an important parameter in achieving high specific energy. Increasing 
the iron content in the positive electrode to twice the stoichiometric 
amount in Cell X-21 resulted in a significant increase in utilization at 
high rates of discharge. The performance improvements seen in X-21 were 
surpassed significantly in Cell X-22 where the excess iron, carbon and cobalt 
additives were employed in conjunction with the use of a LiC1-rich electrolyte 
(49 wt % LiC1). Cell X-22 was the first engineering cell to demonstrate 
nearly 100% positive utilization at up to a 30-m~/cm~ current density. Some 
of the performance characteristics of this cell are listed in Table 111-7. 
Cell X-22 had a typical resistance of 2.8 ma at t = 0 sec and 3.3 mR at 
t = 15 sec. Cell X-22 had, in addition to the 100% excess iron, 5 wt % cobalt 

Table 111-7. Performance Data on Cell X-22 

Current, A Coul.ometric Sulfur Specific 
Charge Dischargea Eff., % Utilization, % Energy, W-hr/kg 

a 
Number in parentheses indicates discharge current density in milliamperes 
per centimeter squared. 

$c 
Recommended by ANL investigators as a means of limiting the formation of the 
utilization-restricting "J-phase" (LiK6Fe24S26C1). 



and 5 vol % carbon; the importance of these additives will be discussed in 
a later section. In addition to attaining high electrochemical efficiency, 
X-22 also was the first cell to employ felt-sheet separators. These felts 
were fabricated at Gould and pre-treated with LiC1-KC1 in the manner previ- 
ously described. After some.30 cycles of operation (about 750 hr) the cell 
developed a short circuit. Post-operational analysis revealed that migration 
of active material in one of the BN junctions at the bottom of the cell was 
the cause of the failure. 

iii. Phase I11 

A closer examination of the feasibility of using dense, 
solid negative electrodes was undertaken during this phase. The experience 
gained earlier pointed to the possibility of using sliced slabs of cast 
material, and five cells were made with 6 wt % Li-A1 in the slab form. In 
these cells, the negative electrode limited discharge capacity, and the low 
lithium content of the alloy was thought to be responsible for elins Behavior. 
Slabs machined from an 8 wt % alloy were used in the next five cells, but the 
problem persisted. It is now surmised that a blocking layer of some sort at 
the negativelelectrolyte interface is responsible for impeding ion transport. 
A study of this phenomenon has been deferred until the positive-electrode 
felt separator has been optimized. 

In order to contain the active material at the positive 
electrode edge, we used a thin metal "U" channel around the electrode. Posi- 
tive electrodes framed with edge channels prefabricated from a 1010 steel 
strip (1.25-cm wide and 0.023-cm thick) were used in Cells X-26 through X-40. 
None of these cells operated for more than ten cycles. Post-operative anal- 
ysis revealed that the most frequent mode of failure was the crushing of the 
separator between the shoe-box screen basket and the rigid, inflexible edge 
channels, probably during cell assembly. Other solutions had to be sought 
for the edge-containment problem. 

Cell X-25 was built to assess Y203 felt as a separator. 
The cell had a very short life and post-test examination revealed partial 
penetration of the separator by the screen basket in several locations and 
a short circuit on the separator face wider than 2.54 cm. Such extensive 
penetration of the separator has never been encountered with Gould-fabricated 
felt or Carborundum-fabricated BN cloth. The Y203 felt was rvul~cl to have poor 
compressive strength (the nominally 0.1-cm and 0.2-cm thick felts required 
typically 94.5 and 161 H a ,  respectively, to be compressed to half their thick- 
ness) and practically no resilience. When compressed to their half thick- 
nesses, the Y7,03 felts crumbled, and it is questionable whether the material 
can be handled successiully in any cell. 

iv. Phase IV 

In the current stage of the development program we .are 
evaluating the effectiveness of a 250-mesh stainless steel wrap around the 
positive electrode; th'is wrap serves as a particle retainer and edge con- 
tainer. In addition, BN felt* is being evaluated as separators. Initial 
experiments have shown that the sprinkling of LiA1C14 on these felts, as 

* 
Fabricated by Carborundum Co. (f ibir density, 30-60 mg/cm2). 



recommended by ANL ( s e e  ANL-77-68, p.  4 2 ) ,  promotes w e t t i n g  by e l e c t r o l y t e  
i n  t h e  c e l l .  C e l l  X-34 had a  s e p a r a t o r  f a b r i c a t e d  of BN f e l t  (45-mg/cm2 
f i b e r  d e n s i t y ) .  A s i n g l e  l a y e r  of f e l t  was used f o r  e a c h  e l e c t r o d e  f a c e ,  
w i t h o u t  any s u p p o r t i n g  Zr02 c l o t h .  P o s t - o p e r a t i o n a l  a n a l y s i s  of t h i s .  c e l l  
i d e n t i f i e d  a  s h o r t  c i r c u i t  caused by l o s s  of s e p a r a t o r  i n  a t  least  one r e g i o n .  
The s e p a r a t o r  t h i c k n e s s  was t y p i c a l l y  0.05 t o  0.075 cm a s  compared t o  t h e  
u s u a l  t h i c k n e s s  of 0 . 1  cm used w i t h  Gould f e l t s  of 60-mg/cm2 d e n s i t y .  

A p r i o r i t y  of t h e  f o u r t h  phase  i s  t h e  r e d u c t i o n  of t h e  
e x c e s s  i r o n  used i n  t h e  p o s i t i v e  e l e c t r o d e  of C e l l s  X-22 and X-21. It i s  
p o s s i b l e  t h a t  t h e  i d e a l  amount of e x c e s s  i r o n  i s  above 1 0  wt %, f a r  below 
t h e  100 wt % used in X-21 and X-22. A r e d u c t i o n  of t h e  e x c e s s  i r u u  w i l l  
r e s u l t  i n  s i g n i f i c a n t  improvements i n  s p e c i f i c  energy.  Cells are c u r r e n t l y  
be ing  assembled o r  t e s t e d  t o  e v a l u a t e  BN-felt s e p a r a t o r s  t r e a t e d  w i t h  LiA1C14, 
and l i m i t e d  e x c e s s e s  of i r o n  powder i n  t h e  p o s i t i v e  e l e c t r o d e .  

b. P o s i t i v e  E l e c t r o d e  Development 

A n a l y s i s  of t h e  e f f e c t  of p o s i t i v e  e l e c t r o d e  d e s i g n  on c e l l  
s p e c i f i c  energy l e d  t o  t h e  r e c o g n i t i o n  of t h e  importance of a t t a i n i n g  h i g h  
p o s i t i v e - m a t e r i a l  u t i l i z a t i o n  a t  h i g h  c u r r e n t  d e n s i t i e s .  The improvement 
of p o s i t i v e  u t i l i z a t i o n  was a l l o c a t e d  a  p r i o r i t y  second o n l y  t o  t h e  s e p a r a t o r  
development.  F i g u r e  111-15 shows t h e  p o s i t i v e  u t i l i z a t i o n  ach ieved  i n  some 
of t h e  Gnuld c e l l s  as a  f u n c t i o n  of c u r r e n t  density, and Tab le  111-8 des-  
c r i b e s  t h e  p o s i t i v e  e l e c t r o d e  d e s i g n .  

C e l l  G-11-03-003, one of t h e  ' f i r s t  Gould- fabr ica ted  FeS b i c e l l s ,  
used c o n s i d e r a b l e  amounts of copper  s u l f i d e .  T h i s  a d d i t i o n a l  m e t a l  s u l f i d e  i n  
t h e  p o s i t i v e  e l e c t r o d e , r e s u l t e d  i n  a n  i n c r e a s e  i n  u t i l i z a t i o n ,  b u t  i t  was 
f e a r e d  t h a t  t h e  f a i r l y  s o l u b l e ,  r e a d i l y  r e d u c i b l e  copper  i o n s  might have a  
d e t r i m e n t a l  e f f e c t  on c e l l  l i f e .  T e s t i n g  of t h e  l a t e r  c e l l s  (X-9, -21, and 
-22) showed t h a t  s m a l l  q u a n t i t i e s  of c o b a l t  and carbon (XC-72 Cabot Black) 
when p r e s e n t  t o g e t h e r  i n  t h e  p o s i t i v e  mix a r e  even more e f f e c t i v e  t h a n  copper  
i n  improving t h e  u t i l i z a t i o n .  The c u r v e  f o r  C e l l  X-9 i n  F ig .  111-15 c l e a r l y  
shows t h i s  improvement. The m u l t i p l a t e  c e l l ,  GIII -2 ,  which a l s o  had c o b a l t  
and ca rbon  added t o  t h e  p o s i t i v e  e l e c t r o d e ,  showed e s s e n t i a l l y  i d e n t i c a l  
u t i l i z a t i o n  t o  t h e  b i c e l l s  w i t h  t h i s  a d d i t i v e .  

Another impor tan t  f i n d i n g  was t h a t  a n  e x c e s s  of i r o n  i n  t h e  
p o s i t i v e  e l e c t r o d e  r a i s e d  t h e  u t i l i z a t i o n  even f u r t h e r .  C e l l  X-21 shows t h e  
b e n e f i t s  ga ined  by p r e p a r i n g  t h e  d i s c h a r g e d  p o s i t i v e  e l e c t r o d e  w i t h  t w i c e  
t h e  s t o i c h i o m e t r i c  amount of i r o n  powder. The b e s t  r e s u l t s  o b t a i n e d  t h u s  
f a r  have been i n  Cell X-22. I n  t h i s  c e l l ,  t h e  a d d i t i o n  of c o b a l t ,  c a r b o n ,  
and e x c e s s  i r o n  t o  t h e  p o s i t i v e  e l e c t r o d e  was supplemented w i t h  t h e  u s e  of 
LiC1-rich e l e c t r u l y t e .  The u t i l i z a t i o n s  ach ieved  i n  t h i s  c e l l  a r e  t h e  h i g h e s t  
f o r  Li-Al/FeS e n g i n e e r i n g  c e l l s  o p e r a t e d  a t  Gould t o  d a t e .  

Cells a r e  be ing  b u i l t  a t  p r e s e n t  t o  o p t i m i z e  t h e  compos i t ion  
of t h e  e l e c t r o l y t e  arid t o  minimize t h e  e x c e s s  i r o n ,  o r  t o  s u b s t i t u t e  i t  w i t h  
o t h e r  e lements  i n  l i m i t e d  amounts t o  e s c a p e  t h e  weight  p e n a l t y  s u f f e r e d  i n  
u s i n g  l a r g e  e x c e s s e s  of i r o n .  



(Temperature of Operation: 4 3 0 ' ~ )  

X-22 (Initial Data: 366 Hrs.) 

X.21 (Final Data: 1200 Hrs.) 

X-9 (Final Data: 250 Hrs.) 

GIII-2 Multiplate (472 Hrs.) 

GI1 03 003 Bowline (Final Data; 
XM 31 (336 Hrs.) 

X-8A (Final Data: 172 Hrs.) 
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Fig. 111-15. Positive Utilization as a Function of Current Density 
for Seven Gould Ce.J.1-s 



T a b l e  111-8. P o s i t i v e  A d d i t i v e  O p t i m i z a t i o n  of Li-Al/FeS C e l l s  

~ d d i t i v e s ~  

E l e c t r o l y t e ,  c , CO,  Excess  Fe, C I ~ ,  
C e l l  wt % LiCl  v o l  % wt % w t  % wt % POS. ~ t i l . , ~  % 

a 
Volume p e r c e n t  of a c t i v e  mix minus s a l t ;  wt % of s t o i c h i o m e t r i c  amount of 
a c t i v e  i r o n .  

b ~ e a s u r e d  a t  59 mh/cm2. 

c .  Nega t ive  E l e c t r o d e  D e v e l o ~ m e n t  

As i n  s e v e r a l  o t h e r  baCLery sys tems ,  t h e  n e g a t i v e  e l e c t r o d e  
i s  a s s o c i a t e d  w i t h  lower m a t e r i a l  weight  p e r  u n i t  c a p a c i t y  and i s  l o g i c a l l y  
t h e  s o u r c e  of e x c e s s  c a p a c i t y .  I n  view of t h e  importance of improving p o s i -  
t i v e  u t i l i z a t i o n ,  t h e  Gould e f f o r t  h a s  avoided b u i l d i n g  FeS c e l l s  i n  which 
t h e  c a p a c i t y  i s  l i k e l y  t o  be  l i m i t e d  by t h e  n e g a t i v e  e l e c t r o d e .  

The f o c u s  of n e g a t i v e - e l e c t r o d e  improvement under  thes 'e c i r -  
cumstan.ces h a s  been on t h c  u s e  of dense ,  s o l i d  n e g a t i v e  s t r u c t u r e s  u l t i m a t e l y  
aimed a t  p r o d u c t i o n  by e x t r u s i o n  of Li-A1. S l i c e d  s l a b s  of c a s t  Li-A1 a l l o y  
w i t h  machined r i b s ,  ALCOA ex t ruded  s h e e t ,  and sawed s l a b s  of c a s t  m a t e r i a l  
( compos i t ions  rang ing  from 4..6 t o  8 . 2  wt % l i t h i u m )  were employed as n e g a t i v e  
e l e c t r o d e s  i n  e n g i n e e r i n g  c e l l s .  Using Li-A1 w i r e  r e f e r e n c e  e l e c t r o d e s ,  s o l i d  
s t r u c t u r e s  i n  t h i s  compos i t ion  r a n g e  s u f f e r e d  s e r i o u s  p o l a r i z a t i o n  on d i s -  
charge .  No such l i m i t a t i o n  was found w i t h  n e g a t i v e  e l e c t r o d e s  of hot-pressed 
powder. I n  t h e  e a r l y  Gould c e l l s ,  4 . 6  wt % Li-A1 powder e l e c t r o d e s  compacted 
w i t h  e l e c t r o l y t e  performed s a t i s f a c t o r i l y .  However, a s  t h e  u t i l i z a t i o n  of 
t h e  p o s i t i v e  e l e c t r o d e  i n c r e a s e d ,  g r e a t e r  u t i l i z a t i o n  of t h e  n e g a t i v e  e l e c -  
t r o d e s  was r e q u i r e d .  Evidence from t h e  ANL t e s t i n g  of Gould upper -p la teau  
FeS2 c e l l s  ( s e e  S e c t i o n  IV.A.3) h a s  i n d i c a t e d  t h a t  n e g a t i v e - e l e c t r o d e  l i m -  
i t a t i o n  o c c u r s  a t  8 wt % l i t h i u m .  Thus, i t  was dec ided  t h a t  compacted nega- 
t i v e  e l e c t r o d e a  of 8 wt % Li-A1 puwder be  used i n  e x p e r i m e n ~ a l  c e l l s .  The 
charged composi t ion of t h e s e  n e g a t i v e  e l e c t r o d e s  i s  s e t  a t  17 t o  1 8  wt % L i  
by d e s i g n .  S i n c e  i t  i s  b e l i e v e d  t h a t  t h e  upper  l i m i t  f o r  e x t r u s i o n  of LiAl  
i s  about  5 w t  % Li, t h e  s o l i d - e x t r u s i o n  approach has been abandoned. Yowder 
r o l l i n g  i s  now be ing  cons idered  as a t e c h n i q u e  f o r  mass manufac tu r ing .  



d. Current Collector Development 

The baseline cell GII-03-003 had several layers of X-met em- 
bedded in both the electrodes for the purpose of current collection. The 
conductance of the negative electrode was not improved by the X-met and 
negative current collectors were eliminated in the early X-series cells. 
No increase in cell resistance was found when the X-met in the negative 
electrodes was removed. The X-met current collectors in the positive elec- 
trodes were also removed, and a central iron sheet (0.058-cm thick) sand- 
wiched between simple slabs of positive material was substituted. This 
substitution led to a decrease in cell resistance. 

The improvement in the cell resistance characteristics caused 
by lighter, more efficient current collector systems is shown in Table 111-9. 

Table 111-9. Development of the Current-Collector System 
for Li-Al/FeS Cells 

-. - 
Current Collector System Resistance, mR 

Cell  ater rial^ g/A-hr t = 0 sec t = 15 sec 
-. ,- - 

GII-03-003 Fe (0.0125) 1.89 4.5 5.. 4 

a 
Numbers in parentheses i~lclicate thickness of sheets in centimeters. 

'~easured at a 50% depth of discharge. 

C ~ ~ ~ u l ~ l p l a ~ e  csJ 1. design, 

The measurements ul: the cell resistance are made utilizing 
well defined current-interruption measurements of the cell impedance. The 
cell resistanc~. diagram in Fig. 111-16 was constructed on the basis of such 
data for a cell with a BN-felt separator (0.15-cm thick, 60 mg/cm2), and at 
50% charge. Measurements of the resistance at cell-operating temperature 
of the inactive metallic components are also included in this figure. 
Studies of this nature indicated that a consid.erable saving in weight is 
possible by substituting 0.032-cm thick nickel sheet fnr  0.058-cm thick iron 
sheet, thereby exploiting the higher conductivity of nickel. Bicells cur- 
rently being made employ a nickel sheet topped with a bus bar as the 
positive current collector; the cell can provides negative current collec- 
tion. Bicell X-40 demonstrated the best resistance characteristics achieved 
thus far, the measured resistance in the half-charged state being 2.5 mR at 
current interruption and 3.0 mR 1-5 sec later. 



Resistance of Symbol Value 

T o t a l  Cel l  RT  2.7 m a  

-D Reference - Posit ive R-P 2.5 m a  
L 
2 Reference - Negative R-N 0.2 m a  
<u 

Seal R~ 0.86 m a  

Current  Col lector k c  0.4 m a  

Elec t ro ly te  . R E  0.29 m a  
B 

Negative Mater ia l  - !NM <0.05 @ 
3 
u Negative E lec t ro ly te  - R~~ 1.2mS2 
m 
0 Positive E lec t ro ly te  R~~ 2.1 m a  

a Positive Mater ia l  
u R~~ 

2.31 m a  
C 

Container 
22 + R~ c~ 0.05 m a  
c Negative Termina l  R~~ 

Fig. 111-16. Gould LiAl/FeS Bicell Resistance Diagram 

Efficient communication of the results of post-operative anal- 
ysis is a crucial part of the cell development program. For this analysis, 
the cell is sectioned at room temperature and these sections are carefully 
examined by photomicrography. Other relevant details recorded during post- 
test analysis include the average thickness of the separator, the extent of 
wetting by the electrolyte, and the presence or absence of electrolyte in 
various parts of the cell. 

A post-operative cell diagram is shown in Fig. 111-17 for 
bicell X-34. The resistance of the cell at room temperature as well as that 
of the sawed sections provides information on the elfectiveness of material 
containment. The location in the. cell and approximate areas that are the 
subject of low-magnification photomicrography are indicated by P,. The 
photographs, usually obtained at 10X magnification, are of immense value in 
documenting design faults and other peculiarities. 

Figure 111-18 presents some of the common modes of cell fail- 
ure determined by the post-operative analysis.at Gould. These include rup- 
ture of the separator causing a short circuit, penetration of the separator 
by the negative screen, crushing of the separator between the positive edge 
channel and the negative scseeri, and escape of positive active material 
through the separator. 



Cell X34 

0.0 n 

Fig. 111-17. Diagram of a Post-Operative 
Cell (Px indicates the 
location of available 
photographic record) 



a. Separator discontinuity. 
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Fig. 111-18. ~ h o t o ~ i c r o ~ r a ~ h s  of Cell Sections Illustrating 
Common Mode of Failure in Gould Cells 



d. Separator crushed between edge channel 
and screen. 

e. Mrct~arrical damage ot screen basket caused by negative 
electrode. 

Ff g . 111-18. (contd) 

Photomicrographs of Cell Sections Tll i letrating 
Camnon Mode of Failure i n  Could Cells 



4 .  Process Development 

A requiremcnt of the cell development program is that the fabrica- 
tion procedures be capable of mass producing cell materials at a high rate 
and low cost. Much effort has been expended on (1) developing extrusion 
processes to produce electrodes, and (2) modifying the cell design to utilize 
nonwoven separators. In addition, the program is using more industrially 
fabricated hardware in order to reduce development cost and increase material 
reliability. 

a. Negative Electrode Extrusion 
-. - 

Due to the high electronic and ~ i +  conductivity of the nega- 
tive electrode, we decided to test dense, solid forms of the material; the 
mechanical properties of lithium-aluminum alloys also indicated that they 
were suitable candidates for hot extrusion. The first experimental extru- 
sions were produced. by the Aluminum Company of America from 5.25 wt % Li-A1 
ingots supplied by Kawecki Berylco Industries. Ten'billets (%I80 kg) of 
this material were extruded at temperatures between 370 and 480°C into flat 
as well as ribbed sheet forms. The sheets (12.8-cm wide, 0.375-cm thick) 
were extruded at 25 to 50 cmlmin of billet length. This process can 
sufficient negative material for 1.75 kW-hr of LiAl/FeS cells based on the 
GI11 design in one minute. However, the material when used as a negative 
electrode in an engineering cell (X-11) severely limited capacity on dis- 
charge. This could be due to the distribution of the highly ~ i +  conducting 
B-LiA1 phase in the form of isolated platelets in the extruded material, 
rather than as an interconnected network of veins as has been observed in 
the as-cast material. 

Sawed slabs of cast material of the same composition also 
exhibited negative discharge limitation, although not as severe as with the 
extruded alloy. Sawed slabs of cast material containing up to 8.18 wt % Li 
ha.ve heen evaluated as negative electrodes, and all of them were found to 
polarize on discharge; no such limitation occurs with powders of the same 
composition. While this phenomenon is being investigated, the hot-rolling 
of alloy powders is being considered as an alternative to the abandoned ex- 
trucion method. 

b. Positive Electrode Extrusion 

The positive electrodes in the Gould experimental cells have 
bcen fabricated by hot pressing a mixture of lithium sulfide, iron powder, 
and electrolyte at temperatures close to the melting point of the electrolyte. 
By this method, it has been possible to prepare electrodes with porosities 
(electrolyte + void volume) in the range of 35 to 40%, but the temperature 
and pressure during eler.trode fabrication have to be maintained in a rather 
narrow range to ensure reproducibility. 

An extruder capable of producing positive half-electrode slabs 
was designed in November 1977 and an experimental extruder capable of pro- 
ducing strips (2.54-cm wide, 0.33-cm thick) was designed and constructed soon 
afterwards. This ,extruder unit consists of a stainless-steel pressure tube 
closed at one end by the ram of a hydraulic cylinder and provided with an 



a p p r o p r i a t e  opening a t  t h e  o t h e r  end.  The t u b e  i s  surrounded by e l e c t r i c a l  
h e a t e r s  c a p a b l e  of r a i s i n g  t h e  t e m p e r a t u r e  t o  400-500°C. The ram i s  c a p a b l e  
o f  e x e r t i n g  up t o  1 4  MPa (2000 p s i )  p r e s s u r e .  The u n i t  can  h a n d l e  abou t  
500 g of a c t i v e  m a t e r i a l ,  s u f f i c i c n t  f o r  t h e  p o s i t i v e  e l e c t r o d e  i n  one ex- 
p e r i m e n t a l  b i c e l l .  

The e x p e r i m e n t a l  e x t r u d e r  h a s  been 1)lagued w i t h  h e a t e r  burn- 
o u t  problems. However, t h e  s m a l l  chunks of m a t e r i a l  e x t r u d e d  i n  e a r l y  oper-  
a t i o n  seem t o  be  v o i d - f r e e ,  and t h i s  i s  encouraging.  A p a r t  of t h e  h e a t e r  
problem i s  due t o  t h e  a d v e r s e  surface-to-volume r a t i o  of t h e  s m a l l  e x p e r i -  
m e n t a l  u n i t .  Thus, i t  i s  d e s i r a b l e  t o  s w i t c h  t o  a f u l l - s i z e ,  l a r g e r  u n i t  a s  
soon as t h e  f e a s i b i l i t y  of t h e  t e c h n i q u e  i s  e s t a b l i s h e d .  The e x p e r i m e n t a l  
u n i t  i s  now f u l l y  o p e r a t i o n a l ,  and t h e  e f f e c t s  of v a r i a t i o n  i n  t h e  e1ectro.-  
l y t e  p o r t i o n  of t h e  p o s i t i v e  m a t e r i a l  a r e  being e v a l u a t e d .  

c. F a b r i c a t i o n  of C e l l  Hardware 

Although t h e  u l t i m a t e  r e d u c t i o n  i n  c o s t  of c e l l  hardware h a s  
t o  w a i t  u n t i l  t h e  components- are manufactured by t h e  thousands ,  s i g n i f i c a n t  
s a v i n g s  i n  t h e  ongoing program can be  ach ieved  by u s i n g  i n d u s t r i a l l y  s u p p l i e d  
hardware .  The Gould development program h a s  advanced t o  t h e  s t a g e  a t  which 
t h e  o n l y  ha rdware- re la ted  o p e r a t i o n s  performed in-house a r e  t h e  assembly of 
t h e  seal which is  t h e n  welded t o  t h e  c u r r e n t  c o l l e c t o r .  and can  t o p ,  and t h e  
f i n a l  assembly of t h e  e n t i r e  c e l l .  The c o s t  of hardware i n  a n  e x p e r i m e n t a l  
b i c e l l  i s  about  $40.15 a t  p r e s e n t .  The p r i c e s ,  i n  l o t s  of 100 u n i t s ,  of  t h e  
i n d i v i d u a l  m e t a l l i c  components a r e  l i s t e d  i n  Tab le  111-10. 

Table  I I I -10 .  Cost  o f  l ~ l e t a l l i c :  Ha~dware in Gould C e l l s  

Component Quant .i t y A.~resage P r i c e ,  $ 

S e a l  Body 

S e a l  P o s i t i v e  P o s t  I n n e r  

S e a l  P o s i t i v e  P o s t  Oute r  

C e l l  Top Cover 

C e l l  Can 

S t e e l  (0,058-cm t h i c k )  

S t e e l  (0.045-cm t h i c k )  

S S  (0.037-cm t h i c k )  

Top R e t a i n e r  Basket  

Assembly Cur ren t  C o l l e c t o r  

Cur ren t  C o l l e c t o r  P l a t e  

Cur ren t  C o l l e c t o r  Bar 

S ide  . C e l l  Shims 



The r e d u c t i o n  i n  c o s t  of m e t a l l i c  hardware p e r  c e l l  d u r i n g  
t h e  p a s t  y e a r  i s  probab ly  o v e r  a n  o r d e r  of magnitude.  S i m i l a r  r e d u c t i o n s  
jn  c o s t  have been ach ieved  f o r  t h e  ceramic  p a r t s  used i n  t h e  seals. Whereas 
t h e  Y203 and A1203 bush ings  i n  t h e  s e a l s  f o r  e a r l i e r  c e l l s  c o s t  $113 p e r  c e l l  
( exc lud ing  t o o l i n g  c o s t s ) ,  t h e  r -orresponding p a r t s  i n  t h e  s e a l s  f o r  more 
r e c e n t  c e l l s  c o s t  $11.30 p e r  c e l l .  

5. F a c i l i t i e s  t o  Assemble and T e s t  C e l l s  

Gould h a s  a  f a c i l i t y  f o r  f a b r i c a t i n g  and assembl ing  c e l l s  i n  a n  
a rgon  atmosphere.  T h i s  f a c i l i t y  is' s c h e m a t i c a l l y  r e p r e s e n t e d  i n  F ig .  111-19, 
and i n c l u d e s  luruace w e l l s ,  a h y d r a u l i c  p r c o o  (35 t o n ) ,  and welding 
equipment. A plasma a r c  welder  w a s  a c q u i r e d  and i n s t a l l e d  r e c e n t l y .  The 
a rgon  atmosphere i s  p u r i f i e d  and c o n d i t i o n e d  by two independent  sys tems ,  each  
of which i s  c a p a b l e  of o p e r a t i n g  t h e  e n t i r e  glove-box system i f  r e q u i r e d .  
The p u r i f i c a t i o n  systems reduce  t h e  c o n c e n t r a t i o n  of w a t e r  t o  0 .5  ppm, t h e  
c o n c e n t r a t i o n  of n i t r o g e n  t o  50 ppb, t h e  c o n c e n t r a t i o n  of oxygen t o  200 ppb, 
and t h e  c o n c e n t r a t i o n  of hydrogen t o  500 ppb. Also t h e  a rgon  g a s - c i r c u l a t i o n  
system c o n t a i n s  h e a t  exchangers  t o  m a i n t a i n  t h e  glove-box tempera tu re  a t  
20-24OC, and a p r e s s u r e - c o n t r o l  sys tem t o  m a i n t a i n  t h e  g a s  p r e s s u r e  i n  t h e  
sys tem t o  t 0 . 5  cm of w a t e r  a t  p r e s s u r e s  s l i g h t l y  over  a n  a tmosphere .  
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Fig .  111-19. Gould Glove-Box F a c i l i t y  f o r  Assembling Cells 

Connected t o  t h e  argon-atmosphere f a c i l i t y ,  and a l s o  shown i n  
F ig .  111-19, i s  t h e  f i l l - f o r m a t i o n  f a c i l i t y .  This f a c i l i t y  i s  used  t o  f i l l  
c e l l s  w i t h  e l e c t r o l y t e  a n d . t h e n  e l e c t r o c h e m i c a l l y  form t h e  e l e c t r o d e s .  Orig- 
i n a l l y  des igned  t o  h a n d l e  1 0  b i c e l l s ,  t h i s  f a c i l i t y  was modi f i ed  d u r i n g  1978 
t o  h a n d l e  f o u r  l a r g e  m u l t i p l a t e  c e l l s .  



Gould a l s o  has  a  dry  room, which ope ra t e s  a t  mois ture  l e v c l s  of 
5150 ppm H20. Th i s  room i s  used f o r  conducting p o s t - t e s t  a n a l y s i s  and 
handl ing  s o l i d  forms of Li-A1 a l l o y .  

A 1 0 - c e l l  test  f a c i l i t y  was b u i l t  t h a t  i s  capable  of au toma t i ca l l y  
c y c l i n g  and g a t h e r i n g  d a t a  from 1 0  c e l l s  o r  b a t t e r i e s  w i th  a  t o t a l  s e r i e s  
v o l t a g e  under 38 V. A block diagram of t h i s  f a c i l i t y  i s  shown i n  Fig.  111-20. 
The c e l l s  can be  chargedld ischarged  a t  c u r r e n t s  up t o  125 A and power t e s t e d  
(one c e l l  a t  a  t ime) a t  c u r r e n t s  up t o  1000 A. The system i s  capable  of 
constant-power d i s cha rg ing  a  c e l l  o r  a  10 -ce l l  s t r i n g  up t o  20 kW. An 
Analog Devices MacSym One computer w i t h  32 K memory and suppor t ing  BASIC 
language a c t s  a s  c y c l e r  l o g i c ,  d a t a  a c q u i s i t i o n ,  and backup temperature  
c o n t r o l .  Three f loppy  d i s k  d r i v e s ,  a  t e l e t y p e ,  a  l ockab le  keyboard, and a  
32-character  d i s p l a y  a r e  p a r t s  of t he , sys t em.  A f u l l  complement of 110 and 
p e r i p h e r a l  c a p a b i l i t y  i s  a v a i l a b l e .  A l l  c o n t r o l  systems have manual backup. 
Lighrs and d l s p l a y s  show t h e  s t a t u s  of a l l  t h e  c e l l s  cont inuous ly .  I n  ad- 
d i c i v n  t h e  MacSym One u n i t  has  emergency b a t t e r y  power t o  c o n t r o l  an o r d e r l y  
shutdown upon power f a i l u r e ;  i t  w i l l  a l s o  d i sconnec t  sho r t - c i r cu i t ed  ce.1l.s 
f rom t h e  b a t t e r y .  

The above t e s t  f a c i l i t y  i s  supplemented wi th  f i v e  manual s i n g l e  
c e l l  c y c l e r s  modeled a long  the  1 i n . e ~  i.ndi.cate.d i n  F i g .  111-21. Thcac c y c l e r s  
were b u i l t  du r ing  1978. 

I n  a d d i t i o n  t o  t h e s e  major f a c i l i t i e s ,  t h e  program has  a  number of 
s u b s i d i a r y  moni tor ing  and qua l i t y - con t ro l  f a c i l i t i e s ,  i nc lud ing  a  helium 
l e a k  d e t e c t o r ,  v a r i o u s  a n a l y t i c a l  equipment t o  ensure  t h e  p u r i t y  of t h e  glove- 
box atmosphere, a t ransmiss ion  rad iograph ,  and a s u r f a c e  a r e a  ana lyzer .  
Access a l s o  e x i s t s  t o  a P.  A.R. po~.entiostat-galvanostat-~universal-progra~~u~~e~~' 
e l ec t rochemica l  system. 

6. Desigli and Cost Study 

Work i s  i n  p rog re s s  on t h e  fo l lowing  f o u r  a s p e c t s  of a des ign  and 
c o s t  s tudy:  

( i )  d e f i n i t i o n  of t h e  optimum conf igu ra t i on  and pcrforrnance 
c h a r a c t e r i s t i c s  of l i t h i u m  a l l o y l m e t a l  s u l f i d e  c e l l s  s q d  
b a r e e r i e s  f o r  e l e c t r i c  v e h i c l e s  and o t h e r  near-term poten- 
t i a l  markets ;  

( i i )  comparison and s e l e c t i o n  of t h e  most cos t - e f f ec t i ve  and 
r e l i a b l e  manufacturing techniques  f o r  producing compo- 
nen t s ,  c e l l s ,  and b a t t e r i e s ;  

( i i i )  d e f i n i t i o n  of t h e  near-term development e f f o r t s  necessary  
t o  ach ieve  t h e  Mark I1 g o a l s  ( s ee  Table  1-2);  

( i v )  e s t i m a t i o n  of t h e  i n s t a l l a t i o n  c o s t  of p i l o t  f a c i l i t i e s  
and manufactur ing f a c i l i t i e s  and t h e  c o s t  of e l e c t r i c -  
v e h i c l e  b a t t e r i e s  produced i n  those  f a c i l i t i e s .  



P i g .  111-20. Gould Te~i-Cell T e s t  F a c i l i t y  
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Fig.  111-21. Block Diagram of C e l l  Cyc le r  

The f i r s t  phase  o f  t h e  s t u d y  invo lved  a n  a n a l y s i s  of c e l l  and 
b a t t e r y  d e s i g n s  t o  i d e n t i f y  t h e  e f f e c t  o f  v a r i a t i o n s  i n  c e l l  d e s i g n  on per-  
formance.  A mathemat ica l  ce l l  model f o r  pr i ,emat ic  c e l l s  was devclopcd and 
programmed f o r  a T e k t r o n i x  computer. More t h a n  500 c e l l  d e s i g n  a l t e r n a t i v e s  
have been e v a l u a t e d ,  and t h e  s i g n i f i c a n t  f a c t o r s  have been i d e n t i f i e d .  A 
summary of t h i s  a n a l y s i s  i s  shown i n  T a b l e  111-10. F i g u r e s  111-22 and -23 
d e p i c t  t h e  c e l l  g r a v i m e t r i c  and v o l u m e t r i c  s p e c i f i c  e n e r g i e s ,  r e s p e c t i v e l y ,  
which w i l l  r e s u l t  from implementing t h e s e  d e s i g n  f e a t u r e s .  
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Table 111-10. Matr ix  of Design Performance Levels  

Design  NO.^ 

C e l l  Component Range 550 552 554 553 555 556 557 551 

Pos. E lec t rode  

U t i l i z s t i o n  
Current Densi ty  
Voltage 
Excess Fe 
D i s .  Po ros i t y  
Curr.  Col l .  Thick. 

Neg . Elec t rode  

Charge P o r o s i t y  
L i  U t i l i z a t i o n  

Separa tor  

Thickness 
F iber  Gensi ty  

E l e c t r o l y t e  

S t a rva t ion  

a  
The minus symbol r e p r e s e n t s  a  low l e v e l ;  t h e  zero r e p r e s e n t s  a  medium l e v e l ;  and t h e  p l u s  
i n d i c a t e s  a h igh  l e v e l .  



Fig. 111-22. Gravimetric Specific Energy Levels for 725 W-hr Cell Designs 

Cost estimates of materials and components are being obtained frnm 
mass manufacturers and potential suppliers. These data will serve as the hasis 
for a cost analysis of the materials of construction. ALso. the al:fernati\r~s 
in manufacturing and assembly techniques are being evaluated with respect to 
their cost and technical feasibility. 

The information gained from the above exercise is being applied to 
identify the most cost-effective direction for the near-term development of 
cells, batteries, and manufacturing processes. Alternatives are being ap- 
praised in terms of their cost and t.~.~hniral risk,, and prioritieo arc bcing 
established for these alternatives. 

In the final stage of the design and cnst stiidy, an estimate of 
the cost oi pilot and manufacturing facilities, based upon the alternatives 
that appear most promising at that time, will be prepared. 
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C. Rockwell I n t e r n a t i o n a l  

(S. Sudar)  

1. C c l l  Development Program 

The c e l l  d e s i g n  now under  development a t  Rockwell I n t e r n a t i o n a l  con- 
sists of L i -S i  n e g a t i v e  e l e c t r o d e s  and FeSx p o s i t i v e  e l e c t r o d e s  housed w i t h i n  
a p r i s m a t i c  c a s e .  S i n c e  t h e  BN c l o t h  o r  f e l t  s e p a r a t o r s  used s u c c e s s f u l l y  
by ANL and o t h e r s  w i t h  L iAl  e l e c t r o d e s  i s  a t t a c k e d  by Li,Si a l l o y s ,  t h e  more 
s t a b l e  A1N i n  powder form h a s  been used a s  t h e  s e p a r a t o r  i n  most c e l l s  b u i l t  
d u r i n g  t h e  r e p o r t i n g  p e r i o d .  Work h a s  been r e s t r i c t e d  t o  t h e  u s e  of FeS pos i -  
t i v e  e l e c t r o d e s  t o  avo id  t h e  more s e v e r e  c o r r o s i o n  problems encountered w i t h  
FeS2. Although t h e  e u t e c t i c  sa l t  composi t ion of LiC1-KC1 was used a s  t h e  
e l e c t r o l y t e  i n  most of t h e  work r e p o r t e d  h e r e ,  l i m i t e d  u s e  of  LiC1.-rich 
e l e c t r o l y t e  was glso i n v c o t i g a t r d .  

The development of c e l l s  f o r  b o t h  s t a t i o n a r y - e n e r g y - s t o r a g e  and 
e l e c t r i c - v e h i c l e  a p p l i c a t i o n s  was con t inued  i n  t h i s  p e r i o d .  The t echnology  
i s  complementary i n  b o t h  c a s e s ,  t h e  p r i n c i p a l  d i f f e r e n c e s  r e s i d i n g  i n  t h e  
s i z e  and c a p a c i t y  of t h e  c e l l s  and t h e  g o a l s  f o r  c o s t ,  l i f e ,  and s p e c i f i c  
energy  f o r  t h e  two a p p l i c a t i o n s .  The u t i l i t y  a p p l i c a t i n n  r ~ q i ~ i r e s  l a r g c r  
s a l l o ,  ~ 2 . 5  kW-11r capacity, w i t h  more s t r i n g e n t  r e q u i r e m e n t s  f o r  c o s t  
(%$3O/kW-hr) and l i f e  (2 ,000 c y c l e s ) .  The v e h i c l e  b a t t e r i e s  w i l l  u s e  s m a l l e r  
c a p a c i t y  c e l l s  (150 t o  450 W-hr) and r e q u i r e  h i g h e r  s p e c i f i c  power ( > l o 0  Wlkg) 
and s p e c i f i c  energy  ( > l o 0  W-hrlkg). The c e l l  c o s t  g o a l  f o r  t h e  e l e c t r i c  
v e h i c l e  a p p l i c a t i o n  i s  %$45/kW-hr. 

During t h i s  p e r i o d ,  a 2.5 kW-hr c e l l  f o r  t h e  u t i l i t y  a p p l i c a t i o n  
was b u i l t  and t e s t e d .  Although t h e  l i f e  of t h i s  c e l l  was s h o r t ,  much u s e f u l  
i n f u r l ~ l a t i o n  w a s  o b t a i n e d  d u r i n g  t h e  d e s i g n  and o p e r a t i o n .  Work on e l e c t r i c -  
v e h i c l e  c e l l s  was p e r f o r m ~ d  w i t h  b i c c l . 1 ~  haviug capacf t i e s  (.) 1: ~ 1 5 0  W-hr. 
Over 20 c e l l s  were fabricated nna t e ~ t o d .  Althoiigh subsranelal p r o g r e s s  h a s  
been made i n  t h e  d e v e l n p m ~ n t  of s a l l o  Tor ellib: a p p l i c a t i o n ,  i u r t h e r  work w i l l  
b e  n e c e s s a r y  t o  a t t a i n  t h e  economic and performance g o a l s  r e q u i r e d  t o  b r i n g  
t h i s  ceJ.1 t o  t h e  market  p l a c e .  

The Inure s i g n i f i c a n t  developments of t h c  p o r t i o n s  ul: t h i s  program 
funded by ANL are d i s c u s s e d  h e r e i n .  Refe rence  t o  p o r t i v n s  of t h e  program 
funded by Rockwell, n o t a b l y  development of Li-Si  n e g a t i v e  e l e c t r o d e s ,  h a s  
been made where a p p l i c a b l e .  

a .  P o s i t i v e  E l e c t r o d e  Development 
(J. H a l l ,  L. McCoy) 

Cyc l ing  of l i t h i u m l m e t a l  s u l f i d e  c e l l s  i s  a t t e n d e d  by t h e  
expans ion  and c o n t r a c t i o n  o f  t h e  a c t i v e  m a t e r i a l s ,  which impose s i g n i f i c a n t  
s L r e s s e s  on t h e  c e l l  c a s e .  E f f o r t s  have been made t o  d e v i s e  e l e c t r o d e  s t r u c -  
t u r e s  c a p a b l e  of ron . t a in ing  t h c  s w e l l f ~ ~ g  f o r c e s  g e n e r a t e d  by t h e  p o s i t i v e  
e l e c t r o d e  d u r i n g  d i s c h a r g e  by p h y s i c a l l y  bonding a  p a r t i c l e - r e t a i n i n g  member 
( e . g . ,  s c r e e n  o r  porous  n i c k e l )  t o  i n t e r n a l  e l e c t r o d e  s t r u c t u r a l  members. 
These  are, i n  t u r n ,  bonded t o  a c u r r e n t - c o l l e c t i n g  back p l a t e .  I n  g e n e r a l ,  
n i c k e l  h a s  been used  as t h e  s t r u c t u r a l  m a t e r i a l  w i t h  t h e  o b j e c t i v e  uf o b t a i n -  
i n g  g r e a t e r  p r o t e c t i o n  from a n o d i c  d i s s o l u t i o n  t h a n  can  be  provided by lower- 
c o s t  s t e e l .  I f  t h i s  approach  p roves  s u c c e s s f u l ,  n i c k e l - c o a t e d  s teel  w i l l  be 



s u b s t i t u t e d  f o r  t h e  n i c k e l  s t r u c t u r e .  A s i m i l a r  approach h a s  been t a k e n  i n  
deve lop ing  t h e  n e g a t i v e  e l e c t r o d e ,  e x c e p t  t h a t  s w e l l i n g  f o r c e s  a r e  g r e a t e s t  
rliiring t h e  charge  c y c l e  and c o r r o s i o n  problems d i f f e r  i n  t h e i r  fundamental  
n a t u r e .  

I n  p r e v i o u s  y e a r s ,  b o t h  e l e c t r o d e  s t r u c t u r e s  have been based 
on a m e t a l  honeycomb t o  c o n t a i n  t h e  a c t i v e  m a t e r i a l s .  The work performed 
d u r i n g  t h i s  p e r i o d  was d i r e c t e d  t o  t h e  i n v e s t i g a t i o n  of e l e c t r o d e  s t r u c t u r e s  
w h i c h ' c o u l d  p r o v i d e  t h e  d imens iona l  s t a b i l i t y  of t h e  honeycomb-cored e l e c -  
t r o d e  b u t  cou ld  be produced a t  a  lower c o s t  and weigh t .  P o s i t i v e  e l e c t r o d e  
development was c o n c e n t r a t e d  on two d i f f e r e n t  e l e c t r o d e  t y p e s .  Both were 
des igned  t o  pe rmi t  a l l  of t h e  high- temperature  assemhly o p e r a t i o n s ,  i.e., 
b r a z i n g  o r  bonding,  t o  be  done b e f o r e  l o a d i n g  of t h e  a c t i v e  m a t e r i a l .  The 
two t y p e s  of e l e c t r o d e  s t r u c t u r e s  a r e  'shown i n  F ig .  111-24. Both a r e  con- 
s t r u c t e d  of n i c k e l  excep t  t h a t  t h e  s p l i t - r i b  d e s i g n  h a s  a  c e n t r a l  copper  
c u r r e n t  conduc tor .  The major  p h y s i c a l  pa ramete rs  v a r i e d  i n  t h e  i n v e s t i g a -  
t i o n  i n c l u d e d  (1)  t h e  s p a c i n g  between t h e  r i b s ,  (2)  t h e  r i b  m a t e r i a l  t h i c k -  
n e s s ,  and 1 3 )  t h e  p h y s i c a l  form of t h e  p a r t i c l e  r e t a i n e r ,  s c r e e n ,  o r  porous  
n i c k e l .  

F ig .  111-24. .Two Designs  f o r  t h e  P o s i t i v e  E l e c t r o d e  



Tlir two b a s i c  t y p e s  of p o s i t i v e  e l e c t r o d e  s t r u c t u r e s  ( r i b  and 
s p l i t - r i b )  were  t e s t e d  w i t h  t h e  v a r i a b l e s  shown i n  T a b l e  111-11. The pos i -  
t i v e  e l e c t r o d e s  measured approx imate ly  1 3  x 17 cm. T h i s  e l e c t r o d e  s i z e  i s  
similar t o  t h a t  of t h e  e l e c t r i c - v e h i c l e  c e l l  and i s  a n  i n t e r m e d i a t e  s t a t e  of 
sca le -up  f o r  s t a t i o n a r y - e n e r g y - s t o r a g e  c e l l s  (23 x 23 cm). The c lose .  r i b  

. s p a c i n g  (3 .2  mm) combined w i t h  t h e  t h i n  r i b  (0 .3  mm) was found t o  g i v e  t h e  
b e s t  s t r eng th- to -weigh t  r a t i o  f o r  conta inment  of p o s i t i v e - e l e c t r o d e  a c t i v e  
m a t e r i a l s .  

Cells w i t h  p o s i t i v e  e l e c t r o d e  s t r u c t u r e s  covered w i t h  s c r e e n  
g e n e r a l l y  had s p e c i f i c  r e s i s t a n c e s  of 1 . 3  t o  1 . 6  R-cm2, w h i l e  t h o s e  c e l l s  
u s i n g  p o s i t i v e  e l e c t r o d e s  covered w i t h  0.25-mm porous  n i c k e l  s h e e t  had spe- 
c i f  i c  r e s i s t a n c e s  r a n g i n g  from 2.3  t o  2.6 R-cm2. Also,  t h e  s c r e e n  proved 
t o  b e  p h y s i c a l l y  s t r o n g e r  t h a n  t h e  porous  n i c k e l .  T h i s  f a c t ,  t o g e t h e r  w i t h  
a lower  e l e c t r o l y t e  r e s i s t a n c e ,  l e d  t o  t h e  s e l e c t i o n  of s c r e e n  a s  t h e  %ate- 
r i a l  Lor f u t u ~ e  development work. No s i g n i f i c a n t  d i f f c r c n c e  i n  ~ : e 1 1  i n c e r n a l  
r e s i s t a n c e  cou ld  be  d e t e c t e d  between t h e  r i b  and t h e  s p l i t - r i b  d e s i g n s .  

b. Ceramic S e p a r a t o r  Development 
(H. M. Lee) 

Work was performed t o  e v a l u a t e  c o r r n s i n n - r e s i s t a n t  ceramic  
ulaLtlriafs f6r t h e i r  p o t e n t i a l  v a l u e  a s  s e p a r a t o r s  i n  b o t h  v e h i c l e  and u t i l i t y  
e n e r g y  s t o r a g e  c e l l s .  E a r l i e r  work had i d e n t i f i e d  a number o f  materials, 
i n c l u d i n g  AlN, B-Si3N4, and Y203, a s  r e s i s t a n t  t o  a t t a c k  by l i t h i u m  and 
l i t h i u m  a l l o y s .  Boron n i t r i d e ,  which h a s  been shown t o  p o s s e s s  good r e s i s t -  
a n c e  t o  a t t a c k  by lithium-aluminum a l l o y ,  i s  n o t  s t a b l e  i n  c o n t a c t  w i t h  t h e  
more l i t h i u m - a c t i v e ,  l i t h i u m - s i l i c o n  a l l o y s  ( e . ~ . ,  L i 5 S i )  and was, t h e r e f o r e ,  
~lul: i n c l u d e d  i n  t h i s  s t u d y .  A d d i t i o n a l  c a n d i d a t e  m a t e r i a l s  were 
suugl~L,  and methods of f a b r i c a t i n g  s e l e c t e d  ceramic m a t e r i a l s  i n  v a r i o u s  
forms a t  low c o s t  were  i n v e s t i g a t e d .  Emphasis was p laced  on development 
of powder s e p a r a t o r s .  

R ~ r n u n e  t h o  nuiPubilPty u1 a ceramic l i i a t e r i a l  f o r  a c e l l  sep- 
a r a t o r  depends  on i t s  p h y s i c a l  p r o p e r t i e s  as w e l l  a s  i t s  r e s i s t a n c e  t o  
a t t a c k  i n  t h e  c e l l  environment ,  most of t h e  e v a l u a t i o n  work.was conducted 
u s i n g  a  s m a l l  Li-Si/FeS c e l l  equipped w i t h  a s i n g l e  p o s i t i v e  and n e g a t i v e  
e l e c t r o d e ,  each  measur ing 5  x 5 cm, as shown in Fig .  111-25. Each t y p e  of 
e l e c t r o d e  was, e x c e p t  f o r  s i z e ,  s i m i l a r  t o  t h o s e  used i n  t h e  f u l l - s c a l e  t e s t  
c e l l s .  The p o s i t i v e  e l e c t r o d e  was 0.48-cm t h i c k  and was loaded  w i t h  
0 .9  ~ - h r / c r n ~  of Li2S and Fe powder. A 200-mesh s c r e e n  was used as a par-  
t i c l e  b a r r i e r .  The n e g a t i v e  e l e c t r o d e s  were 0.32-cm t h i c k  and were loaded  
w i t h  FeSi2 t o  p r o v i d e  a c a p a c i t y  matching t h a t  of t h e  p o s i t i v e  e l e c t r o d e  
(when charged t o  L i g F e S i 2 ) .  An 80-meoh s c r e e n  was used as t h e  p a r t i c l e  
b a r r i e r  i n  t h i s  c a s e .  A 1.5-mm t h i c k  c a v i t y  was c r e a t e d  between t h e  e l e c -  
t r o d e s  by t h e  u s e  of dense ,  narrow BN s p a c e r  b a r s  when powder s e p a r a t o r s  
were  t o  be  e v a l u a t e d .  I n  t h i s  c a s e ,  t h e  ceramic  powder was compacted i n t o  
t h e  c a v i t y  t o  a d e n s i t y  of %50 v o l  %. 'When s i n t e r e d  p l a t e s  were u s e d ,  t h e  
s p a c e r  b a r s  were o m i t t e d .  The r e s u l t s  of t h e  t e s t s  on t h e s e  c e l l s  a r e  
l i s t e d  i n  T a b l e  111-12. Although most ce ramic  powders used were i n  f i n e  
p a r t i c l e  form (5200 mesh),  two p a r t i c l e  s i z e s  of A1N were t e s t e d ,  as shown 
i n  t h i s  t a b l e .  I n  some i n s t a n c e s ,  e.g., CaO and .Li4SiO4,  i n s t a b i l i t y  of 
t h e  m a t e r i a l  was e v i d e n t  by t h e  appearance  of e x t r a  n e g a t i v e  e l e c t r o d e  
p l a t e a u s  and r a p i d  l o s s  of c e l l  c a p a c i t y .  



Table 111-11. Major P o s i t i v e  .Electrode Var iab les  i n  Ful l -Scale  Tes t  C e l l s  

Copper 
Current I n i t i a l  C e l l  

Rib Rib Conduct o r  Design of U t i l i z a t i o n  Operating 
Elec t rode  Tkickness,  Spacing, Thickness,  Nickel P a r t i c l e  a t  30 m%/cm2, Res is tance ,  

TYP e m mm mm Reta iner  % R-cm- 7 

Rib 

Rib 

Rib 

Rib 

Rib 

Rib 

Spl i t -Rib 

Spl i t -Rib 

Spl i t -Rib 

Spl i t -Rib 

Spl i t -Rib 

Porous Nickel 

Porous Nickel 

200-Mesh Screen 

200-Mesh Screen 

100-Mesh Screen 

Porous Nickel 

Reinforced Porous N i  

Reinforced Porous N i  

100-Mesh Screen 

100-Mesh Screen 

25- by 500-Mesh Screen 
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Fig .  111-25. Powder S e p a r a t o r  T e s t  C e l l  

C o n s i d e r a b l e  i n v e s t i g a t o r y  work was done on s e p a r a t o r  m a t e r i a l  
w i t h  compos i t ions  c o n t a i n i n g  v a r y i n g  r a t i o s  of l i t h i u m  o r t h o s i l i c a t e  ( L i 3 S i 0 4 )  
and l i t h i u m  o r t h o p h o s p h a t e  (L i3P04) .  These m a t e r i a l s  have been d e s c r i b e d  by 
Hu, R a i s t r i c t  , and ~ u ~ ~ i n s ~  as l i t h i u m - i o n  conductive.  m a t e r i a l s .  T h i s  prop- 
e r t y  may p r o v i d e  some p r a c t i c a l  b e n e f i t  by reduc ing  i n t e r n a l  c e l l  r e s i s t a n c e  
even  when used as a  porous  m a t e r i a l .  S u p e r i o r  r e s u l t s  were o b t a i n e d  when 
this t y p e  of m a t e r i a l  was used i n  s i n t e r e d  p l a t e  form r a t h e r  t h a n  as a powder. 
Al though t h i s  c l a s s  of m a t e r i a l  h a s  p o t e n t i a l  v a l u e  a s  a  r e l a t i v e l y  low-cost 
s e p a r a t o r ,  f u r t h e r  work i s  r e q u i r e d  t@ det~rrrl ine i t o  lank-Lcrm s t a b i l i t y  and 
t o  anoc3s e 1 1 ~  q u a n f l L a t i v e  advan tage  t o  i o n - c o n d u c t i v i t y  i n  porous  s e p a r a t o r s .  
C a l c u l a t i o n s  u s i n g  a t h e o r e t i c a l  model s u g g e s t  t h e  s e p a r a t o r  r e s i s t a n c e  de- 
c r e a s e s  by 20-30%, depending on p a r t i c l e  s i z e ,  pack ing  d e n s i t y ,  e t c . ,  when 
t h i s  m a t e r i a l  i s  used i n  a ce l l .  

The development of a powder s e p a r a t o r  h a s  been pursued because  
i t  i s  p o t e n t i a l l y  less expens ive  t h e n  f i b e r  s e p a r a t o r s .  ( S e v e r a l  of t h e  
f a b r i c a t i o n . s t e p s ,  n e c e s s a r y  f o r  f i b e r  f o r m a t i o n ,  are e l i m i n a t e d . )  F i n e  A1N 
powder c a n  be  f a b r i c a t e d  by d i r e c t  n i t r i d i n g  of aluminum powder. However, 
f a b r i c a t i o n  of c o a r s e  powder o r  porous  p l a t e s  i n c r e a s e  f a b r i c a t i o n  c o s t s  by 



Table 111-12. Performance of Test  Cells 
m 

Forms and P a r t i c l e  S ize ,  Source Coul. Eff. ,  U t i l i z . ,  
M a t e r i a l s  Ion Conduztivity Mesh and P u r i t y  % % Cycles Remarks 

i A1N Powder -200 Cerac/Pure, Inc. ,  100 40 30 . L i t t l e  change 
Noncond~ct ive 99% i n  capac i ty  

Powder -40 t o  +80 Cerac/Pure, Inc . ,  98 80 4 0 Slow decrease  
Noncond JC t i v e  99% i n  c a p a c i t y  

Powder -325 Cerac/Pure, Inc. ,  93 
Noncond~c t i v e  99.9% 

6 0 25 M a y b e i m p u r e ,  
l o s s  i n - c a p a c i t y  

L 
I; 8 CaO Powder -325 Cerac/Pure, Inc. ,  93 45 30 Ext ra  p l a t e a u s ,  
c .  Nancond ~ c t  i v e  99.8% 

1. 
l o s s  i n  c a p a c i t y  r 4 8 

Li4Si04 Powder -200 ESG, '100 60 40 Extra  p l a t e a u s ,  
Ion-Coniuc t i v e  S in te red  a t  1000°C rap id  decrease  

i n  capac i ty  

1: : Li4si01, (75%) Powder -200 ESG, 100 65 15 Loss i n  c a p a c i t y  4 +' 

1 I- Li3P04 (25%) Ion-Coniuctive S in te red  a t  1000°C 

LiqSiO4 (50%) Powder -2 00 ESG, 100 65 60 Loss i n  c a p a c i t y  
I Li3P04 (50%) Ion-Coniuc t i v e  S in te red  a t  1000°C 

- I Li4Si04 (25%) Powder -2 00 ESG, 95 8 0 1 5  Loss i n  capac i ty  
1 .  Li3P04 (75%) Ion-Conduc t i v e  S in te red  a t  1000°C - - 7  
, i - k 

7 - 
Li4Si04 (25%) P l a t e  P o r o s i t y  = 45% ESG, 1'00 73 2 0 No l o s s  i n  
Li3P04 (75%) Ion-Conductive Thick = 0.175 cm Sin te red  a t  1000°C capac i ty  

Li3PO4 Powder -200 Alpha Product,  100 7 0 60 Slow l o s s  i n  
Noncond-lc t i v e  98% capac i ty  

L i,.: ;; 



f a c t o r s  of 3 t o  10. Ceramic f i b e r s  of A1N and Si3N4 can be produced only 
under highly spec ia l i zed  condit ions,  and t h e  y ie ld  would be so small t h a t  
mass production would n o t  be economically feas ib le .  Mixtures of 
Li4Si04-Li3P04 can be produced r e l a t i v e l y  inexpensively by a so l id - s ta te  
r e a c t i o n  from a mixture of Li2C03, Si02, and Li3P04. 

c. Development and L i f e  Testing of Stationary-Energy-Storage C e l l s  
(R. C. Saunders, J. Hall)  

A 2.5-kW-hr c e l l  was placed i n  operat ion.  Figure 111-26 i s  a 
p i c t u r e  of t h e  assembled cell.  This c e l l  contained 16 e lec t rode  p a i r s  
(23 x 23 cm) and i s  believed t o  be t h e  l a r g e s t  Li/MS c e l l  ever put on test. 

Fig. 111-26. Load-Leveling Cel l  (2.5 kW-hr) 



The cell was designed with a capacity for use in stationary-energy-storage 
systems; The electrode designs reflect the state of the art at the time the 
desi.gn was initiated. The design of other components ( e . g . ,  current conduct- 
ing members, case, and feedthrough) presented problems unique to the fabrica- 
tion of large cells of this type. 

The design features of the positive and negative electrodes 
are summarized in Table 111-13. The weights of the principal cell components 
are shown in Table 111-14. The cell consists of vertically oriented elec- 
trodes, eight positive and nine negative, arranged in a rectangular metal 
case equipped with a sealed, insulated feedthrough for the positive elec- 
trodes. The current conductor post for the negative-electrode assembly was 
grounded to the case. The positive-electrode feedthrough was a commercial 
Conax- unit sized to accommodate the nickel-clad copper conductor post 
(1.91-cm dia). Excess metal was machined from the feedthrough to reduce its 
weight. 

Table 111-13. Design Features of the Discharged State of a 
LiSi/FeS Cell (nominal capacity, 2.5 kW-hr 
at 4-hr rate) 

Cathode Anode 

Theoretical Loading Density 

Active Material 

Structure 

Containment 

Current Collector 

Nominal Size 

Electrode Design 

Required Number 

0.80 A-hr/cm3 

Li2S + Fe 
Vertical Nickel Rib 

Porous Nickel 

Nickel Sheet 

22.5 x 21.6 x 0.48 cm 

Floating 

16 

FeSi2 Union Carhide 

Type 430 Stainless 
.Steel Honeycomb 

80 Mesh, Type 430 
Stainless Steel Screen 

Copper, 0.25-mm thick 

Case-Grounded 

In the negative electrodes (23 x 23 x 0.32 cm), shown in 
Fig. 111-27, the metal honeycomb core was diffusion bonded to the back current 
conductor sheet. The particle retainer, 80-mesh screen, was spot-welded to the 
honeycomb after the electrode was loaded with FeSi2. Except for the end elec- 
trodes, these electrodes were brazed back-to-back with an intervening layer of 
copper (0.25-mm thick) to reduce IR losses and to improve the uniformity of 
current distribution. The positive electrodes (22.5 x 21.6 x 0.48 cm), de- 
picted in Fig. 111-28, had a.dua1-faced rib construction. The particle re- 
tainer, a porous nickel sheet 65% dense and 0.25-mm thick, was brazed to the 
ribs. The active material, Li2S and Fe powder, was loaded in a ratio to pro- 
duce FeS when charged, and the top current-conductor bar was welded in place. 
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T a b l e  111-14. Weight Breakdown of 2.5-kW-hr C e l l  

Component Weight,  g 

Cathode 

N i c k e l  Rib S t r u c t u r e s  (8)  
N i c k e l  S c r e e n s  (16) 
Nicke l  Tabs (8) 
A c t i v e  M a t e r i a l  Li2S and Fe 

(70% u t i l i z a t i o n )  

Anode 

Type 430 - S t a i n l e s s  S t e e l  
Honeycomb Strilct~ircts (1 6 )  

Type 430 S t a i n l e s s  Sfeel  
S c r e e n s  (16) 

Type 430 S t a i n l e s s  S t e e l  
Hackplates ( I b )  

Copper C u r r e n t  C o l l e c t o r s  (16) 
Nickel  Tabs (16) 
Ac t i v c  P l a t e r i a l  Pc6iz  

(charged  t o  L igFeSi2)  

Ceramics 

S p a c e r s  (BN) 
A1N Powder S e p a r a t o r  

E l e c t r o l y t e  

Cathode : A c t i v e   ater rial 
Screen  

Anode: A c t i v e  M a t e r i a l  
Screen  

S e p a r a t o r  

Feedthrough 

Conductors  

Positive 
Negat ive  

Case 

T o t a l  

a 
The c a l c u l a t e d  s p e c i f i c  energy  a t  t h e  5-hr  r a t e  
i s  75 W-hr/kg. 
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Fig .  111-27. Negat ive  E l e c t r o d e  Design 

The i n s u l a t i n g  ceramic s e p a r a t o r s  c o n s i s t e d  of f i n e  A1N pow- 
d e r  (Cerac/Pure  I n c . ,  99% p u r i t y  and 200 mesh o r  f i n e r ) .  The t h i c k n e s s ,  
1 . 5  mm, was d e f i n e d  by dense  BN s p a c e r  b a r s  of t h i s  t h i c k n e s s ,  p l a c e d  a t  
t h e  edges  of t h e  e l e c t r o d e s .  Boron n i t r i d e  b a r s  of a  s i m i l a r  t h i c k n e s s  
were used t o  i n s u l a t e  t h e  p o s i t i v e  e l e c t r o d e s  from t h e  c a s e .  The n i c k e l  
bus b a r s  were welded t o  t h e  c u r r e n t  conduc t ing  t a b s  of each  s e t  of e l e c -  
t r o d e s .  The c e l l  was f i l l e d  a t  a tmospher ic  p r e s s u r e  i n  a n  ine r t -a tmosphere  
g l o v e  box w i t h  e u t e c t i c  LiCl-KCl e l e c t r o l y t e  purchased from t h e  L i th ium 
Corpora t ion  of America. Opera t ion  of t h e  c e l l  was a t  460 + 10°C i n  a  f u r -  
nace  w e l l  of a g l o v e  box. A d d i t i o n s  of e l e c t r o l y t e  were made d u r i n g  t h e  
break- in  c y c l i n g  p e r i o d  of t h e  c e l l .  

The i n i t i a l  performance of t h e  c e l l  appeared s a t i s f a c t o r y  ex- 
c e p t  t h a t  t h e  d e s i g n  c a p a c i t y  (75 W-hr/kg a t  t h e  5-hr r a t e )  was n o t  o b t a i n e d .  
The performance d a t a  o b t a i n e d  i n  c y c l e s  3 th rough  1 5  a r e  shown i n  T a b l e  111-15. 
A  sudden s h o r t  c i r c u i t  was observed d u r i n g  d i s c h a r g e  i n  c y c l e  1 6 ,  a n  unusua l  
o c c u r r e n c e  w i t h  c e l l s  of t h i s  t y p e .  A s  t h e  s h o r t  c i r c u i t  w a s  permanent (i.e., 
t h e  c e l l  could  n o t  L e  ~ e c l l a r g e d )  the c e l l  o p e r a t i o n  was t e r m i n a t e d  and t h e  top  
removed. The .bus  b a r s  were removed and t h e  s h o r t  c i r c u i t  was l o c a t e d  between 
two sets of e l e c t r o d e s .  These were e l e c t r i c a l l y  i s o l a t e d  and t h e  bus  b a r s  
were a g a i n  welded t o  t h e  remaining e l e c t r o d e s .  
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F i g .  111-28. P o s i t i v e  E l e c t r o d e  Design 

, Table 111-15, Fexformance Data-for t h e  . - , - - - 
2.5 kW-hr C e l l '  . 

----.-- - ,. .- 

Cycles  3-15 
Time, h r  300 
C u r r e n t ,  A 2  00 
C u r r e n t  D e n s i t y ,  . m ~ / c m ~  2  5  
Ra te  of Charge and Discharge ,  h r  9 .5  
R e s i s t a n c e ,  &cm2 2 .9  
U t i l i z a t i o n ,  % 7.5.9 
Coulombic E,ffi .ciency,  Z 99.2 
Energy E f f i c i e n c y ,  % 74.8 
Average Discharge  Vol tage ,  V 1 . 1 9  
Energy S t o r a g e  Capac i ty ,  kW-hr 2.243 



Thereafter, the cell was operated for 35 cycles when short 
circuiting was again observed. At this point, the cell operation was termi- 
nated and the cell examined. Voids (no electrolyte or A1N powder) were found 
in the upper areas of all electrodes. In the absence of physical support, 
the porous nickel ruptured in many places, thereby creating metal-to-metal 
shorting paths. 

As a result of this experience, we concluded that the porous 
nickel is physically too weak for practical use as a particle-retaining mem- 
ber. This component has been replaced with a nickel screen on subsequent 
cells, The method of electrolyte filling used in this cell did not provide 
proper wetting and an adequate amount of electrolyte. Electrolyte filling 
in a vacuum is now used to avoid this problem. The absence of A1N powder 
in the upper portion of the separator space is believed to be caused by pen- 
etration of fine A1N powder through the 80-mesh screen covering on the nega- 
tive electrode. Several means of avoiding this problem are being considered. 
Despite the short life of this cell, valuable experience has been gained in 
the design of large cells, and the problems encountered are being solved. 

A second 2.5 kW-hr cell is now under development. This cell, 
called the Mark LL-1 test cell, will be representative of the basic building 
block cell for commercial-scale energy-storage plants. While the construction 
of this cell is scheduled for later this fiscal year, the cell design, assem- 
bly procedures, and specifications have been completed, and a design review 
has been held with ANL. 

The Mark LL-1 cell will be similar to the cell described above, 
except that design improvements have been added that should result in a more 
reliable operating life. The porous nickel particle retainer that failed in 
the earlier 2.5-kW-hr cell has been replaced with nickel screen. The nickel 
screen has been shown to be substantially stronger than the porous nickel 
sheet and has a lower electrolyte tortuosity. The use of the screen replace- 
ment for porous nickel has demonstrated a marked reduction in cell resistance. 

The calculated energy density for the Mark LL-1 cell is 
75 W-hrlkg. The expected operating resistance will be lower than the 
2.9 a-cm2 exhibited by the earlier cell because of improvements in bus-bar 
attachment methods and the use of a screen for the positive-electrode particle 
barrier. 

d. Development of Lix-Si/FeS Electric Vehicle (EV) Cells 
(J. Hall, L. R. McCoy, W. Friske) 

Development of Li,Si/FeS electric-vehicle cells was initiated 
with the objective of transferring stationary-energy-storage cell tech- 
nology to the design and fabrication of cells for electric-vehicle applica- 
tion. Sixteen FeS bicells, designated Rockwell Electric Vehicle Cells (REVC), 
were built and tested. 

The bicells had electrodes measuring 12.7 x 17.8 cm. The 
positive material thickness was 0.48 cm (split-rib design), or twice that 
thickness (dual-f ace rib design) . * The current collector of the positive 

- - * 
See Fig. 111-24 for depiction of this design. 



e lec t rode  was made of n i c k e l  and had one of th ree  designs--honeycomb, ver- 
t i c a l  r i b ,  o r  s h e l f .  The a c t i v e  mate r i a l  i n  the  uncharged s t a t e  was Li2S 
and Fe i n  a 1:l r a t i o .  The face  of t h e  e lec t rode was covered by e i t h e r  po- 
rous n icke l  ( e a r l y  c e l l  t e s t s )  o r  n icke l  screen ( l a t e r  c e l l  t e s t s ) .  The 
negat ive  e lec t rodes  employed a honeycomb core s imi la r  t o  t h a t  shown i n  
Fig. 111-27 and w e r e  0.32-cm thick;  a l l  components were made of Type 430 
s t a i n l e s s  steel. The honeycomb was diffusion-bonded t o  t h e  current-conductor 
p l a t e ;  t h e  e lec t rode  was f i l l e d  uniformly with FeSi2; and an 80-mesh screen 
w a s  spot-welded t o  t h e  honeycomb surface  t o  s e a l  t h e  e lec t rode.  A l l  c e l l s  
were assembled with dense BN spacer bars  t o  confine t h e  ceramic powder sepa- 
r a t o r  a s  described i n  t h e  preceding sect ion.  Figure 111-29 shows t h e  compo- 
nen t s  of t h i s  type of c e l l .  

- 7 -  
- 

- - , Fig. 111-29, Electric-Vehicle C e l l  Components 

Experience t o  d a t e  w i t h  these  c e l l s  i s  summarized i n  Appendix B. 
The porous n icke l  sheet  i n  t h e  p o s i t i v e  e lec t rode was f r e e  of apparent a t t ack ,  
but  rupture  of t h i s  member by i n t e r n a l  swell ing o r  bond f a i l u r e  was the  f r e -  
quent cause of c e l l  f a i l u r e  by s h o r t  c i r c u i t i n g ,  The t a r t u o s i t y  of the pnrniis 
n i c k e l  contr ibuted s i g n i f i c a n t l y  t o  i n t e r n a l  c e l l  r e s i s t ance ,  and t h e  high- 
r a t e  discharge p roper t i e s  of t h i s  type of e lec t rode  were genera l ly  poor. The 
use  of a n icke l  screen,  p a r t i c u l a r l y  with shel f -  o r  v e r t i c a l - r i b  p o s i t i v e  
e lec t rodes ,  avoided these  problems and good performance was a t t a i n e d  a t  high 
discharge-charge r a t e s .  I n  addi t ion ,  the use  of Type 4.30 s t a i n l e s s  s t e p 1  
r a t h e r  than low-carbon steel f o r  negative current -col lec tor  mate r i a l  extends 
t h e  l i f e  of t h i s  negative e lec t rode,  but  f u r t h e r  improvement is needed. 

~ t u d i e s ~ - ~  had indicated  t h a t  t h e  formation of J phase 
(LiK6Fe24S26C1) i n  FeS e lec t rodes  has  an adverse e f f e c t  on e lec t rode  k ine t i c s .  
Previous r e s u l t s  (ANL-78-45, p. 57) a l s o  suggested t h a t  J-phase formation can 
be avoided or  minimized by operat ing t h e  c e l l  a t  high temperatures (>450°C) 
o r  by increasing t h e  LiCl content of t h e  e l e c t r o l y t e .  For t h e  REVC c e l l s ,  
s i g n i f i c a n t  improvements w e r e  achieved both by c e l l  operat ion a t  temperatures 
above 450°C and by use  of Li-r ich (55 w t  % LiC1-45 w t  % KC1) e l e c t r o l y t e s .  
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The above s ta tements  can be i l l u s t r a t e d  by a comparison of 
t h e  performance of t h r e e  cells--REVC-7, -9, and -10. Table 111-16 i l l u s t r a t e  
t h e  d i f f e r e n c e s  i n  a number of c e l l  performance parameters  when n i c k e l  s c reen  
(REVC-10) w a s  s u b s t i t u t e d  f o r  porous n i c k e l  (REVC-7) and when an  LiC1-rich 
e l e c t r o l y t e  (REVC-9) w a s  s u b s t i t u t e d  f o r  LiC1-KC1 e u t e c t i c  (REVC-10). The 

+- i= - 
b e n e f i c i a l  e f f e c t s  of both s u b s t i t u t i o n s  are apparent  i n  an  increased  watt-  
hour recovery. 

Table 111-16. Performance Data f o r  Li-Si/FeS 
Elec t r ic -Vehic le  C e l l s  

Current  Densi ty ,  
m ~ /  cm2 

3 U 6 0 9 0 

~ v c - 7 ~  

Percent  U t i l i z a t i o n  (FeS) 6 1 3 8 21  
Coulombic Ef f i c i ency ,  % ; 9 6 98 99 
Discharge Voltage (average) ,  V 1 .21  1.10 ' 0.95 
Capacity Recovered, W-hr 3 114 64 3 1  

REVC-9b . __._ 
--& ..= 

Percen t  U t i l i z a t i o n  (FeS) ':-d 
Coulombic Ef f i c i ency ,  % 9 7 9 6 -- 
Discharge Voltage (average) ,  V 1.22 1.18 -- 
Capacity Recovered, W-hr 149 .r -< I35  -- 

4,- - 

Percent  U t i l i z a t i o n  (FeS) 82 59 5 1 
Coulombic Ef f i c i ency ,  % 97 98 98 
Discharge Voltage (average) ,  V 1 .26 1.22 1.17 
Capacity Recovered, W-hr 156 103 8 9 

'. ' 1. 

a - .  - - > , I ; -  . Porous n i c k e l  on p o s i t i v e  e l ec t rode .  
i - 

blOO-mesh n i c k e l  s c reen  on p o s i t i v e  e l ec t rode .  
C 
E l e c t r o l y t e ;  55 w t  % LiCl and 45 w t  % KC1. 

;. -- 
I n  comparison wi th  t h e  c e l l s  l i s t e d  i n  Appendix B,  C e l l  REVC-10 J4 

.A 

opera ted  f o r  a r e l a t i v e l y  long per iod  (152 c y c l e s ) ,  and i t s  performance was I 

remarkably s t a b l e .  The ac t ive -ma te r i a l  (FeS) u t i l i z a t i o n  remained a t  about  , - + $ 
85% a t  t h e  8-hr r a t e ,  and t h e  coulombic e f f i c i e n c y  a t  %99% over  i t s  e n t i r e  _.d -$ 

l i f e .  F igure  111-30 shows t h e  vol tage-capac i ty  curves  of t h i s  c e l l  a t  c y c l e s  
-- y 8 and 150. The minor changes i n  t h e  vol tage-capac i ty  curves  are due t o  a 

slow l o s s  of c a p a c i t y  of t h e  nega t ive  e l e c t r o d e  wi th  cont inued cyc l ing  a t  t h e  '1 
c e l l  ope ra t ing  temperature (average about  460°C). The s p e c i f i c  power and ' " - 

v o l t a g e  of REVC-10 a t  v a r i o u s  d i scha rge  c u r r e n t s  f o r  f u l l  and 65% charge are + 

shown i n  Fig. 111-31. (A c u r r e n t  of 100 A r e p r e s e n t s  a c u r r e n t  d e n s i t y  of i 
about  180 mA/cm2.) These tests were performed by s e q u e n t i a l l y  applying h igher  ! 

a d u r a t i o n  of 1 5  s e c  a t  each s t e p .  # >  - - . ?  
-a =--, - w - 8 .  a - - r-:, 2 w-L 
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Fig. 111-30. Voltage us. Capacity of C e l l  REVC-10 
a t  Cycles 8 and 152 

Experier~ce with another series of cells (REVC-A series, see 
Fig. 111-32) i n d i c a t e s  t h a t  the  f i n e  A1N powder separa tor  used i n  many of 
these  c e l l s  can e n t e r  voids i n  t h e  negative e lec t rodes ,  thereby causing 
I I slumping" of t h e  powder separa tor  i n  t h e  manner observed with t h e  2.5 la-hr  
c e l l .  This  slumping i s  g r e a t e r  i f  t h e  c e l l s  are f i l l e d  with electrolyte i n  
a vacuum, as i s  t h e  present  procedure, Finely gored Y2n3 ceramic c l s t h  ovar 
t h e  negative e lec t rode  appears t o  minimize t h i s  problem; o the r  mate r i a l s  and 
m a t e r i a l  combinations a r e  being evaluated. A c e l l  with Y203 c l o t h  over t h e  
negat ive  e lec t rode screen and wi th  a f i n e  AlN powder separa tor  i s  scheduled 
t o  be t e s t e d  a t  ANL. 

Two o ther  cells have been b u i l t  t o  test d i f f e r e n t  types of 
p a r t i c l e  r e t a i n e r s  with coarse A1N powder separators.  REVC-8A1 was b u i l t  
using coarse A1N powder (-40 +80 mesh) f o r  t h e  separa tor ,  Zr02 c l o t h  over 
t h e  p o s i t i v e  e lec t rode,  and Y203 c l o t h  over the  negative e lec t rodes .  The 
u s e  of Z r O l  c l o t h  was based on t h e  assnmption t ha t  the coarsc ceramic powder 
would be a l e s s  e f f e c t i v e  p a r t i c l e  b a r r i e r  f o r  p o s i t i v e  a c t i v e  material than 
t h e  f i n e  A1N powder used i n  the  pas t .  REVC-9A1 was b u i l t  with coarse AlN 
powder and Zr02 c l o t h  over the  p o s i t i v e  e lec t rode  screen. 
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Fig. 111-31. Specif ic  Energy and Cell  Voltage 
of REVC-10 a s  a Function of 
Discharge Current 
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2. Conceptual Design of a Stationary-Energy-Storage. System 
(E. Adler, I. Goldstein, W. Grieve, R. Talbot, T. Shimazaki, 
K. Yun, W. Wood) 

Stationary energy storage offers an economic method for electric 
utilities to meet increasing peak demands and 'to improve their base genera- 
tion load factor. Rockwell Energy Systems in conjunction with the Argonne 
National Laboratory (ANL) and the Electric Power Research Institute (EPRI), 
is developing the lithium alloy/iron sulfide battery for utility use. 

The specific nhjectives of this work are three-fold: 

1) to provide a conceptual design and cost estimate 
for a 100-MW-hr energy-storage plant, 

2) to provide a design concept and cost estimate for 
a 240 kW-hr submodule for this 100 MW-hr plant, 

3) to provide a preliminary reference design and cost 
estimate for a 4 MW-hr module which will be tested 
in the Battery Energy Storage Test (BEST) Facility. 

The conceptual design for the 100-MW-hr energy-storage plant is discussed 
later (Section V.B). 

A preliminary reference design for a stationary-energy-storage mod- 
ule using Li alloy/FeS cells to be tested in the Battery Storage Test (BEST) 
Facility has been prepared by Rockwell International. The BEST facility is 
designed to test electrochemical energy storage devices at a utility site 
during the 1980's. The test module will have a capacity of 4 MW-hr and will 
be operated at a nominal voltage level of 1000 V (dc), the limitation of the 
BEST facility converter. The battery module will comply with site specific 
environmental and safety regulations as well as dimensional constraints 
associated with the facility itself. The dimensional constraints are related 
to the test bay dimensions, 20 x 24 m, and the 6.3 m hook height of the 
building crane. 

Figure 111-33 shows a module as it would appear within the BEST 
facility. The only substantial difference between this module design and 
the one described for the 100 MW-hr plant is that one of the structural 
frames was eliminated to allow for smaller submodules. The height of air 
distribution manifolds for heat management was also reduced. 



Fig. 111-33. A 4-MW-hr Battery Module in the BEST Facfl.jty 

3. Mark I1 Cost and Design Studies 
(B. McFarland, T. Cowell) 

The objective of this study is tn p r n v i d e  i n fn rma t i . on  to the 
Argonne National Laboratory and the Department of Energy (DOE) concerning 
the feasibility of designing and manufacturing a cost-effective lithiumlmetal 
sulfide battery in the near term (1981-1986) for an electric vehicle (EV). 
The following events are projected during this period: 

1980 - Demonstration of a 50 kW-hr EV battery that meets the 
Mark I1 goals (defined in Table 1-1). 

1983 - Initiate battery pilot production in a plant of about 
250 W-hr/yr capacity with a target selling price" of 
$60-100IkW-hr. 

1986 - Initiate battery production in a plant of about 
2000 MW-hr/yr with a target selling price* in the 
range of $40-601kW-hr. 

* 
Battery manufacturer's wholesale selling price in 1978 dollars. 



The p l a n t  c a p a c i t i e s  and s e l l i n g  p r i c e  g o a l s  l i s t e d  above a r e  
based upon a  p r e l i m i n a r y  market and c o s t  a n a l y s i s  c a r r i e d  o u t  a t  Argonne 
N a t i o n a l  Labora to ry  (ANL). The c u r r e n t  s t u d y  p r o v i d e s  a n  o p p o r t u n i t y  f o r  
comment on t h e  s u i t a b i l i t y  of t h i s  s c h e d u l e  and t o  s u g g e s t  a l t e r n a t i v e s .  

The Energy Systems Group of Rockwell i s  performing a c o s t  and 
d e s i g n  s t u d y  p r i o r  t o  r e c e i p t  of t h e  c o n t r a c t .  The c o n t r a c t  work w i l l  n o t  
exceed t h r e e  c a l e n d a r  months, and c o n s i s t s  of t h r e e  t a s k s :  

1 )  B a t t e r y  Manufactur ing Cost  and Design Study 

2) Manufactur ing F a c i l i t i e s  Study 

3)  Mark I1 Development Program D e f i n i t i o n  

The e f f o r t  is  aimed a t  d e f i n i n g  a Mark I1 b a t t e r y  which w i l l  m e e t  t h e  g o a l s  
l i s t e d  i n  Tab le  1-1. 

The company funded e f f o r t  a t  Energy Systems Group h a s  c o n c e n t r a t e d  
on concep t  s e l e c t i o n  t r a d e  s t u d i e s  f o r  t h e  Mark I1 b a t t e r y ,  c o n s i d e r i n g  b i - ,  
quad-, and hex-ce l l  d e s i g n s  i n  c o n j u n c t i o n  w i t h  c y l i n d r i c a l  and r e c t a n g u l a r  
b a t t e r y  c a s e  d e s i g n s .  These t r a d e  s t u d i e s  have i n d i c a t e d  t h a t  t h e  b a t t e r y  
o u t p u t  v o l t a g e  should be  t h e  maximum al lowed by t h e  v e h i c l e  motor t o  minimize 
l e a d  and c e l l  r e s i s t a n c e  l o s s e s .  Minimum ' s y s t e m  weight  seems t o  occur  when 
power l o s s e s  due t o  l e a d  and c e l l  r e s i s t a n c e s  are 6  t o  8%.  I n  a d d i t i o n ,  t h e  
t r a d e  s t u d i e s  i n d i c a t e d  t h a t  a  s i n g l e  b a t t e r y  c a s e  i s  d e s i r a b l e ,  and t h a t  a  
b i c e l l  d e s i g n  w i l l  be r e q u i r e d  i n  o r d e r  t o  o b t a i n  a s i n g l e  b a t t e r y  c a s e  de- 
s i g n  c a p a b l e  of f i t t i n g  i n  t h e  envelope expected f o r  t h e  e l e c t r i c  v e h i c l e s .  
The p r e l i m i n a r y  Mark I1 b a t t e r y  c o n f i g u r a t i o n  b e i n g  e v a l u a t e d  c o n s i s t s  of 
125 b i c e l l s  connected i n  s e r i e s  i n  a  c y l i n d r i c a l  c a s e  i n s u l a t e d  by aluminum 
vacuum f o i l .  T h i s  s t u d y  i s  scheduled f o r  comple t ion  i n  l a t e  November 1978. 

D. Other  C o n t r a c t s  

1. Carborundum Co. 

L a t e  i n  1976 t h e  Carborundum Company conceived a  p r o c e s s  f o r  t h e .  
economical  p r o d u c t i o n  of BN-felt s e p a r a t o r s .  Equipment f o r  t h r e e  of t h e  
major p r o c e s s  s t e p s  was des igned ,  purchased,  and i n s t a l l e d  i n  1978. One o f  
t h e  p r o c e s s  s t e p s  is  t h e  fo rmat ion  of 2-3-pm-diameter B203 f i b e r ,  which i s  
t h e  p r e c u r s o r  t o  t h e  BN f i b e r .  The c u r r e n t l y  used BN f i b e r  i s  7-8 urn i n  
d i a m e t e r .  The new, f i n e r  BN f i b e r  i s  expec ted  t o  p r o v i d e  a s t r o n g e r ,  d e n s e r ,  
more f l e x i b l e  BN-bonded BN-felt s e p a r a t o r .  

F e l t  forming and bonding equipment was a l s o  i n s t a l l e d .  O p t i m i z a t i o n  
of t h i s  equipment,  which is  des igned  t o  produce BN f e l t  i n  c o n t i n u o u s  s t r i p s ,  
w i l l  r e s u l t  i n  t h e  p r o d u c t i o n  of samples of f e l t  s e p a r a t o r  f a b r i c a t e d  from 
3-urn-diameter BN f i b e r .  I n  1979 and 1980,  work i s  planned on t h e  h i g h - r a t e  
convers ion  of B203 f i b e r  t o  BN f i b e r .  

The p r o d u c t i o n  of abou t  275 kg of BN r o v i n g  was completed i n  March 
1978, and a n  a d d i t i o n a l  50 kg was added t o  t h e  s t o c k p i l e  i n  September 1978. 
The l a b o r a t o r y  f a c i l i t i e s  f o r  producing s h e e t s  (30-cm s q u a r e )  of BN-felt 



separators were expanded to the 25 m2/month level from the previous level 
of 10 m2/month. The production of 60 m2 of BN felt was completed in 
September 1978 and added to the ANL stockpile. This feit was fabricated 
with a thickness of 2 mm and a weight of about 300 g/m2. 

2. General Motors Corporation 

A contract has been negotiated with the Research Laboratories of 
the General Motors Corporation to undertake an experimental investigation 
of lithium-alloy/FeS2 cells with molten LiC1-KC1 electrolyte. A small test 
cell with an FeS2 working electrode, a large Li-Si or Li-A1 counter electrode, 
and a Li-A1 reference electrode has been constructed. This cell is being 
used to evaluate the performance of the FeS2 electrode'as a function of the 
electrode thickness, porosity, and current collector. Tests are also planned 
on the effect of the LiCl concentration in the electrolyte on the electrode 
performance. The results of these studies will be used in developing a 
comprehensive mathematical model of the FeS2 electrode in cooperation with 
personnel at Lawrence Berkeley Laboratory, the Illinois Institute of 
Technology, and ANL. 

Since this work at General Motors Corporation was initiated late 
in IT 1975, most of the effort to.date has consisted of a review of existing 
General Motors and ANL data on cells having FeS2 electrodes and on the 
development of suitable cell designs and cycling equipment. 

3. Illinois Institute of Technology 

In the development of cells having FeS2 electrodes, molybdenum is 
the only material that has been found suitable for use as a current collector 
in the positive electrode. Work is in progress at the Illinois Institute of 
Technology on the electrochemical deposition of molybdenum for joining and 
plating current-collector structures. The electrolyte selected for the 'high- 
temperature electroplating studies is the LiC1-KC1 eutectic containing 
K3M0C16. 

The initial experiments in this study involved, the electroplating 
of molybdenum on a nickel rod both in a static system and in a dynamic system 
(rod rotating). The results of the static and dynamic tests were essentially 
the same; in both cases a very thin (0.5 pm) layer of molybdenum had been 
deposited and a 2-5-um-thick diffusion layer was observed in the nickel sub- 
strate. In some cases there was evidence of a thicker (5 pm) deposit of 
molybdenum, most of which had kpalled off . - Another feature that was observed 
was a region of cracks and voids between the diffusion layer in the nickel 
and the nickel substrate. 

It is suspected that the difficulty in obtaining adherent deposits 
of molybdenum may be related to traces of moisture in the molten-salt elec- 
trolyte. Future work is planned with molten-fluoride electrolytes in which 
the presence of moisture is less critical. 



4. ILC Technology, I n c .  

I n  t h e  p r e s e n t  l i t h i u m l m e t a l  s u l f i d e  c e l l  d e s i g n s ,  a n  i n s u l a t i n g  
e l e c t r i c a l  f eed through  i s  used t o  connec t  t h e  p o s i t i v e  e l e c t r o d e  t o  t h e  
p o s i t i v e  t e r m i n a l  o u t s i d e  t h e  c e l l .  Mechanical  f e e d t h r o u g h s  i n  which t h e  
s e a l  i s  formed by compressing BN powder are c u r r e n t l y  i n  use .  ILC Technology, 
I n c .  h a s  been deve lop ing  a n  a l t e r n a t i v e  f e e d t h r o u g h  d e s i g n  i n  which a  ceramic  
material s e r v e s  as t h e  e l e c t r i c a l  i n s u l a t o r  and a h e r m e t i c  s e a l  i s  formed by 
b r a z i n g  t h e  ceramic  t o  t h e  m e t a l  housing.  

The brazed feed through  d e s i g n  l e n d s  i t s e l f  t o  t h e  u s e  of l i g h t -  
we igh t ,  i n e x p e n s i v e  stamped-metal p a r t s ' i n s t e a d  of t h e  machined p a r t s  used 
i n  t h e  mechanical  d e s i g n s .  The p o t e n t i a l  c o s t  advan tage  and t h e  p r e t e s t e d  
hermet ic  s e a l  a r e  d e s i r a b l e  f e a t u r e s  of t h e  brazed d e s i g n .  

The p r i n c i p a l  problem w i t h  t h e  brazed feed through  i s  t h e  l a c k  of 
c o m p a t i b i l i t y  between a v a i l a b l e  b r a z e  m a t e r i a l s  and t h e  mol ten LiC1-KC1 
e l e c t r o l y t e  i n  t h e  c e l l .  The two f e e d t h r o u g h  d e s i g n s ,  shown i n  F ig .  111-34, 
make u s e  of a long ,  r e s t r i c t i v e  p a t h  t o  minimize a c c e s s  of t h e  e l e c t r o l y t e  
t o  t h e  brazed r e g i o n .  Feedthroughs of t h i s  t y p e  have been t e s t e d  i n  p a r t i a l  
c e l l s  a t  t y p i c a l  b a t t e r y  t e m p e r a t u r e s  w i t h  t h e  maximum c h a r g i n g  v o l t a g e  
a p p l i e d  t o  t h e  t e r m i n a l .  Although p r e l i m i n a r y  tests have g i v e n  somewhat 
encouraging r e s u l t s ,  a d d i t i o n a l  development work and t e s t i n g  w i l l  be  r e q u i r e d  
b e f o r e  brazed f e e d t h r o u g h s  c a n  be i n c o r p o r a t e d  i n t o  p r o t o t y p e  c e l l  d e s i g n s .  

F ig .  111-34. Brazed Ceraii~ic t o  Metal  
Feedthrough Design 
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I V .  INDUSTRIAL CELL AND BATTERY TESTING 
(W. E. M i l l e r  and E. C .  Gay) 

During t h i s  r e p o r t  p e r i o d ,  f a b r i c a t i o n ' o f  equipment f o r  t e s t i n g  c e l l s  and 
b a t t e r i e s  was conducted.  Th is  equipment i n c l u d e s  a f a c i l i t y  t o  test l a r g e -  
s c a l e  (up t o  60 kW-hr) b a t t e r i e s  and a n o t h e r  f a c i l i t y  t o  t e s t  up t o  50 i n -  
d u s t r i a l  c e l l s .  T e s t i n g  of l i thium-aluminum/metal  s u l f i d e  c e l l s  f a b r i c a t e d  
by i n d u s t r i a l  s u b c o n t r a c t o r s  (Eagle-Picher  I n d u s t r i e s ,  I n c .  and Gould I n c . )  
was done a t  ANL. The improvements i n  c e l l  d e s i g n s  t h a t  a r e  demonstra ted by 
t h i s  t e s t i n g  w i l l  be  i n c o r p o r a t e d  i n t o  f u t u r e  c e l l s .  

A. Equipment f o r  C e l l  and B a t t e r y  T e s t i n g  

A f a c i l i t y  f o r  t e s t i n g  up t o  50 i n d u s t r i a l  c e l l s  i s  c u r r e n t l y  be ing  
c o n s t r u c t e d  a t  ANL; t o  be i n c l u d e d  as an  i n t e g r a l  p a r t  of t h i s  f a c i l i t y  i s  a  
computer sys tem f o r  moni to r ing  of c e l l  performance and d a t a  a c q u i s i t i o n .  
Th is  f a c i l i t y  w i l l  be  used p r i m a r i l y  f o r  l i f e t i m e  t e s t i n g  of i n d u s t r i a l  c e l l s .  
A f a c i l i t y  i s  a l s o  b e i n g  c o n s t r u c t e d  f o r  l a b o r a t o r y  t e s t s  of l a r g e - s c a l e  (up 
t o  60 kW-hr) e l e c t r i c - v e h i c l e  b a t t e r i e s  t h a t  w i l l  p recede  i n - v e h i c l e  tests. 
T h i s  f a c i l i t y  w i l l  have t h e  c a p a b i l i t y  f o r  computer-control led  o p e r a t i o n  and 
d a t a  a c q u i s i t i o n .  

I .  E l e c t r i c - V e h i c l e  B a t t e r y  T e s t  F a c i l i t y  
(V. M. Kolba,  G .  L. Chapman) 

A l a b o r a t o r y  i s  be ing  p repared  and equipped f o r  s t a t i c  t e s t i n g  o f  
two 60-kW-hr b a t t e r i e s .  B a t t e r i e s  w i l l  b e  t e s t e d  under  a v a r i e t y  of modes, 
e . g . ,  d i s c h a r g e s  and charges  a t  c o n s t a n t  c u r r e n t  o r  c o n s t a n t  power; d i s c h a r g e s  
t h a t  f o l l o w  a d r i v i n g  p r o f i l e  such as a SAE 5-227 p r o f i 1 e ; l  o r  c h a r g e s  a t  con- 
s t a n t  v o l t a g e  and c e l l  e q u a l i z a t i o n  a f t e r  b u l k  charg ing .  These t e s t s  w i l l  
employ compute r -con t ro l l ed  power s u p p l i e s .  The same computer w i l l  be used 
w i t h  p e r i p h e r a l  d a t a - a c q u i s i t i o n  equipment t o  o b t a i n  and i n t e g r a t e  t h e  d a t a  
and t o  d i s p l a y  r e s u l t s  e i t h e . r  on a cathode-ray t u b e  (CRT) o r  on hard  copy. 
A b lock  diagram of t h e  sys tem i s  shown i n  F i g .  I V - 1 .  

Robicon* power s u p p l i e s  ( F i g .  IV-2) p r o v i d e  t h e  means f o r  d i s c h a r g i n g  
and charg ing  t h c  b a t t e r y .  Their  r a p a h i l . i t y  a l l o w s  d i s c h a r g e  c u r r e n t s  of up t o  
1200 A and charge  c u r r e n t s  of up t o  300 A ;  t h e  maximum v o l t a g e  i s  250 V. 
Computer c o n t r o l  of t h e  c u r r e n t ,  by a  microcomputer ( P l e s s e y ,  M i c r o - l ) , p e r r n i t s  
o p e r a t i o n  i n  v a r i o u s  modes. The computer a l s o  p r o v i d e s  s a f e t y  moni to r ing  of 
t h e  b a t t e r y  under  t e s t  and s w i t c h i n g  of modes of o p e r a t i o n .  

F i g u r e  IV-3 d e p i c t s  t h e  computer sys tem and a  segment of t h e  CAMAC'I- 
coiupat ib le  d a t a - - . n a q u i s i t i o n  sys tem.  Battery and c e l l  v o l t a g e s ,  b a t t e r y  
c u r r e n t  and b a t t e r y  t empera tu res  a r e  moni tored on a  p e r i o d i c  b a s i s  v i a  m u l t i -  
p l e x e r s  and ana log  t o  d i g i t a l  (AID) c o n v e r t e r s  coupled t o  a CAMAC system. 
Data from t h i s  sys tem e n t e r  t h e  computer f o r  comparison,  i n t e g r a t i o n  and 

* 
Manufactured by Robicon Corp. ,  ~ i t t s b u r ~ ,  PA. 

 he CAMAC System i s  a n  i n t e r n a t i o n a l ,  modular d a t a - a c q u i s i t i o n  and c o n t r o l  
s t a n d a r d  which,  when i n t e r f a c e d  t o  a  computer,  a l l o w s  t h e  u s e  of remote 
s t a t i o n s  t o  g a t h e r  d a t a  and c o n t r o l  v a r i o u s  t y p e s  of equipment used i n  i n -  
d u s t r i a l  and s p e c i a l i z e d  r e s e a r c h  p r o j e c t s .  



F i g .  I V - 1 .  Computer Control and  Data -Arqu is i t ion  System 
f o r  T e s t i n g  of E l e c t r i c - V e h i c l e  B a t t e r i e s  
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BATTERY 

UP TO 
120 

CELLS 

p r o c e s s i n g .  Memories of 20 K i n  t h e  c o r e  and 5 megabytes on a d i s c  p r o v i d e  
s t o r a g e  f o r  t h e  programs, d a t a  a c q u i s i t i o n  and d a t a  r e d u c t i o n .  A Decscope* 
p r o v i d e s  t h e  v i s u a l  & i s p l a y ,  and a  Decwr i te r  p rov ides  t h e  hard copy. 

E q u a l i z a t i o n  c h a r g i n g  of t h e  c e l l s  i s  prov ided  by an  i n d i v i d u a l  
Power-One power supp ly  f o r  each c e l l .  The power s ~ ~ p p l i e s  have been modi f i ed  
t o  have a c u r r e n t  l i m i t  o f  1 0  A a t  a  c o n s t a n t  v o l t a g e  ( a d j u s t a b l e )  of %1.62 V.  
Each supp ly  h a s  i t s  own v o l t a g e  s e n s i n g  l e a d s .  The power s u p p l i e s  have been 
assembled i n  two modules,  each c .onta inin8 60 power supp l ies .  P r o ~ r t s i o n  h a s  
been made t o  c o n t r o l  t h e  modules independen t ly  o r  t o g e t h e r  as a  complete  
sys tem.  

BATT 
VOLTS 

2 .  F i f t y - C e l l  L i f e t i m e  T e s t  F a c i l i t y  
(.T. ll. Arntzen ,  G .  W .  Redding,  C .  L.  Chapman) 

ISO- 
LATOR- 

C o n s t r u c t i o n  of a f a c i l i t y  c a p a b l e  of t e s t i n g  l a r g e  numbers of c e l l s  
f o r  t h e  e l e c t r i c - v e h i c l e  program i s  n e a r i n g  complet ion.  The emphasis w i l l  be 
on t h e  t e s t i n g  of c e l l s  f a b r i c a t e d  by i n d u s t r i a l  c o n t r a c t o r s  t o  a c q u i r e  
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Manufactured by D i g i t a l  Equipment Corp. ,  Maynard, Mass. 

COOLING - 

BATT 
CUR. 

PLEXER 

SCAN 
RATE 

2 

ISO- 
LATOR 

MULTI- - 

THERMO- 
COUPLES 

MULTI- 
PLEXER 

CYCLER 

- 

SCAN 
RATE 

DATA 
STOR- 
AGE 

I 
+ - 

- 
- CHARGER 

EQUAL- 
IZER 

- D- A 

ERTER 
- 

CELL 
VOLTS 

COMP- 
UTER 

A- n 
CONVERTER 

ISO- 
LATOR 

-. -- 

- 

--.-- 
BAT T 

HEATING - 



J - I Pig. IT-%. -240$iqmL 94wet %kgg $Yes for Battery cycling 
[&IL s I&o, 3OBd76-49 1) 



Fig. IV-3. Computer System. lor Batterv Cvcling 
(ANL Peg. Nc. 308-78-464) 



s t a t i s t i c a l  da ta  on the performance of these  c e l l s .  Figure IV-4 i s  an o v e r a l l  
view of t h e  f a c i l i t y  and shows the  arrangement of the  t e s t i n g  modules i n  
the  laboratory.  

Each module cons i s t s  of an open re lay  rack which conta ins  the  fu r -  
nace u n i t ,  furnace temperature con t ro l  panel ,  c e l l  cyc le r ,  and power supply. 
Figure IV-5 i s  a view of a completed module. The furnaces are 114-L (30-gal) 
drums containing a r i g i d  insu la t ing  mate r i a l  and heating elements. The c e l l  
being t e s ted  w i l l  be suspended from t h e  l i d  of the  drum along with heat  
s h i e l d s  and insu la t ing  mater ia l .  C e l l  vol tage  and current  l eads  and a t h e m e  
couple e n t e r  the  drum through feedthroughs i n  t h e  furnace l i d ;  heater  power 
e n t e r s  through t h e  s i d e  of t h e  drum. A l l  of the  furnaces a r e  connected t o  a 
low-pressure argon manifold which w i l l  provide a posi t ive-pressure argon 
blanket t o  reduce atmospheric corrosion. Figure IV-6 shows t h e  furnace 
configurat ion.  

A prototype c e l l  cycler  f o r  use i n  t h e  t e s t  f a c i l i t y  was designed 
and b u i l t  by t h e  ANL Elect ronics  Division. Af ter  the  u n i t  had been t e s t e d  and 
debugged, b ids  were s o l i c i t e d  and a con t rac t  was signed wi th  a commercial 
vendor (Paraplegics Inc.)  f o r  t h e  f a b r i c a t i o n  of 50 cyclers .  

A computer-based data-acquisi t ion system has been purchased t o  
process the  information generated by t h e  cell t e s t i n g  f a c i l i t y .  The terminals  
and p a r t  of t h e  data-acquisi t ion equipment w i l l  be housed i n  an air-condi- 
t ioned enclosure adjacent  t o  t h e  f a c i l i t y ;  the  computer w i l l  be located 
remotely. 

A l l  d a t a  from the  50-cell test f a c i l i t y  w i l l  be fed t o  a data- 
acqu i s i t ion  computer system t h a t  w i l l  s t o r e  and compute a l l  des i red  informa- 
t i o n  on c e l l  performance. Signal  l eads  f o r  vol tage ,  cu r ren t ,  and temperature 
from t h e  individual  modules w i l l  be fed t o  a CAMAC c r a t e  i n  t h e  adjacent  data- 
acqu i s i t ion  enclosure. I n  the  C A M E  c r a t e ,  the  s i g n a l s  w i l l  be converted 
from analog t o  d i g i t a l ,  amplified, and multiplexed before being sen t  t o  t h e  
computer room i n  another p a r t  of t h e  building.  

I n  the  computer enclosure the  s i g n a l s  a r e  received i n  another CAMAC 
c r a t e  which contains the  computer in te r face .  Data w i l l  be sent  t o  a PDP 1134 
computer which w i l l  process t h e  da ta  i n t o  the  required form. Data w i l l  be 
ava i l ab le  l o r  L11e following c e l l  parameters: capacity (A-hr), energy (W-hr), 
elapsed time ( h r ) ,  average vol tage  ( V ) ,  average cur ren t  (A) ,  and average 
temperature (OC) . 

The above da ta  w i l l  be displayed i n  the  data-acquisition-system 
enclosure atd the  computer room on CRT terminals ,  and can be p r in ted  out  on 
Decwriter terminals .  I n  addi t ion ,  hard-copy p l o t s  can be obtained i n  t h e  
cumputer room on a Versatek p r in te r -p lo t t e r .  The computer w i l l  u t i l i z e  d i s c  
and magnetic tape  f o r  short-  and long-term storage,  respect ively .  The dis-  
p lays  w i l l  inc lude lrlLurmation coded t o  c e l l  number, cycle  number, and t i m e  of 
s t a r t  and f i n i s h  of each hal f  cycle.  The computer w i l l  a l s o  s t o r e  da ta  i n  
t h e  event of power f a i l u r e ,  and bootstrap up upon r e t u r n  of power (see  
Fig. IV-7) . 



Fig. IV-4. Over~ll View of 50-Cell Test Facility (ANL Neg. No. 308-78-463) 
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F i g .  IV-7. Da ta -Acquis i t ion  System f o r  50-Cell  T e s t  F a c i l i t y  
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C u r r e n t l y ,  a l l  of t h e  f u r n a c e  c o n t r o l  p a n e l s  a r e  i n s t a l l e d  i n  t h e  
modules and wi red .  The power s u p p l i e s  have a r r i v e d  and 46 o u t  of 50 have 
been modi f i ed  t o  be compat ib le  w i t h  t h e  c e l l  c y c l e r s .  The e n c l o s u r e  f o r  t h e  
d a t a  a c q u i s i t i o n  system h a s  been completed w i t h  l i g h t s ,  power, and a i r  con- 
d i t i o n i n g .  Data c a b l e s  have been r u n  and wired t o  t h e  modules and a l l  d a t a  
c a b l e s  between t h e  e n c l o s u r e  and t h e  remote computer f a c i l i t y  have been i n -  
s t a l l e d .  A l l  w i r i n g  h a r n e s s e s  f o r  t h e  components i n  t h e  modules have been 
f a b r i c a t e d  and w i l l  be i n s t a l l e d  upon r e c e i p t  of t h e  c y c l e r s .  The f i r s t  
b a t c h  of t e n  c y c l e r s  i s  due t o  a r r i v e  a t  ANL l a t e  i n  t h e  y e a r .  The a rgon  
mani fo ld  and c o n n e c t i o n s  t o  t h e  i n d i v i d u a l  f u r n a c e s  have been completed.  
F i n a l  assembly of t h e  f u r n a c e  l i d s  i s  c u r r e n t l y  under  way. 

VERSATEC 
PRINTER- 
PLOTTER 

To e x p e d i t e  t h e  t e s t i n g  of some Eagle-Picher m u l t i p l a t e  c e l l s ,  
t h r e e  modules were completed and p l a c e d  i n  o p e r a t i o n .  O p e r a t i o n  of t h e  
modules h a s  been v e r y  s a t i s f a c t o r y .  The f u r n a c e s  can  o p e r a t e  a t  455OC w i t h  
a h e a t i n g  power i n p u t  of o n l y  120  W .  

B .  T e s t i n g  of Contractor-Produced C e l l s  

Two i n d u s t r i a l  f i r m s  under c o n t r a c t  w i t h  ANL--Eagle-Picher I n d u s t r i e s ,  
I n c . ,  and Gould 1nc.--have f a b r i c a t e d  ~ i - A l / F e S  and L i - ~ l l ~ e S ~  b i c e l l s . *  

-- - -  - 

Si  
This  t y p e  of c e l l  c o n s i s t s  of a  c e n t r a l  p o s i t i v e  e l e c t r o d e  and two f a c i n g  
n e g a t i v e  e l e c t r o d e s .  



These c e l l s  have been q u a l i f i c a t i o n  t e s t e d ,  e i t h e r  a t  ANL o r  t h e  c o n t r a c t o r ' s  
l a b o r a t o r i e s ,  t o  d e t e r m i n e  t h e  optimum d e s i g n  f e a t u r e s  f o r  t h i s  t y p e  of c e l l .  
I n  a d d i t i o n ,  o t h e r  tests have been performed on t h e s e  c e l l s  t o  de te rmine  op- 
timum o p e r a  t i n g  condi  t i o n s .  

1. Q u a l i f i c a t i o n  T e s t i n g  of Eagle-Picher  C e l l s  
( T .  K .  Kaun, P. F. Eshman, W .  A.  Kremsner) 

Eagle-Picher  h a s  d e l i v e r e d  abou t  55 b i c e l l s  d u r i n g  t h e  p e r i o d  
covered  by t h i s  r e p o r t .  The d e s i g n s  of t h e s e  c e l l s  were b a s i c a l l y  t h e  same a s  
t h o s e  o f  t h e  b a s e l i n e  FeS and FeS2 c e l l s  (ANL-76-98, pp.  14-15),  b u t  w i t h  
c a r e f u l l y  s e l e c t e d  v a r i a t i o n s  (ANL-77-75, pp.  17-18).  The b a s e l i n e  c e l l s  con- 
t a i n e d  FeS2 t h i n  (Type 2 A) and t h i c k  (Type 2 B )  e l e c t r o d e s  as w e l l  as FeS 
t h i n  (Type 1A) and t h i c k  (Type 1 5 )  e l e c t r o d e s .  The b a s e l i n e  v a r i a t i o n s  
i n c l u d e d  e l e c t r o d e  t h i c k n e s s ,  e l e c t r o d e  l o a d i n g  (A-hr/cm3),  s e p a r a t o r  
material ,  p o s i t i o n  and d i a m e t e r  of p o s i t i v e  t e r m i n a l  r o d ,  and d e s i g n  of t h e  
p o s i t i v e  c u r r e n t  c o l l e c t 6 r .  'I'he m o d i f i c a r l o n s  are e v a l u a i r d  by cumpuLe~- 
c o n t r o l l e d  t e s t i n g  t h a t  p e r m i t s  a  comparison of s p e c i f i c  energy and power 
c h a r a c t e r i s t i c s  of t h e  v a r i o u s  c e l l s .  Near ly  t h i r t y - t w o  Eagle-Picher  b i c e l l s  
were  t e s t e d  a t  ANL d u r i n g  t h i s  r e p o r t  p e r i o d .  Performance d a t a  f o r  t h e s e  
c e l l s a r e  p r e s e n t e d  i n  Appendix C .  

F i g u r e  IV-8 shows t h e  u t i l i z a t i o n  of a c t i v e  m a t e r i a l  i n  t h e  p o s i t i v e  
e l e c t r o d e s  of t h e  FeS c e l l s  a s  a f u n c t i o n  of d i s c h a r g e  c u r r e n t  d e n s i t y .  The 
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F i g .  IV-8. U t i l i z a t i o n  o f  A c t i v e  M a t e r i a l  i n  
Eagle-Picher  Charged FeS C e l l s  ( a t  l e a s t  
two c c l l s  of c a c h  t y p c  wcrc o p e r a t e d )  



u t i l i z a t i o n  of t h e  b a s e l i n e  t h i n - e l e c t r o d e  c e l l s  (Type 1A) was much h i g h e r  
t h a n  t h a t  of t h e  t h i c k - e l e c t r o d e  c e l l s  (Type 1B) . However, t h e  s p e c i f i c  
e n e r g i e s  of b o t h  c e l l s  ( a b o u t  48 W-hr/kg a t  an  8-hr r a t e )  were lower  t h a n  
t h o s e  of more r e c e n t  c e l l s  (Type I l A ,  I l B ,  I3A, I3B, 1 3 C ) ; ' t h i s  r e s u l t  i s  
p a r t i a l l y  due t o  t h e  lower  e l e c t r o d e  l o a d i n g  (0.77 A-hr/cm3) and cor respon-  
d i n g l y  h i g h e r  e l e c t r o l y t e  f r a c t i o n  of t h e  b a s e l i n e  c e l l s .  The n e g a t i v e  
e l e c t r o d e s  were e s s e n t i a l l y  t h e  same t h i c k n e s s  i n  t h e  Type 13A and 13B c e l l s ;  
however, a  t h i n n e r  p o s i t i v e  e l e c t r o d e  was used i n  t h e  13B . c e l l s  t o  o b t a i n  
h i g h e r  u t i l i z a t i o n .  With t h e  lowered r a t i o  of a c t i v e  m a t e r i a l  t o  c e l l  we igh t  
f o r  I ~ B ,  t h e  two t y p e s  of c e l l s  had e q u a l  s p e c i f i c  e n e r g i e s  of 52 W-hr/kg. 
I n  t h e  Type 13C c e l l ,  t h e  n e g a t i v e  e l e c t r o d e s  were e s s e n t i a l l y  t h e  same 
thi r .kness  as t h a t  of t h e  Type 13A and 13B c e l l s ,  b u t  t h e  c a p a c i t y  l o a d i n g  
d e n s i t y  o f  t h e  e l e c t r o a e  was i n c r e a s e d  13% by d e c r e a s i n g  i t s  e l e c t r o l y t e  
volume. The p o s i t i v e  e l e c t r o d e  o f  t h e  Type 13C c e l l  had t h e  same c a p a c i t y  
l o a d i n g  volume d e n s i t y  as t h e  p o s i t i v e  e l e c t r o d e  i n  13A b u t  was 73% as 
t h i c k .  These d e s i g n  changes  reduced t h e  u t i l i z a t i o n  b u t  i n c r e a s e d  t h e  
s p e c i f i c  energy t o  68 W-hr/kg a t  t h e  8-hr r a t e .  S p e c i f i c  energy was i n -  
f l u e n c e d  more by t h e  l o a d i n g  d e n s i t y  t h a n  by t h e  u t i l i z a t i o n .  

I n v e s t i g a t i o n s  by t h e  C e l l  Chemist ry  Group (ANL-78-45, pp.  55) and 
o t h e r s  2-4 i n d i c a t e d  t h a t  FeS c e l l  performance can  be improved by t h e  
a d d i t i o n  of LiCl  t o  LiC1-KC1 e u t e c t i c  e l e c t r o l y t e .  Thus a n  Eagle-Picher  
FeS-Cu2S c e l l ,  1A5, w a s  o p e r a t e d  t o  a s s e s s  t h e  e f f e c t  of LiC1-r ich e l e c t r o l y t e  
(67 mol % LiC1-33 mol % KC1) on performance'.  T h i s  c e l l  had t h e  same d e s i g n  
a s  C e l l  1A6 (75  A-hr t h e o r e t i c a l  c a p a c i t y ) ,  which o p e r a t e d  f o r  96 c y c l e s  
(66 days)  w i t h o u t  a d e c l i n e  i n  performance.  Opera t ion  of C e l l  1A5 was t e r -  
minated a f t e r  43 c y c l e s  (19  days)  due t o  a s h o r t  c i r c u i t  i n  t h e  e l e c t r i c a l  
f eed through .  The s p e c i f i c  e n e r g i e s  and t h e  peak s p e c i f i c  powers of t h e s e  
c e l l s  were n e a r l y  i -dent ical - -47 W-hr/kg a t  t h e  4-hr r a t e  and 45 Wlkg, 
r e s p e c t i v e l y .  P o s i t i v e - e l e c t r o d e  u t i l i z a t i o n s  of t h e  t h e o r e t i c a l  c a p a c i t y  
(75 A-hr) were 70% a t  a c u r r e n t  d e n s i t y  of 40 mA/cm2, 66% a t  65 mA/cm2, and 
47% a t  130 m ~ / c m ~ .  The LiC1-rich e l e c t r o l y t e  changed t h e  shape of t h e  d i s -  
c h a r g e  v o l t a g e  US. c a p a c i t y  curve ;  two d i s t i n c t  v o l t a g e  p l a t e a u s  were ex- 
h i b i t e d  i n s t e a d  of one.  However, t h e  average  v o l t a g e  w a s  unchanged. T h i s  
a l t e r a t i o n  of t h e  v o l t a g e  c u r v e  may be a s s o c i a t e d  w i t h  s u p p r e s s i o n  of J- 
phase  fo rmat ion .  No o v e r a l l  improvement i n  c e l l  performance could  be 
a t t r i b u t e d  t o  t h e  u s e  of a  LiC1-rich e l e c t r o l y t e  i n  a Li-Al/FeS-Cu2S a d d i t i v e  
c e l l ;  however, t h e  u s e  of LiC1-rich e l e c t r o l y t e  i n  a n  e n g i n e e r i n g - s c a l e  FeS 
c e l l  w i t h  no Cu2S a d d i t i v e  h a s  been found t o  improve performance of r e c e n t  
c e l l s .  

Performance d a t a  f o r  Eagle-Picher  Li-A1/FeS2 c e l l s  a r e  p r e s e n t e d  i n  
Tab le  I V - 1 .  I n  a d d i t i o n ,  t h e  p o s i t i v e - e l e c t r o d e  u t i l i z a t i o n s ,  t h e  s p e c i f i c  
e n e r g i e s ,  and t h e  s p e c i f i c  powers f o r  t h e s e  c e l l s  a r e  p l o t t e d  a s  a  f u n c t i o n  
of d i s c h a r g e  c u r r e n t  d e n s i t y  i n  F i g s .  IV-9, -10, and -11, r e s p e c t i v e l y .  The 
p o s i t i v e - e l e c t r o d e  u t i l i z a t i o n s  f o r  t h e  Type 2A c e l l s  a r e  c o n s i d e r a b l y  h i g h e r  
t h a n  t h o s e  f o r  Type 2B c e l l s  ( t h i c k  e l e c t r o d e ) ,  b u t  t h e  s p e c i f i c  e n e r g i e s  a r e  
lower .  The Type I 4  c e l l s  were b u i l t  and t e s t e d  t o  e v a l u a t e  t h e  e f f e c t  of a n  
o f f - c e n t e r  p o s i t i v e  t e r m i n a l  rod ;  b o t h  t h e  u t i l i z a t i o n  and t h e  s p e c i f i c  
energy of t h e  Type T4 c e l l s  were reduced by t h i s  change.  E l e c t r o d e  l o a d i n g  
d e n s i t i e s  were i n c r e a s e d  i n  t h e  I6A-se r ies  c e l l s .  Although t h e  u t i l i z a t i o n  
was reduced i n  t h e  Type I 6  c e l l s ,  t h e  s p e c i f i c  energy  and power were improved 
as s h o ~ m  i n  F i g s .  IV-10 and I V - 1 1 .  Cell I 7 3  had a n  even h i g h e r  e l e c t r o d e  



T a b l e  PV-1. Data and T e s t  R e s u l t s  from Eagle-Picher  
Two-Plateau Li-A1/FeS2 Cells 

C e l l  No. 

E l e c t r o d e  Thickness ,  mm 
~ o s i  t i v e a  
Nega t ive  

C e l l  C a p a c i t y ,  A-hr 
P o s i t i v e  E l e c t r o d e  
Nega t ive  E l e c t r o d e  

2A5 2B7 I G A  I 7 3  I8L-034 I8H-041 

E l e c t r o d e  Loading,  A-hr/cm3 
P o s i t i v e  0.67 0.79 1 .29  1 .36 1 . 3 9  1 .35  
Nega t ive  0.67 0.73 0.98 0.99 1 . 2 1  1 . 1 0  

P o s i t i v e - E l e c t r o d e  U t i l i z a t i o n ,  % 
C u r r e n t  D e n s i t y ,  40  mA/cm2 77.4 72.7 62.5 55.0 66.4  71.0 
C u r r e n t  n e n s i  t y ,  81) rn~/r.rn~ 6 6 . 7  55 .7  51.3 50.7 56.11 63 . O  

P r o d u c t  of U t i l i z a t i o n  and 
E l e c t r o d e  Loading,  ~ - h r / c m ~  

C u r r e n t  D e n s i t y ,  40 m ~ / c m ~  0.52 0.57 0.81 0.75 0.92 0.96 
C u r r e n t  D e n s i t y ,  8 0  mA/cmZ 0.45 0.44 0.66 0.69 0.78 0.85 

S p e c i f i c  Energy,  W-hr/kg 
C u r r e n t  D e n s i t y ,  40  mA/cm2 6 4 . 1  79.8 82.5  91.0 120 .1  98.0 
C u r r e n t  D e n s i t y ,  80  mA/cm2 44.0 54.5 67.0 79.0 99.1  83.8 

Pcalc Powcr, W 84.5  97.5 94.3 126 106 136 

Pcalc Powcr Flux,  w/cm2 
F u l l y  Charged 
50% Discharged 

Cell R e s i s t a n c e  0.5 7 .5  9 .0  6.3 A .B 3 . 3  
- - 

' ~ e c a u s e  t h e  ce l l s  have two n e g a t i v e  e l e c t r o d e s  and one  p o s i t i v e  e l e c t r o d e ,  
t h e  p o s i t i v e  e l e c t r o d e  i s  c o n s i d e r e d  t o  c o n s i s t  o f  two h a i v e s ,  e a c h  having 
t h e  t h i c k n e s s  g i v e n  h e r e .  

l o a d i n g  d e n s i t y  t h a n  t h e  Type I 6  c e l l ,  and t h i s  change r e s u l t e d  i n  an even 
h i g h e r  s p e c i f i c  energy.  Cell I 7 3  was a l s o  used t o  t e s t  t h e  e f f e c t  of a 
m o d i f i e d  p o s i t i v e  c u r r e n t - c o l l e c t o r  d e s i g n  on c e l l  r e s i s t a n c e .  T h i s  modi f i ed  
c u r r e n t  c o l l e c t o r ' r e d u c e d  c e l l  r e s i s t a n c e  and consequen t ly  i n c r e a s e d  s p e c i f i c  
power ( ccc  Toblc I V  1 and F i g .  IV-11). 

The Type-I8 c e l l s  were used t o  t e s t  o p t i o n s  f o r  t h e  c e l l  s e p a r a t o r /  
r e t a i n e r .  B o r o n - n i t r i d e  f e l t  s e p a r a t o r s  yere used i n  s i x  t h i c k - e l e c t r o d e  
c e l l s .  A l l  s i x  c e l l s  developed s h o r t - c i r c u i t s  o r  e x h i b i t e d  poor  coulombic 
e f f i c i e n c y  w i t h i n  t h e  f i r s t  20 c y c l e s .  The p r imary  c a u s e  of s h o r t - c i r c u i t i n g  
may have been t h e  poor  q u a l i t y  of t h e  BN f e l t  used i n  t h e s e  c e l l s .  Some 
m o d i f i c a t i o n s  of t h e  c e l l  d e s i g n  may be  n e c e s s a r y  t o  a c h i e v e  a c c e p t a b l e  l i f e -  
times. Problems i n  w e t t i n g  of t h e  BN f e l t  by e l e c t r o l y t e  were a l s o  encoun- 
t e r e d .  One t e s t  of a  s u f f i c i e n t l y  we t ted  BN f e l t  i n d i c a t e d  t h a t  t h e  f e l t  
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F i g .  IV-9. U t i l i z a t i o n  of A c t i v e  M a t e r i a l  i n  
Eagle-Picher  Charged FeS2 C e l l s  ( a t  l e a s t  
two c e l l s  of each t y p e  were o p e r a t e d )  

r e s u l t s  i n  lower  c e l l  r e s i s t a n c e  t h a n  t h a t  o b t a i n e d  w i t h  BN f a b r i c  ( 9  us.  
11 mR). A lower r e s i s t a n c e  improves t h e  c a p a b i l i t y  of t h e  c e l l .  C e l l  I8L- 
0.34 was b u i l t  w i t h  no p a r t i c l e - r e t a i n i n g  s c r e e n s  o r  c l o t h s  a t  a l l  on t h e  
e l e c t r o d e s ;  BN f a b r i c  was used a s  t h e  s e p a r a t o r .  The p o s i t i v e - e l e c t r o d e  
c u r r e n t  c o l l e c t o r  had an  open molybdenum honeycomb (no c e n t e r  p l a t e )  d e s i g n  
s i m i l a r  t o  t h a t  i n  C e l l  I7A. The i n i t i a l  r e s i s t a n c e  of t h e  c e l l  a t  room 
tempera tu re  ( e l e c t r o l y t e  f r o z e n )  was f a i r l y  h i g h ,  abou t  3  M R .  The c e l l  was 
cyc led  a t  v e r y  low c u r r e n t s  (3-A charge  and  3-A d i s c h a r g e )  f o r  two c y c l e s .  
Under the.se. c.ycl.ing condi.ti.ons, 95X u t i l i z a t i o n  of t h e  p o s i t i v e  e l e c t r o d e  was 
a t t a i n e d .  During c y c l i n g ,  t h e  s p e c i f i c  energy  and peak s p e c i f i c  power of t h i s  
c e l l  were v e r y  h i g h ,  90 W-hr/kg a t  t h e  4-hr r a t e  and 65  W/kg, r e s p e c t i v e l y , a n d  
a  Jow c e l l  r e s i s t a n c e  was ach ieved  (6.5-7.5 mfl). Although t h e  c e l l  developed 
a  s h o r t  c i r c u i t  w i t h i n  20 c y c l e s ,  i t  i n d i c a t e d  improved performance f o r  t h e  
Eagle-Picher  c e l l ' d e s i g n .  

The T2i-A1/FeS2-CoS2 c e l l ,  I8H-041, had t h i n  e l e c t r o d e s  ( < 3  mm),  a  
BN-fabric s e p a r a t o r ,  and molybdenum s c r e e n  and Y203- fe l t  p a r t i c l e  r e t a i n e r s .  
The p o s i t i v e - e l e c t r o d e  c u r r e n t  c o l l e c t o r  was a modi f i ed  open-molybdenum honey- 
comb s t r u c t u r e  having a n  o f f s e t  t e r m i n a l  r o d .  T h i s  c e l l  demonstra ted good 
s p e c i f i c  p0we.r c h a r a c t e r i , s t j . c s .  The low c e l l  r e s i s t a n c e  o f  5.4 mR re -  
s u l t e d  i n  peak s p e c i f i c  power l e v e l s  of 112 W/kg and 65  W / k g , r e s p e c t i v e l y ,  
a t  95% and 50% s t a t e s  of c h a r g e .  The s p e c i f i c  energy was >85 W/kg a t  t h e  
4-hr r a t e .  A l i g h t - w e i g h t  crimped feed through  p e r m i t t e d  a r e d u c t i o n  of t h e  
c e l l  weight  t o  1 .22 kg.  The c e l l  was l i f e - t e s t e d  a t  a  c u r r e n t  d e n s i t y  of 
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F i g .  IV-10. S p e c i f i c  E n e r g i e s  of Eagle-Picher 'Li-A1/FeS2 Cells 

33 mA/cm2. The t e s t  was t e r m i n a t e d  a t  54 c y c l e s  (1000 h r )  due t o  a d e c l i n e  
of t h e  coulombic e f f i c i e n c y  t o  <70%. 

The r e s u l t s  o b t a i n e d  from t h e  above tests of Eagle-Picher  c e l l s  
i n d i c a t e  t h a t  t h e  s p e c i f i c  energy of a b i c e l l  can be  i n c r e a s e d  more e f f e c t i v e -  

' l y  by maximizing t h e  e l e c t r o d e  c a p a c i t y  d e n s i t y  ( t h e  p r o d u c t  of e l e c t r o d e  
l o a d i n g  i n  ~ - h r / c r n ~  and t h e  u t i l i z a t i o n )  t h a n  by maximizing t h e  u t i l i z a t i o n  
a l o n e .  Also,  t h e  h i g h e r  u t i l i z a t i o n  of t h i n - e l e c t r o d e  c e l l ' s  does  n o t  com- 
p e n s a t e  a d e q u a t e l y  f o r  t h e  lower  r a t i o  o f  a c t i v e  m a t e r i a l  t o  c e l l  we igh t .  A 
comparison of F i g .  I V - 8  w i t h  F ig .  L V - 9  shows t h a t  t h e  u t i l i z a t i o n  f o r  Li-A1/ 
FeS c e l l s  d e c r e a s e s  much more r a p i d l y  w i t h  i n c r e a s i n g  c u r r e n t  d e n s i t y  t h a n  
t h a t  f o r  Li-A1/FeS2 c e l l s  ( e x c e p t  i n  t h e  c a s e  o f  t h e  Type 1 A  c e l l s ) .  The 
u t i l i z a t i o n  u s .  c u r r e n t  d e n s i t y  c u r v e s  f o r  c e l l s  having t h i n  FeS and t h i n  
FeS2 e l e c t r o d e s  (Types 1 A  and 2A, r e s p e c t i v e l y )  were  similar.. I n  a l l  c a s e s  
t h e  c e l l  r e s i s t a n c e  was t h e  dominant f a c t o r  i n  t h e  power c a p a b i l i t y .  

T e s t i n g  of Eagle-Picher  C e l l s  

T e s t s  were conducted on Eagle-Picher  c e l l s  t o  de te rmine  t h e  e f f e c t  on 
performance o p e r a t i o n  a t  a n  e l e v a t e d  t empera tu re  (>450°C) and t o  de te rmine  t h e  
o p e n - c i r c u i t  v o l t a g e  as a  f u n c t i o n  of s ta te  of c h a r g e  a t  450 and 500°C. 
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Fig. IV-11.. Specific Power Data for Eagle-Picher 
~i-Al/FeS2 Cells 

a. Open-Circuit Voltages of a Partially Discharged ~ i - A ~ / F ~ S  Cell 
(V. M. Kolba, G. W. Redding, J. L. Hamilton) 

Tests were conducted to determine the open-circuit voltage of a 
Li-Al/FeS-Cu2S cell as a function of its state of charge. Cell I3C1, which 
had about 16 mol % Cu2S in the FeS electrode, was used for these tests. Five 
preliminary discharges to 0.90 V followed by charges to 1.65 V were conducted 
to establish capacity ratings for the cell., which were 62.5 A-hr at 450°C and 
102 A-hr at 500°C.* The cell was then discharged in increments of 25% of 
the rated capacities to arrive at 25, 50, 75, and 100% states of discharge at 
the two temperatures. After each partial discharge, the cell was placed on 
open circuit for one hour before the vol.t.age was measured, The open-circuit 
voltage values, which are presented in Table IV-2, are averages of up to four 
sets of measurements at each temperature and state of discharge. 

>k 
In ANL-78-45, p. 55, cell operation at elevated temperature (>450°C) was 
suspected to inhibit the formation of "J phase" (LiKCFe24S26C1) and thereby 
t n  i n r r e a s e  cell capacity. 



Table IV-2. Open-Circuit Voltage of a  L ~ - A ~ / F ~ S - C U ~ S  
C e l l  a s  a  Function of S t a t e  of Discharge 

Temp. , 
O C 

Capaci ty Discharged 
% A-hr 

Open-Ci.rcui t 
Voltage, V 

Two conclus ions  can be drawn from these  d a t a .  (1) The c e l l  
c a p a c i t y  i s  s i g n i f i c a n t l y  higher  a t  500°C than  a t  450°C, and (2 )  i nc reas ing  
t h e  temperature dec reases  t h e  open-c i rcu i t  vo l t age  of t he  c e l l  a t  v a r i o u s  
scaces u f  discharge. 

b. E f f e c t  of Operat ing Temperature on FeS Ce l l  Capacity 
(V. M. Kolba, G. W.  Redding, J .  L .  Hamilton) 

The e f f e c t  of ope ra t ing  temperature (425OC 2 T 5 5 2 5 " ~ )  on c e l l  
c a p a c i t y  has been i n v e s t i g a t e d  i n  t e s t s  of f i v e  FeS c e l l s .  Design f e a t u r e s  
of t h e s e  c e l l s  a r e  presented  i n  Table IV-3. A l l  c e l l s  exh ib i t ed  a  d e c l i n e  
i n  achievable  capac i ty  w i t h  cyc l ing ;  however, t h e  coulombic and energy 

Table IV-3. Ilesign Features of Ce1.l.s 

Theoretical Electrode Londing, Cu2S I n  FeS 
C e l l  Capacity,  ~ - h r / c m ~  Elec t rode ,  

No. A- h r  Negative P o s i t i v e  mo1 X 

I3C2 1'1 5 0.85 1.05 1 6  

EMP-5-017~ 406 0.90 1.17 10 
-..- . - 

a 
M u l t i p l a t e  c e l l  design ( see  Sec t ion  I I I . A . l ) .  

e f f i c i e n c i e s  remained h igh  f o r  a l l  c e l l s  except  1B4. A s  can be seen i n .  
Table IV-4, capac i ty  i n c r e a s e s  when t h e  temperature i s  r a i s e d  from 425 t o  
525OC. The degree of capac i ty  improvement appears  t o  vary  wi th  t h e  t o t a l  



, Table  IV-4. C e l l  Performance a t  Var ious  Temperatures 

Cycle No. 
C e l l  P r i o r  t o  Discharge Capac i ty ,  A-hr 
No. T e s t  C u r r e n t ,  A 425°C 450°C 475°C 500°C 525°C 

number of c y c l e s  p r i o r  t o  r a i s i n g  t h e  t e m p e r a t u r e ,  and was g r e a t e s t  f o r  
C e l l  1B4 a t  a  10-A d i s c h a r g e  r a t e .  The i n c r e a s e d  c a p a c i t y ,  however, was n o t  
permanent.  When t h e  t empera tu re  was r e t u r n e d  t o  425"C, a l l  c e l l s  r e t u r n e d  
t o  t h e i r  p r e v i o u s  c a p a c i t y  w i t h i n  about  t h r e e  c y c l e s .  

Although s i g n i f i c a n t  improvement was o b t a i n e d  a t  t e m p e r a t u r e s  
of 450 t o  475OC ( s e e  Cell. 13C2, Table  I V - 4 ) ,  o p e r a t i o n  a t  t e m p e r a t u r e s  
approaching 500°C f o r  l o n g  p e r i o d s  of t ime h a s  been shown t o  i n c r e a s e  t h e  
c o r r o s i o n  r a t e s  o f  t h e  c e l l  m a t e r i a l s  (ANL-76-9, p .  4 5 ) .  Based on t h e  test  
d a t a  from C e l l s  I3C1 and ' I3C2,  a  nominal t empera tu re  of 450°C was s e l e c t e d  
f o r  Li-Al/FeS b a t t e r i e s ,  w i t h  a  maximum of 500°C f o r  s h o r t  p e r i o d s  of t i m e .  

3.  T e s t i n g  of Gould Upper-Plateau FeS? C e l l s  
(T. D. Kaun, W .  A.  Kremsner, P .  F. Eshman) 

Gould I n c .  d e l i v e r e d  55 upper-pla teau* ~ i - A l / F e s ~  b i c e l l s  t o  ANL 
d u r i n g  t h i s  r e p o r t i n g  p e r i o d .  Performance d a t a  on t h e s e  c e l l s a r e p r e s e n t e d  
i n  Appendix C. The Gou.ld cel.1.s cnns i . s t  of ho t -p ressed ,  1 3  x 1 8  cm ( 5  x  7  i n . )  
e l e c t r o d e s  t h a t  a r e  assembled i n  t h e  uncharged s t a t e .  These c e l l s  a r e  b e i n g  
t e s t e d  t o  de te rmine  t h e  e f f e c t  on performance of t h e  f o l l o w i n g  d e s i g n  
f e a t u r e s :  c u r r e n t - c o l l e c t o r  d e s i g n ,  l i t h i u m  c o n t e n t  of t h e  n e g a t i v e  e l e c -  
t r o d e ,  e l e c t r o l y t e  volume, t h i c k n e s s  of t h e  p o s i t i v e  e l e c t r o d e ,  and method of 
p a r t i c l e  r e t e n t i o n .  The f o l l o w i n g  seven-day c y c l i n g  s c h e d u l e  (computer 
c o n t r o l l e d )  f o r  t e s t i n g  t h e s e  c e l l s  was e s t a b l i s h e d  by ANL and Gould: d i s -  
charge  c u r r e n t ,  d e n s i t i e s  of 33,  66,  100 and 1 3 3  mA/cm2 w i t h  a  d i scharge-cu t -  
o f f  v o l t a g e  of 1 . 3 0  V ( IR-free)  , and a  c u r r e n t - l i m i t e d  (33 mA/cm2) , c o n s t a n t -  
v o l t a g e  (2 .15 V) charge .  Th is  cycl.i.ng mode p rov ided  c o n s i s t e n t  d a t a  n e c e s s a r y  
f o r  e v a l u a t i o n  of s u b t l e  changes i n  performance from c e l l  t o  c e l l ;  v a r i a b i l i t y  
due t o  i n c o n s i s t e n t  c e l l  r e s i s t a n c e s  was a l s o  d imin i shed .  The seven-day 
c y c l i n g  schedu le  a l s o  i n c l u d e d  15-second d i s c h a r g e  power p u l s e  sequences  a t  
97% and 50% s t a t e s  of c h a r g e .  Graphs of c e l l  v o l t a g e  us.  c a p a c i t y  a t  d i s -  

J; 

These c e l l s  a r e  o p e r a t e d  on ly  on t h e  upper  of two v o l t a g e  p l a t e a u s  t h a t  
a r e  c h a r a c t e r i s t i c s  of FeS2 c e l l s .  



charge  c u r r e n t  d e n s i t i e s  up t o  133 m ~ / c m ~ ,  s p e c i f i c  energy us. discharge  
r a t e ,  and s p e c i f i c  power vs.  current .  were computer-generated f o r  most of t h e  
c e l l s .  

Performance d a t a  on 17 Gould c e l l s  a r e  presen ted  i n  Table IV-5. 
Higher c e l l  c a p a c i t y  was found f o r  c e l l s  of s i m i l a r  des ign  when t h e  charged 
n e g a t i v e  e l e c t r o d e  conta ined  50 a t . %  r a t h e r  than  45 a t . %  l i t h i u m .  A t  t h e  
f u l l y  d i scharged  s t a t e ,  f o u r  c e l l s  wi th  5.6-mm t h i c k  p o s i t i v e  e l e c t r o d e s  
(namely, C e l l s  G04-03A, -005, - 1 1 A ,  and -017) had 27-29 a t . %  l i t h i u m  i n  t h e  
n e g a t i v e  e l e c t r o d e s ,  and f o u r  c e l l s  w i t h  10.4-mm-thick p o s i t i v e  e l e c t r o d e s  
(namely, C e l l s  G04-09A, -13A, -14B, and -19A) had about  30 a t . %  l i t h i u m  
r e g a r d l e s s  of t h e  f u l l y  charged composition o r  t h e  assumed u t i l i z a t i o n  of t h e  
n e g a t i v e  e l e c t r o d e s .  T h i s  common composition i n  t h e  d i scharged  nega t ive  
e l e c t r o d e  i n d i c a t e s  t h a t  t h e  c a p a c i t y  of t h e  c e l l s  w i th  t h e  h igh  assumed 
n e g a t i v e  u t i l i z a t i o n s  ( i . e . ,  75-85%) was l i m i t e d  by t h e  nega t ive  e l e c t r o d e .  

S ince  t h e  nega t ive  electrode appears  t o  l i m i t  c apac i ty  i n  some of 
t h e  Gould c e l l s ,  an assessment  of t he  upper-plateau FeS? e l e c t r o d e  i s  d i f f i -  
c u l t .  Nonethclcss ,  h igh  u t i l i z a t i o n s  of 1q)per-plateau c a p a c i t y  have been 
ach ieved .  C e l l  G04-010 showed g r e a t e r  t han  85% u t i l i z a t i o n  of t h e  t h e o r e t i c a l  
c a p a c i t y  of t h e  upper-plateau FeS2 e l e c t r o d e  a t  a  c u r r e n t  d e n s i t y  of 
100  m ~ / c m ~  (45 A), and low e l e c t r o d e  po1arizat;io.n. Althnl leh n n t  n p t i m i z ~ d  
f o r  s p e c i f i c  Energy, C e l l  G04-010 achieved 75 W-hr/kg a t  t h e  4-hr r a t e .  A 
t h i n - e l e c t r o d e  Cell,G04-03A, achieved a  peak s p e c i f i c  power of 75 W/kg. 

F igure  IV-12 i l l u s t r a t e s  t y p i c a l  improvement i n  c e l l  performance 
us ing  50 a t . %  ( C e l l  G04-009) vs.  45 a t . %  (Ce l l  G04-13A) l i t h i u m .  The two 
c e l l s  a r e  o therwise  i d e n t i c a l .  The c a p a c i t y  of Cel.1 C04-009 i s  10-20% 
g r e a t e r  than t h a t  of C e l l  G04-13A, and i t  e x h i b i t s  less  decrease. & t h  i n -  
c reased  d i scha rge  r a t e .  

Th.c e f f  c c t  of v a r i a t i o n s  in pos i t i ve -e l ec t rode  poro$i ry  was 
eva lua t ed  by comparing C e l l s  G04-012 (30% p o r o s i t p ) a n d  G04-014B (40% 
p o r o s i t p ) .  The p o s i t i v e  t h e o r e t i c a l  c a p a c i t i e s  of t h e  two c e l l s  a r e  
s i m i l a r ;  Ce l l  G04-014B has a  t h i c k e r  p o s i t i v e  e l e c t r o d e  t o  accommodate t h e  
i nc reased  p o r o s i t y .  These mod i f i ca t i ons  r e s u l t e d  i n  a  somewhat lower capa- 
c i t y  u t i l i z a t i o n  (74% compared t o  83% f o r  C e l l  G04-012). The v o l t a g e  71s. 

c a p a c i t y  curves  f o r  t h e s e  two c e l l s  showed s i m i l a r  e l e c t r o d e  pol .a r iza t ion  
c h a r a c t e r i s t i c s .  C e l l  G04-25, which has  a  p o s i t i v e  e l e c t r o d e  p o r o s i t y  of 25% 
e x h i b i t e d  very  s t a b l e  capac i ty  a t  c u r r e n t  d e n s i t i e s  up t o  100 rnLi/cm2. No 
meaningful  e v a l u a t i o n  of t h i s  c e l l ' s  u t i l i z a t i o n  can be made, however, be- 
cause  of a  change i n  t h e  c u r r e n t - c o l l e c t o r  des ign .  With t h e  a v a i l a b l e  d a t a ,  
no c a s e  can be made f o r  i n c r e a s i n g  p o s i t i v e  e l e c t r o d e  p o r o s i t y  above 30%. 

A s  can be seen  i n  Table  IV-5, Cells G04-001, -002, and -09A have 
p o s i t i v e  e l e c t r o d e  t h i cknes se s  of 5 .6 ,  8 .0 ,  and 10.4 mm, r e s p e c t i v e l y ,  and 
50 a t . %  l i t h i u m  i n  t h e  charged nega t ive  e l e c t r o d e .  I n  g e n e r a l ,  t h e  c e l l  wi th  
t h e  t h i c k e r  p o s i t i v e  e l e c t r o d e  had a  p r e d i c t a b l y  lower u t i l i z a t i o n .  This  
e f f e c t  i s  i l l u s t r a t e d  i n  F ig .  IV-13. Thus t h e  c a p a c i t i e s  of t h e s e  c e l l s  
appear  t o  be l i m i t e d  by t h e  p o s i t i v e  e l e c t r o d e .  For t h e  t h i ck -e l ec t rode  

J. 

Measured wi th  c e l l  i n  d i scharged  s t a t e .  



Table  IV-5. Performance Data on  Gould Li-A1/FeS2 C e l l s  

Asumed Nega t ive  C e l l  
P o s i t i v e  E l e c t r o d e  E l e c t r o d e  Lithium Content  C e l l  Capac i ty ,  A-hr, a t  Res i s -  

Gould Thickness ,  Theor.  ~ a p a c i t y , ~  ~ t i l i z a t i o n , ~  of  Li-A1 E l e c t r o d e ,  a t . %  I n d i c a t e d  C u r r e n t  Dens i t  t a n c e ,  
C e l l  No. mm A-hr % Charged Discharged 33 mA/cmZ 67 c  100  m A / c m ~ ~  139  m A / s  mn 

G04-001 5.6 95.4 65 50 .0  29.8 86 86 86 8  7  6 . 3  

G04-03A . 5 . 6  9 6 . 1  7  5  50.0 28.6 82 8 1  8 1  8 1  5 . 5  

G04-005 5.6 96.1 85 50.0 28.6 71 7  1 7  1 7  0  5 .0  

G04-002 8 .0  138.6 65 50.0 31.1 1 2 1  114 110  102  5 . 0  

G04-09A 10.4 181.1 65 50.0 30.2 164 139 126 c 6 . 0  

G04-010 10.4 186 .1  75 50 .0  25.5 165  159 152 c 7 . 5  

G04-llA 5 . 6  96.1 65 45.2 28.0 8 1  8  0  8 0  c 6 . 6  

G04-012 8 .0  138.6 6  5  45.2 28.2 116 113 113  c 8 . 5  

G04-13A 10 .4  181 .1  6  5  45.2 30.6 134 128 126 c 8 . 0  

GO4-014 10 .  4d 154.8 6  5  45.2 c 125 117 107 105 7 .5  

GO&-14A 10 .4  146 .1  6  5  45.2 30.2 112 110 106 c 6 . 0  P 
d  

0 
GOS-017 5.6 9 6 . 1  6  5  45.2 26.8 86 86 8  7  86 5 . 6  

a ~ p p e r - p l a t e a u  c a p a c i t y .  

b ~ e g a t i v e - t o - p o s i t i v e  c a p a c i t y  r a t i o  i n c r e a s e s  a s  assumed n e g a t i v e  u t i l i z a t i o n  d e c r e a s e s .  

'NO d a t a  a v a i l a b l e .  

d ~ h e  p o r o s i t i e s  of t h e s ?  e l e c t r o d e s  a r e  35X; a l l  o t h e r  c e l l s  have p o s i t i v e  e l e c t r o d e  p o r o s i ~ i e s  of  30%. 



a0 

Cell Capacity. A-hr 

Fig. IV-12. Performance Data for Cells Having Different Negative Electrode 
Compositions (50 at.% Li in G04-009 and 45 at.% Li in G04-013A) 
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POSITIVE ELECTRODE THICKNESS,  m m  

Fig. IV-13. Positive-Electrode Utilization as a Function 
of Thickness for Three Guuld ~i-Al/F'es~ Cells 



c e l l s  (G04-002 and -09A), t h e  c a p a c i t y  d e c l i n e  i s  about  1% f o r  e v e r y  6  &cm2 
i n c r e a s e  i n  c u r r e n t  d e n s i t y .  For t h e  t h i n - e l e c t r o d e  c e l l  (G04-001), no 
c a p a c i t y  d e c l i n e  o c c u r r e d  a t  c u r r e n t  d e n s i t i e s  up t o  133  m ~ / c m ~ .  

Some g e n e r a l  c o n c l u s i o n s  can be drawn from t h e  r e s u l t s  of t h e  
above t e s t s .  For optimum o p e r a t i o n  o f  t h e  FeS2 e l e c t r o d e  i n  a Li-A1/FeS2 
c e l l ,  i t  i s  sugges ted  t h a t  t h e  c e l l  b e  des igned  t o  have 50 a t .% l i t h i u m  i n  
t h e  n e g a t i v e  e l e c t r o d e  and t o  u t i l i z e  l e s s  t h a n  70% of  t h e  l i t h i u m .  The u s e  
of more t h a n  30 v o l  % e l e c t r o l y t e  i n  t h e  FeS2 e l e c t r o d e  does  n o t  appear  t o  
o f f e r  any b e n e f i t  i n  c e l l  performance.  For FeS2 e l e c t r o d e s  t h a t  a r e  more 
t h a n  5.6-mm t h i c k ,  t h e  e f f e c t  o f  e l e c t r o d e  t h i c k n e s s  on u t i l i z a t i o n  of t h e  
a c t i v e  m a t e r i a l  shou ld  be c o n s i d e r e d  i n  t h e  c e l l  d e s i g n .  

C .  Mark IA Program 
( V .  M. ~ o l b a ,  R. F. Malecha) 

I n t r o d u c t i o n  

A major  o b j e c t i v e  of t h e  ~ i t h i u m / ~ e t a l  S u l f i d e  B a t t e r y  Program i s  
t o  t r a n s f e r  b a s i c  technology from ANL t o  i n d u s t r i a l  c o n t r a c t o r s .  These 
i n d u s t r i a l  f i r m s  have manufactured e l e c t r o d e s ,  o t h e r  c e l l  components, and 
complete  c e l l s .  To a c c e l e r a t e  t h e  commercial a v a i l a b i l i t y  of l i thium-alum- 
inurnl i ron s u l f i d e  b a t t e r i e s ,  i t  w i l l  be n e c e s s a r y  f o r  i n d u s t r y  t o  expand i t s  
r o l e  and become invo lved  in t h e  t o t a l  b a t t e r y  system. T h i s  i n c l u d e s  com- 
ponen ts  such  a s  i n s u l a t e d  b a t t e r y  c a s e s ,  e l e c t r i c a l  f e e d t h r o u g h s ,  e l e c t r i c a l l  
e l e c t r o n i c  hardware,  and the rmal  management sys tems f o r  t h e  b a t t e r y .  

I n  s u p p o r t  of t h i s  o b j e c t i v e ,  ANL h a s  c o n t r a c t e d  Eagle-Picher  
I n d u s t r i e s ,  I n c .  t o  develop and f a b r i c a t e  t h e  f i r s t  l a r g e  l i t h i u m l m e t a l  
s u l f i d e  b a t t e r y .  Work began under t h i s  c o n t r a c t  i n  February  1978,  and t h e  
t e c h n i c a l  g o a l s  f o r  t h i s  b a t t e r y  a r e  l i s t e d  i n  Tab le  1-2. Under t h e  terms of 
t h i s  c o n t r a c t ,  Eagle-Picher  w i l l  be invo lved  i n  t h e  f o l l o w i n g  a c t i v i t i e s :  
c e l l  and b a t t e r y  casedeve lopment ,  the rmal  management methods,  c e l l  t e s t i n g ,  
and f i n a l  assembly of t h e  b a t t e r y .  The work done a t  Eagle-Picher  i s  d i s -  
cussed  i n  d e t a i l  i n  S e c t i o n  1 I I . A  of t h i s  r e p o r t .  

2.  C o n t r a c t  Support  and Management 

A Mark I A  Team a t  ANL p r o v i d e s  t e c h n i c a l  d i r e c t i o n  t o  t h e  c o n t r a c t e d  
e f f o r t .  The team i s  composed of seven  members ( i n c l u d i n g  a t e c h n i c a l  moni to r )  
who have e x p e r t i s e  i n  t h e  a r e a s  of c e l l  c h e m i s t r y ,  e l e c t r o d e  and c e l l  f a b r i -  
c a t i o n  and t e s t i n g ,  m a t e r i a l s ,  electric-vehiclelbattery i n t e r f a c e ,  and b a t t e r y  
d e s i g n  and t e s t i n g .  On a weekly b a s i s ,  t h e  team rev iews  t h e  p r o g r e s s  be ing  
made towards t h e  g o a l s  of t h e  c o n t r a c t  t o  i d e n t i f y  problem a r e a s .  When a  
problem i s  i d e n t i f i e d ,  recommendations a r e  made on  i n v e s t i g a t i o n s  t o  be con- 
duc ted  by t h e  c o n t r a c t o r  o r  by ANL t o  r e s o l v e  t h e  problem. The c o n t r a c t o r ' s  
s c h e d u l e  i n c l u d e s  pre l imir iary  and f i n a l  d e s i g n  rev iews  t o r  t h e  c e l l ,  c a s e ,  
and assembled b a t t e r y .  Major recommendations a r e  p r e s e n t e d  t o  a  Mark IA 
Review Board f o r  a p p r o v a l  p r i o r  t o  implementat ion.  The Chemical Engineer ing  
D i v i s i o n  (CEN) C o n t r a c t  Coord ina to r  and T e c h n i c a l  Monitor i n t e r a c t  w i t h  t h e  
c o n t r a c t o r ' s  P r o j e c t  Manager on a  d a i l y  b a s i s .  A l l  fo rmal  t e c h n i c a l  c o r r e s -  
pondence i s  forwarded th rough  t h e  C o n t r a c t  Coord ina to r  t o  t h e  ANL S u b c o n t r a c t s  



A d m i n i s t r a t o r .  A t  approx imate ly  six-week i n t e r v a l s ,  mee t ings  are h e l d  w i t h  
t h e  c o n t r a c t o r  t o  rev iew p r o g r e s s  t o  d a t e  and t o  d i s c u s s  mutual  a r e a s  of 
c o n c e r n .  

P e r i o d i c  q u a l i t y - c o n t r o l  a u d i t s  have been conducted a t  Eagle-Picher, 
and ANL has  a s s i g n e d  a n  o n - s i t e  Q u a l i t y  Engineer ing  R e p r e s e n t a t i v e  f o r  t h e  
l a t e r  segment o f  t h e  development phase  and f o r  a l l  t h e  f a b r i c a t i o n  phases  
o f  t h e  c o n t r a c t .  

3 .  C o n t r a c t  S t a t u s  

When t h e  Mark IA r e q u e s t  f o r  p r o p o s a l s  was p repared  (November 1977),  
t h e  performance of t h e  FeS and FeS2 b i c e l l s  t h e n  under  development d i d  n o t  
approach  t h e  g o a l s  l i s t e d  i n  Tab le  1-2. The Li-A1/FeS2 b i c e l l s  had h i g h  
s p e c i f i c  energy  and s p e c i f i c  power, b u t  l i m i t e d  l i f e t i m e  (<200 c y r l ~ g ) :  The 
L ~ - A ~ / F ~ S  b i c e l l s  had low s p e c i f i c  energy and s p ~ c i f i c .  power, b u t  o p e r a t e d  Iur 
v e r y  long  p e r i o d s  (up t o  1000 c y c l e s ) .  The r e l a t i v e l y  low s p e c i f i c  energy and 
power of t h e  FeS c e l l  was expec ted  t o  be  s i g n i f i c a n t l y  improved by a  multipS.ate 
c e l l  d e s i g n .  Consequent ly ,  Eagle-Picher  s e l e c t e d  t h e  Li-AlIFeS m u l t i p l a t e  
c e l l  f o r  u s e  i n  Mark I A .  P r e l i m i n a r y  tests ( s e e  S e c t i o n  TT1.A.I.) have in-  
d i c a t e d  t h a t  t h e  m u l t i p l a t e  c e l l s  w i l l  meet t h e  Mark I A  g o a l s .  

a p r i s m a t i c ,  i n s u l a t e d  c a s e  i s  r e q u i r e d  t o  a t t a i n  t h e  o v e r a l l  
performance,  w e i g h t ,  h e a t - l o s s ,  and physical -dimension g o a l s  f o r  t h e  Mark I A .  
The d e s i g n  and development of such  a  c a s e  have been under taken  by Eagle-Picher  
u n d e r  s u b c o n t r a c t s  t o  two o t h e r  firms--Budd Co., and Thermo E l e c t r o n  Corp. 
Eagle-Picher  h a s  a l s o  s u b c o n t r a c t e d  t h e  weaving and h e a t  t r e a t m e n t  of t h e  BN 
c l o t h  f o r  c e l l  s e p a r a t o r s .  A l l  o t h e r  procurements  and f a b r i c a t i o n  a r e  b e i n g  
hand led  d i r e c t l y  by Eagle-Picher .  

4 .  C e l l  Development 

Ce l l  m a t r i c e s  have been developed t o  a i d  i n  d e f i n i n g  t h e  optimum 
c e l l  d e s i g n  t h a t  w i l l  p r o v i d e  t h e  d e s i r e d  performance.  To d a t e ,  abou t  50 
m u l t i p l a t e  c e l l s  have been f a b r i c a t e d  by Eagle-Picher .  and a m a j o r i t y  of 
t h e s e  c e l l s  has been o r  i s  be ing  t e s t e d .  Some c e l l s  have ach ieved  s p e c i f i c  
e n e r g i e s  g r s a t e r  t h a n  100 W-hr/kg a t  t h e  4-hr r a t e .  However, s e v e r a l  problems 
have been r e v e a l e d  by c e l l  t e s t i n g  and p o s t - t e s t  a n a l y s e s :  a g r a d u a l  l o s s  of 
c e l l  c a p a c i t y  beyond %bO c y c l e s ,  h i g h  r e s i s t a n c e  (>I m ~ ) ,  and poor w e t t i n g  
of t h e  s e p a r a t o r  by t h e  e l e c t r o l y t e .  Vigorous a c t i o n s  are he ing  t a k e n  t o  
c o r r e c t  t l ~ e s e  prublems.  

5. Case Development 

P r o t o t y p e  b a t t e r y  c a s e s  have been des igned  and a r e  be ing  f a b r i c a t e d .  
The r e q u i r e m e n t s  of a 500°C o p e r a t i n g  t empera tu re  and l a y e r s  of f o i l  i n  a n  
e v a c u a t e d  s p a c e  sur rounding  a p r i s m a t i c  u n i t  have l e d  t o  a c o r r u g a t e d  d e s i g n  
u s i n g  I n c o n e l  718 f o r  t h e  i n n e r  and o u t e r  s u r f a c e s  of t h e  c a s e .  The f a b r i -  
c a t o r  h a s  exper ienced  problems i n  we ld ing  d i s s i m i l a r  m e t a l s ,  b u t  t h e s e  
problems have been r e s o l v e d .  D i f f i c u l t i e s  have a l s o  been encounte red  w i t h  
p i n h o l e s ,  and r e p a i r  welding of t h e  p i n h o l e s  i s  i n  p r o g r e s s .  The p r e s e n t  
c a s e  d e s i g n  r e q u i r e s  much i n t e r m i t t e n t  we ld ing ,  which l e a d s  t o  a  h i g h  proba- 
b i l i t y  of p i n h o l e s .  Other  p o t e n t i a l  c a s e  d e s i g n s  t h a t  minimize t h i s  t y p e  of 
we ld ing  a r e  b e i n g  i n v e s t i g a t e d .  



D.  Post -Test  Examinat ions  of I n d u s t r i a l  S u b c o n t r a c t o r s '  C e l l s  

Dur i r~g  t h i s  r e p o r t  p e r i o d ,  35 i n d u s t r i a l  c e l l s  were examined. These 
c e l l s  were fabricated by Eagle-Picher I n d u s t r i e s ,  I n c .  (EPI) and Gould I n c .  
(G). The c e l l s  were t e s t e d  f o r  e l e c t r i c a l  performance e i t h e r  by ANL o r  by 
t h e  c o n t r a c t o r .  The r e s u l t s  o f  t h e  p o s t - t e s t  examina t ions  a r e  summarized i n  
Apperzdix D ( p o s t - t e s t  r e s u l t s  of c e l l s  f a b r i c a t e d  by ANL are p r e s e n t e d  i n  
S e c t i o n  VII .D. l ) .  Four of t h e  c e l l s  i n  t h i s  t a b l e  a r e  mu1 , t ip la te  c e l l s ;  
t h e  r e s t  a r e  b i c e l l s .  The p o s i t i v e  e l e c t r o d e s  were  e i t h e r  FeS o r  FeS2; and 
t h e  n e g a t i v e  e l e c t r o d e s  u t i l i z e d  48 a t .% Li-A1, e x c e p t  f o r  C e l l s  EPI-6A1 and 
6A2 which I I R P . ~  a Li-A1 a l l o y  of 55 a t . %  L i .  A  summary of t h e  c e l l  f a i l u r e  
modes and t h e  number of c a s e s  o f  e a c h  mode i s  p r e s e n t e d  i n  S e c t i o n  V l l . D . 2 .  

I n  FeS2 c e l l s ,  m e t a l l o g r a p h i c  examina t ions  have shown t h a t  a band of 
Li2S and m e t a l l i c  i r o n  p a r t i c l e s  i s  d e p o s i t e d  w i t h i n  t h e  s e p a r a t o r  n e a r  t h e  
n e g a t i v e  e l e c t r o d e  and p a r a l l e l  t o  t h e  e l e c t r o d e  f a c e t ( s e e  ANL-77-35, p .  4 8 a n d  
ANL-77-75, p.  4 8 ) .  Chemical a n a l y s e s  have shown t h a t  t h e  s u l f u r  concen t ra -  
t i o n  w i t h i n  t h e  s e p a r a t o r  averages  about  6-8 wt %; however, i n  C e l l  EP-I6A-1 
t h e  s u l f u r  c o n c e n t r a t i o n  was 1 5  wt %. T h i s  r e p r e s e n t s  a  s i g n i f i c a n t  l o s s  
of a c t i v e  m a t e r i a l s  ( l i t h i u m  and s u l f u r ) ,  and must be  a f a c t o r ' i n  t h e  l o s s  of 
capaciLy wi th  c y c l i n g  observed i n  FeS2 ce.l .1~.  Also ,  t h e  morphology i n d i c a t e s  
t h a t  t h e  Li2S-Pe d e p o s i t s  w o u l d , h i n d e r  i o n i c  t r a n s p o r t  between t h e  e l e c t r o d e s .  
The Li7S-Fc d e p o s i t s  do n o t  appear  t o  c a u s e  s h o r t  c i r c u i t s ,  e x c e p t  i n  
C e l l  EP-I8C-010 where t h e  d e p o s i t  comple te ly  b r i d g e d  the t h i n  BN-felt  
s e p a r a t o r .  

For t h e  f o u r  m u l t i p l a t e  c e l l s ,  me ta l lography  showed a  s i g n i f i c a n t  de- 
f i c i e n c y  of e l e c t r o l y t e  i n  t h e  n e g a t i v e  e l e c t r o d e s  and s e p a r a t o r s .  These 
examina t ions  a l s o  showed t h a t  t h e  Li-A1 i n  t h e  c e n t e r  p o r t i o n  of t h e  e l e c t r o d e  
had undergone agg lomera t ion  ( d e n s i f i c a t i o n )  r a t h e r  t h a n  forming t h e  t y p i c a l  
porous ,  s k e l e t a l  m i c r o s t r u c t u r e .  T h i s  agg lomera t ion  was p a r t i c u l a r l y  s e v e r e  
i n  C e l l  EPMP-5-018. Agglomeration of t h e  Lt-A1 a l l o y  h a s  been observed i n  
some b i c e l l s  w i t h  t h i c k  ( > 6  mm) e l e c t r o d e s .  I n  t h e s e  c e l l s ,  t h e  agg lomera t ion  
o c c u r r e d  i n  t h e  back p o r t i o n  of t h e  e l e c t r o d e  ( o p p o s i t e  t h e  working f a c e ) .  
The e l e c t r o d e s  i n  t h e  m u l t i p l a t e  c e l l s  are t h i n n e r  ( < 6  mm) and a r e  r e a c t e d  
from b o t h  f a c e s .  The b i c e l l  e J e c t r o d e s  were f a b r i c a t e d  (co ld -pressed  
i n  most c a s e s )  wit11 low volume f r a c t i o n s  of Li.-A1. ( ~ 0 . 6 )  and w i t h  e l e c t r o l y t e  
p r e s e n t .  i n  t h e  mix. The m u l t i p l a t e  e l e c t r o d e s  were f a b r i c a t e d  w i t h  a  Li-Al 
volunie f r a c t i o n  of about  0.7 and g e n e r a l l y  w i t h  l i t t l e  o r  no e l e c t r o l y t e .  
A t  t h i s  t ime ,  t h e s e  d i f f e r e n t  f a b r i c a t i o n  t e c h n i q u e s  a r e  b e l i e v e d  t o  b e  a  
major  f a c t o r  i n  t h e  Li-A1 agg lomera t ion .  

Data on t h e  c o r r o s i o n  rates f o r  t h e  c u r r e n t - c o l l e c t o r  m a t e r i a l s  t h a t  
were d e L r ~ u l i ~ ~ e ~ l  F r o m  thc  p o o t - t e s t  oxaminati  nns a r e  p r e s e n t e d  i n  S e c t i o n  
VII.D.5. 

* 
M a t e r i a l s  Development Group. 

 h his does  n o t  o c c u r  i n  FeS c e l l s .  
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V. BATTERY DESIGN 
(A. .A. Chi lenskas )  

The approaches  t a k e n  i n  t h e  d e s i g n  of t h e  b a t t e r i e s  f o r  t h e  e l e c t r i c -  
v e h i c l e  and s t a t i o n a r y - e n e r g y - s t o r a g e  a p p l i c a t i o n s  d i f f e r  s i g n i f i c a n t l y .  The 
work done on t h e s e  two d e s i g n s  a t  ANL over  t h e  p a s t  y e a r  i s  d i s c u s s e d  below. 

A. E l e c t r i c - V e h i c l e  Bat t e r v  

Eagle-Picher  I n d u s t r i e s ,  I n c .  i s  deve lop ing  a  b a t t e r y  c a s e  f o r  t h e  Mark 
IA; t h e i r  work i s  ' r e p o r t e d  i n  S e c t i o n  1II.A.P.. The work done a t  ANL on 
b a t t e r y  cases f o r  e l . e r . t r fc -veh ic le  a p p l i c a t i o n s  i s  r e p o r t e d  below. 

1. Thermal Management S t u d i e s  
J-- 

(M. F a r a h a t ,  B. Zalph") 

An exper iment  was completed t h a t  p e r m i t t e d  a n  e x p e r i m e n t a l  v e r i f i c a -  
t i o n  of t h e  c a l c u l a t e d  v a l u e  of t h e  r e v e r s i b l e  (TAS) h e a t i n g  of L ~ - A ~ / F ~ S  
c e l l s .  Two e f f e c t s  l e a d  t o  t h e  g e n e r a t i o n  of h e a t  i n  a n  e l e c t r o c h e m i c a l  c e l l .  
The f i r s t  i s  c a l l e d  t h e  r e v e r s i b l e  h e a t i n g .  The r e v e r s i b l e  h e a t i n g  i s  
due t o  t h e  change i n  e n t r o p y  of t h e  r e a c t i v e  m a t e r i a l s  and can b e  p o s i t i v e  
( h e a t  l i b e r a t e d )  o r  n e g a t i v e  ( h e a t  a b s o r b e d ) .  The second,  i r r e v e r s i b l e  h e a t -  
i n g  ( I n ) ,  i s  always p o s i t i v e .  The c e l l  p o l a r i z a t i o n  v o l t a g e  (TI) i s  t h e  
p roduc t  of t h e  c u r r e n t  and t h e  e f f e c t i v e  i n t e r n a l  impedance and r e p r e s e n t s  t h e  
d i f f e r e n c e  between a c t u a l  and t h e o r e t i c a l  ce l l  p o t e n t i a l .  

An exper iment  was des igned  t o  d e t e r m i n e  t h e  the rmal  e f f e c t s  r e s u l t -  
i n g  from t h e  charge  and d i s c h a r g e  of a n  FeS c e l l  ( C e l l  EP-1A3) by making two 
independent  measurements, e l e c t r i c a l  and the rmal .  The e l e c t r i c a l  measurement 
i s  made by i n t e g r a t i n g  t h e  p roduc t  of t h e  c e l l  c u r r e n t ,  I, and t h e  v o l t a g e  
drop due t o  c e l l  p o l a r i z a t i o n ,  TI. The the rmal  measurement i s  made by monitor-  
i n g  t h e  t r a n s i e n t  t empera tu re  change on and around t h e  c e l l .  The change i n  
t h e  h e a t  c o n t e n t  of t h e  sys tem y i e l d s  t h e  n e t  h e a t  g e n e r a t i o n  o r  a b s o r p t i o n .  

Thus, 

Q n e t  

where 

A = h e a t  t r a n s f  e r  a r e a  
C = s p e c i f i c  h e a t  
K = the rmal  c o n d u c t i v i t y  
M = mass 
0 = r a t e  of h e a t  g e n e r a t i o n  o r  a b s o r p t i o n  
T = a b s o l u t e  t empcra tu re  

A t  = t empera tu re  change 

The r e v e r s i b l e  h e a t  g e n e r a t i o n  o r  a b s o r p t i o n  CTbS) is. de.termined by! t a k i n g  
t h e  d i f f e r e n c e  between t h e  n e t  h e a t  g e n e r a t e d  (Qnet) and t h e  i r r e v e r s i b l e  
h e a t  g e n e r a t i o n  (In). A schemat ic  of t h e  t e s t  appa. ra tus  i s  g i v e n  i n  F i g .  V - 1 .  

k 
Co-op S tuden t  from Duke U n i v e r s i t y .  



Fig.  V-1. Experimental Apparatus f o r  t h e  
Measurement of Ent ropic  Heating. 

The r e s u l t s  of an  experiment u s i n g  a T,i-Al/FeS cell (EP-lA3) 
c y c l i n g  a t  a  10  A d i s cha rge  and charge  c u r r e n t  (4.5-hr r a t e )  a r e  given i n  
Table  V-1.  AL  he Llme of ehe thermal  measurements, t h e  c a p a c i t y  of t h i s  
c e l l  was 44.19 A-hr on d i s cha rge  and 44.57 A-hr on charge.  A s  shown i n  t h e  
t a b l e ,  t h e  e n t r o p i c  hea t ing  measured a t  1 0  A was +0.98 W ( hea t i ng )  du r ing  
d i s c h a r g e  and -1.10 W (cool ing)  du r ing  charge.  The average  va lue  of t h e s e  
two measurements i s  20.104 W/A (I-'.-04 W/10 A), which compares very  wzll w i t h  
t h e  v a l u e  of k0.112 W/A c a l c u l a t e d  from t h e o r e t i c a l  cons ide ra t i ons .  The 
in fo rma t ion  from t h e s e  t e s t s  w i l l  be  used i n  t h e  des ign  of an  e l e c t r i c - v e h i c l e  
b a t t e r y  ca se .  

J; 

Based u p  n 5.16 kcal /mole f o r  TAS (FeS $ Fe) . 



Table V-1.  Heating Ca lcu la t ions  f o r  C e l l  EP-1A3. 

Heat,  W Cycle lga  (d ischarge)  Cycle 2oa (charge) 
-- 

Average I r r e v e r s i b l e    eat in^^ 
Average Heat Flow 

Radia l  

Axial  

Leads 

Average Trans ien t  Heating 

C e l l  

Re ta ine r s  

P ipe  i n s .  

Glass  mat 

T o t a l  ~ e a t i n g '  

Revers ib le  Heating 

a  
Cycles a s  numbered by d a t a  a c q u i s i t i o n  system. 

b ~ b t a i n e d  from v o l t a g e  and cu r ren t  a s  a  func t ion  of time.. 
C 

A thermal  measurement. 

2 .  Ba t t e ry  Configurat ion S tud ie s  
(J. A. E. Graae, A. A. Chi lenskas)  

An has been completed a t  ANL t o  a s s e s s  a  r e c t a n g u l a r k  
ve r sus  a  c y l i n d r i c a l  con f igu ra t ion  f o r  a  50 kW-hr b a t t e r y .  The r e s u l t s  
of t h e  ana lys i s , '  g iven i n  Table V-2, suggest  t h a t  a  c y l i n d r i c a l  b a t t e r y  con- 
f i g u r a t i o n  has s ign i f i can t .  advantages over a  r ec t angu la r  one. A s  can b e  
deduced from t h e  t a b l e ,  t h e  manufacturing cos t  f o r  t h e  r ec t angu la r  j acke t  i s  
about $5/kW-hr more than t h a t  of t h e  c y l i n d r i c a l  j acke t .  Analysis  of t h e s e  
two des igns  wi th  r e s p e c t  t o  b a t t e r y l v e h i c l e  i n t e g r a t i o n ,  c r a sh  wor th iness ,  
and v i b r a t i o n a l  e f f e c t s  a r e  pre l iminary ;  however, based upon t h e s e  l a t t e r  
c r i t e r i a ,  t h e  c y c l i n d r i c a l  des ign  s t i l l  appears  t o  be t h e  more favorable .  

* 
This  des ign  i s  based on t h e  j acke t  shown i n  Fig. 111-5. 

f 
This  a n a l y s i s  i s  v a l i d  only i f  t h e  p re sen t  p r i sma t i c  c e l l  des ign  c a n  be 
changed t o  a  c i r c u l a r  shape without  s i g n i f i c a n t l y  a f f e c t i n g  c e l l  performance 
o r  c o s t ,  c e l l  c o s t  was not  taken i n t o  cons ide ra t ion  i n  t h i s  a n a l y s i s .  



Table V-2. Preliminary Assessment of the Battery 
Configuration for a 50 kW-hr Battery. 

- -  -- 

Design Estimates 

Rectangular Cylindrical 

Battery Case Weight, kg 144 96 

Battery Volume, L 312 242 

Heat Loss, W 262 133 

Jacket Manufacturing 
Cost, $ 554a 3 1 6 ~  

- 
n 
Priced at $3.85/kg in high-volume production. 

b~riced at $3.30/kg in high-volume production. 
C 

Nrrmhers i r ~  par.rl~tlieccs are  manui-acturing costs 
in dollars per kilowatt hoi-~r . 

B. Stationary Enerpy Storage Batteries 
(S. Zivi, A. A. Chilenskas) 

A conceptual design of an 100 MW-hr energy-storage plant is under devel- 
opment. This work is being carried out by Argonne National Laboratory (ANL) 
and by the Rockwell International Energy Systems Group (ESG) under contract 
to ANL. Detailed reports on th i . s  work are in preo3. 3-4 The desigll c~iLer.la 
for the plant are given in Table V-3; a drawing of the plant is shown in Fig. 
V-2. A description of the conceptual design for this plant fo1low.s. 

Tablc V. 3. Teclkl~ical Rcqulremerits t o r  the 
100 MW-hr Energy-Storage Plant. 

- - - - - 

Plant Characteristic ~equirement~ 

Footprint, kw-hr/m2 

~ifetime~, years 

for cells 

for plant 

Voltage, V 

Energy Efficienty, % 

a 
Values given below are minimums. 
b 
Calculated for 250 cycleslyr. 
C 
DC out/DC in. 



Fig. V-2. The 100 MW-hr Energy-Storage Plant 



~ i t h i u m l m e t a l  s u l f i d e  c e l l s  wi th  a capacity of 2.5 kU-hr were se lec ted  
f o r  use  i n  the p lant .  Four of these  c e l l s  a r e  connected mechanically and 
e l e c t r i c a l l y  ( i n  p a r a l l e l )  t o  form a 10 kW-hr ensemble. This c e l l  ensemble 
is t h e  b a s i c  replaceable  u n i t  of t h e  p lan t ,  and is separa te ly  charged during 
t h e  charge equa l i za t ion  process. Twenty-f our ensembles compose one submodule, 
which has a conf igura t ion resembling a bookcase. This submodule cons i s t s  of 
12 shelves  with two ce l l  ensembles each, and is  i n s t a l l e d  i n  o r  removed from 
t h e  modules through hatches i n  t h e  p lan t  roof.  A gantry spans t h e  23-m width 
of t h e  p l a n t  f o r  loading o r  replac ing the  submodules. The module is construc- 
t ed  of a l l o y  steel (2$ C r ,  1% Mo) tubing and bars ,  and conta ins  s i x  rows of 
s i x  submodules each (a t o t a l  of 864 c e l l  ensembles) connected i n  series. 
Nominal dimensions f o r  an uninsulated,  assembled module are 12 x 2.8 x 6 m. 
F ibe rg lass  i n s u l a t i o n  panels ,  43-cm thick ,  w i l l  be at tached t o  t h e  b a t t e r y  
module ( top ,  bottom, and s i d e s )  i n  order t o  reduce heat  losses .  

The 100 MW-hr f a c i l i t y  contains two groups ul: slx luudules (a "bat tery  
bank") arranged on e i t h e r  s i d e  of an electrical-power processing center .  This 
c e p r r a l  a r e a  conta ins  AC-DC converters ,  c i r c u i t  breakers,  and transformers 
i n t e r f a c i n g  with t h e  u t i l i t y  d i s t r i b u t i o n  or transmission gysrcaa. Each mudule 
group has a 10 MW converter;  i n t e r t i e s  permit reassignment of t h e  converters  
t o  a l t e r n a t e  b a t t e r y  banks. Also i n  the  c e n t r a l  a rea  a r e  a n ~ i l l a r y  bui ld ings  
(sheet  metal  sheds) which house switchgear, e q ~ a 1 . i ~ -  e lec t ron ics ,  and 
other  instrumentat ion.  Centr i fugal  blowers f o r  t h e  thermal management system 
a r e  housed i n  sheet-metal s t r u c t u r e s  on t h e  ou t s ide  of each bank. Submodules 
t o  be  i n s t a l l e d  i n  an  a l ready heated module a r e  brought up t o  operat ing t em-  
pe ra tu re  i n  an e x t e r n a l  furnace on s i t e .  Each of t h e  12-module s t r u c t u r e s  i s  
assembled from 4 prefabr ica ted  s t r u c t u r e s  which are trucked t o  the  site. 
These four  s t r u c t u r e s  are the insula ted  base, two frameworks which a r e  mnrltlt- 
ed one above the other  t u  form t h e  s h e l l  of the  module and which contain 
guide channels f o r  t h e  submodules, and a hatchway supporting sec t ion  which i s  
s e t  on top of the  frameworks and provides room above the  module f o r  equalizer- 
conductor trays. 

Several  t echn ica l  i s s u e s  have dominated t h e  design e f f o r t s  a t  ANL and 
Rockwell In te rna t iona l ,  and they a r e  discussed below. 

1. Materials  

A t  present ,  t h e  mate r i a l s  s e l e c t i o n  remains uncer ta in ,  although 
t e n t a t i v e  choices have been made. The oxidation r e s i s t a n c e  of e l e c t r i c a l  
conductors a t  450°C continues t o  be a mat ter  of considerable concern. The 
present  choice of m a t e r i a l  f o r  t h e  e l e c t r i c a l  conductor is s t a i n l e s s - s t e e l  
c l ad  copper, which has  a p r i c e  of about $ l l /kg;  less expensive material i s  
needed. The s t r u c t u r a l  ma te r i a l  chosen f o r  use i n  t h e  por t ions  of t h e  planr 
a t  450°C i s  an a l l o y  s t e e l  ( 2 t X  C r ,  1% Mo), which has a p r i c e  of about $2/kg 
i n  a few standard forms (sheet ,  bar ,  and tube). 

2.  Packing Density 

The volumetric packing f r a c t i o n  of c e l l s  i n  t h e  b a t t e r y  modules i s  
0.16 i n  t h e  present  p lan t  design. Despite t h e  low packing f r a c t i o n ,  a high 
energy per  u n i t  p lan t  a r e a  ( the f o o t p r i n t )  i s  achieved by using a l l  of t h e  
al lowable p lan t  he ight  (%7 m). The f o o t p r i n t  of t h e  present  conceptual design 
is  about 100 kwhr/m2, including t h e  converters ,  although t h e  guidel ine  given 



i n  Tab le  V-2 i s  80 kw-hr/m2. A h i g h e r  v o l u m e t r i c  packing f r a c t i o n  t h a n  0.16 
i s  d e s i r a b l e  because  t h e  c o s t s  of condilctors and . s t r u c t u r a l  components a r e  
d i r e c t l y  r e l a t e d  t o  t h e  dimensions  of t h e  p l a n t .  

3 .  Charge E q u a l i z a t i o n  

Because o p e r a t i o n  of l i t h i u m l m e t a l - s u l f i d e  c e l l s  can f a i l  due t o  
overcharge,  i t  i s  n e c e s s a r y  t o  p r o v i d e  a c h a r g e - e q u a l i z a t i o n  system t o  com- 
p e n s a t e  f o r  v a r i a t i o n s  i n  s e l f - d i s c h a r g e  r a t e s  from c e l l  t o  c e l l .  The p r e s e n t  
p l a n t  d e s i g n  i s  encumbered w i t h  s i g n i f i c a n t  c o m p l e x i t i e s  and h i g h  c o s t s  t h a t  
a r e  a t t r i b u t e d  t o  t h e  c h a r g e - e q u a l i z a t i o n  requ i rement .  The p r e s e n t  e q u a l i z e r  
system f o r  t h e  energy-s to rage  p l a n t  i s  based on t h e  e q u a l i z e r  be ing  used f o r  
e l e c t r i c - v e h i c l e  b a t t e r i e s ;  no b e t t e r  method of e q u a l i z a t i o n  f o r  t h i s  t y p e  of 
b a t t e r y  i s  now known. I n  t h e  f u t u r e ,  a  c o n c e r t e d  e f f o r t  w i l l  p robab ly  have 
t o  be  devoted t o  f i n d i n g  a cheaper  sys tem f o r  e q u a l i z i n g .  

4 .  C e l l  C h a r a c t e r i s t i c s  

Work h a s  been devoted t o  (1)  a  v e r i f i c a t i o n  t h a t  t h e  c e l l  c h a r a c t e r -  
i s t i c s  assumed f o r  t h e  100 MW-hr p l a n t  d e s i g n  a r e  c o n s i s t e n t  w i t h  l a b o r a t o r y  
d a t a  on exper imenta l  c e l l s  and (2 )  a d e r i v a t i o n  of t h e  r e q u i r e d  c e l l  r e l i -  
a b i l i t y .  I n  r e g a r d  t o  t h e  l a t t e r ,  i.t h a s  been found t h a t  t h . e  p l a n t  mus t  h a v e .  
a  v e r y  low a n n u a l  r a t e  o r  c e l l  f a i l u r e  (approx imate ly  4 p e r  1000 c e l l s )  i n  
ordar t o  operatp fnr t e n  years  w i t h o u t  a major  overhau l .  Whether a  low c e l l  
c o s t  and a  h i g h  c e l l  q u a l i t y  can be ach ieved  w h i l e  m a i n t a i n i n g  a v e r y  low 
f a i l u r e  r a t e  is  u n c e r t a i n .  

A  compromise was involved i n  the s e l e c t i o n  of tFLe s i z e  of  the c e l l s .  
Large-capaci ty  c e l l s  are d e s i r a b l e  f o r  min imiz ing  t h e  number of i t e m s  t o  b e  
handled and connec ted ,  and p robab ly  f o r  minimizing t h e  c o s t  (per k i l o w a t t  
hour) of t h e  c e l l s .  However, smal l -capac i ty  c e l l s  have been chosen f o r  t h e  
p r e s e n t  d e s i g n  because  a lmos t  a l l  e x i s t i n g  l a b o r a t o r y  e x p e r i e n c e  h a s  been 
o b t a i n e d  w i t h  s m a l l  c e l l s .  

5. The Module Conta iner  

A t  t h e  i n i t i a t i o n  of t h i s  d e s i g n  p r o j e c t ,  t h e  ANL module c o n t a i n e r  
d e s i g n  was based on a  modi f i ed  I n t e r n a t i o n a l  S t a n d a r d s  O r g a n i z a t i o n  (ISO) 
s h i p p i n g  c o n t a i n e r .  The advantage of t h i s  t y p e  of c o n t a i n e r  was t h a t  i t  
could  be  f a c t o r y  produced by methods s i m i l a r  t o  t h o s e  used today i n  t h e  man- 
u f a c t u r e  of t r u c k a b l e  s h i p  ca rgo  c o n t a i n e r s .  T h i s  modi f i ed  s h i p p i n g  c o n t a i n e r  
was expected t o  have a low manufactur ing c o s t  and t o  r e q u i r e  minimal l a b o r  on 
s i t e .  The Budd Co., a manufac tu re r  of IS0  c o n t a i n e r s ,  was c o n t r a c t e d  t o  
s t u d y  t h e  m o d i f i c a t i o n s  t h a t  would be  r e q u i r e d  f o r  t h e  h igh- tempera tu re  
b a t t e r y  a p p l i c a t i o n ,  and t h e  expected c o s t  of such a modi f i ed  IS0 c o n t a i n e r .  
However, Rockwell I n t e r n a t i o n a l  r e c e n t l y  found t h a t  t h e  packing d e n s i t y  
of c e l l  ensembles would have t o  b e  s i g n i f i c a n t l y  lower t h a n  had been a n t i c i -  
pa ted  a t  t h e  t ime  t h a t  ANL had proposed t h e  u s e  of an IS0  c o n t a i n e r ;  conse- 
q u e n t l y ,  t h e  IS0  module c o n t a i n e r  d e s i g n  l o s t  i t s  economic a t t r a c t i v e n e s s .  



6 .  Thcrmal C o n t r o l  

The c e l l  energy  e f f i c i e n c y  i s  expec ted  t o  be  approx imate ly  80%. 
About 20% of t h e  e l e c t r i c a l  energy charged i n t o  t h e  c e l l  i s  r e l e a s e d  a s  h e a t  
from t h e  c e l l ,  p r i m a r i l y  d u r i n g  d i s c h a r g e .  T h i s  h e a t  i s  removed by t h e  t h e r -  
m a l  management sys tem,  which a l s o  m a i n t a i n s  a uniform t e m p e r a t u r e  throughout  
t h e  b a t t e r y  and p r o v i d e s  h e a t  f o r  b a t t e r y  s t a r t - u p  and f o r  o c c a s i o n a l  l e n g t h y  
p e r i o d s  of b a t t e r y  id1  m e s s .  The t h e r m a l  management systBm cunsf sts of 
ha i rp in -shaped  h e a t  exchanger  t u b e s  which r u n  t h e  l e n g t h  of t h e  module a i s l e s  
between rows o f  submodules. The p r i n c i p a l  mode of h e a t  t r a n s f e r  between t h e  
c e l l  s u r f a c e s  and t h e  t u b e s  is  t h e r m a l  r a d i a t i o n .  During s t a r t - u p ,  a i r  hea ted  
t o  a h i g h  t e m p e r a t u r e  by e l e c t r i c a l - r e s i s t a n c e  h e a t e r s  i s  f o r c e d  through t h e  
t u b e s  a t  h i g h  speed  by c e n t r i f u g a l  b lowers ;  t h i s  same method can be  used dur- 
i n g  b a t t e r y  o p e r a t i o n  t o  e q u i l i b r a t e  t e m p e r a t u r e  s p a t i a l l y .  During o p e r a t i o n  
of t h e  b a t t e r y ,  t h e  a i r  i n s i d e  t h e  t u b e s  i s  r e c i r c u l a t e d  a f t e r  b e i n g  mixed 
w i t h  c o o l  o u t s i d e  a i r  a t  t he  blower i n l e t .  

7.  Es t imated  C o s t s  

Cost  estimates f o r  t h e  p l a n t  a r e  be ing  p r e p a r e d  by ANL and by 
Rockwell  I ~ l t e r n a t i o n a l .  p r e l i m i n a r y  c o s t  e s t i m a t e s  by ANL s u g g e s t  t h a t  t h e  
c o s t  of t h e  b a t t e r y  p l a n t  as p r e s e n t l y  d e s c r i b e d  ( i n c l u d i n g  c e l l s  but exclud- * Prig AC/UC c o n v e r t o r s )  i s  w e l l  over  $ 5 0 / k ~ - h r .  During t h e  n e x t  f i s c a l  y e a r  
(1979) ,  ANL and Atomics I n t e r n a t i o n a l  w i l l  t r y  t o  f i n d  a way t o  red, , ice . . the  
b a t t e r y  p l a n t  c o s t  t o  l e s s .  t h a n  $ 5 0 / k ~ - h r .  

* 
W e  assumed a  c e l l  c o s t  of $3O/kW-hr f o r  t h i s  e s t i m a t e .  
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V I .  CELL DEVELOPMENT. AND ENGINEERING 
(E. C.  Gay, H. Shimotake) 

The e f f o r t  i n  t h i s  p a r t  of t h e  program i s  d i r e c t e d  toward t h e  development 
of Li-A1/FeSx c e l l s  c a p a b l e  of meet ing t h e  requ i rements  f o r  e l e c t r i c - v e h i c l e  
and s t a t i o n a r y - e n e r g y - s t o r a g e  a p p l i c a t i o n s .  Recent c e l l  development work h a s  
c o n c e n t r a t e d  on improving l i f e t i m e  and s p e c i f i c  energy a t  h i g h  d i s c h a r g e  cur-  
r e n t  d e n s i t i e s  (>75 m ~ / c m ~ ) .  An e f f o r t  was a l s n  p l a c e d  on t h e  development 
of m u l t i p l a t e  c e l l s  and powder s e p a r a t o r s .  Whenever advances i n  c e l l  tech-  
nology a r e  demonstra ted a t  ANL, t h e s e  advances  a r e  i n c o r p o r a t e d  a s  q u i c k l y  
a s  p o s s i b l e  i n t o  t h e  i n d u s t r i a l  c o n t r a c t o r s '  c e l l s .  C e l l  performance d a t a  
f u r  ~ l l e  ANL f a b r i c a t e d  c e l l s  a r e  p r e s e n t e d  i n  Appendix E. 

A. Development of FeS C e l l s  

I n  t h e  p a s t ,  two t y p e s  of m e t a l  s u l f i d e s  have been used a s  t h e  a c t i v e  
m a t e r i a l  i n  t h e  p o s i t i v e  electrode--FeS and FeS2. The FeS2 e l e c t r o d e  is 
c a p a b l e  of h i g h  s p e c i f i c  energy and s p e c i f i c  power, b u t  h a s  t h e  d i s a d v a n t a g e s  
a t  p r e s e n t  of l i m i t e d  l i f e t i m e  and t h e  requ i rement  f o r  expens ive  c u r r e n t -  
c o l l e c t o r  m a t e r i a l s .  Consequent ly ,  t h e  FeS e l e c t r o d e  h a s  been s e l e c t e d  
f o r  t h e  Mark I A  e l e c t r i c - v e h i c l e  b a t t e r y  ( s e e  S e c t i o n  I I I . A . l . ) .  E f f o r t s  
a r e  c u r r e n t l y  under way t o  develop a  Li-Al/FeS c e l l  t h a t  meets  t h e  
performance g o a l s  f o r  t h e  Mark I b a t t e r y  ( s e e  Tab le  1-1).  

C e l l s  a r e  assembled i n  e i t h e r  an  uncharged o r  charged s t a t e .  I n  b o t h  
c a s e s ,  t h e  e l e c t r o d e s  a r e  u s u a l l y  p r e s s e d  m i x t u r e s  of a c t i v e  m a t e r i a l s  and 
e l e c t r o l y t e .  E i t h e r  method i s  e a s i l y  a d a p t a b l e  t o  A mass-product ion p r o c e s s .  
For t h i s  r e a s o n ,  b o t h  methods of assembly a r e  be ing  i n v e s t i g a t e d .  

1. T e s t s  on C e l l s  w i t h  R-Series Design 
(L. G. Bartholme, C .  ~ s i a n ~ "  and J .  ~ h a e f e r t )  

There  a r e  s t r o n g .  i n d i c a t i o n s  t h a t  t h e  f o r m a t i o n  of J phase  
(LiK6Fe24S26C1) in FeS e l e c t r o d e s  h a s  an  a d v e r s e  e f f e c t  on t h e  e l e c t r o d e  
k i n e t i c s  (ANL-77-35, p. 57) .  P rev ious  r e s u l t s  (ANL-78-45, p.  35) have 
sugges ted  t h a t  J-phase fo rmat ion  can b e  modi f i ed  by adding Cu2S t o  t h e  FeS 
e l e c t r o d e  o r  by i n c r e a s i n g  t h e  LiCl  c o n t e n t  of t h e  LiC1-KC1 e u t e c t i c . f  
During t h i s  r e p o r r i n g  p e r i o d ,  a s e r i e a  of R - s e r i e s  FeS c e l l s  were  b u i l t  
e i t h e r  w i t h  Cu2S a d d i t i o n s  t o  t h e  p o s i t i v e  e l e c t r o d e ,  o r  w i t h  LiC1-rich 
e l e c t r o l y t e .  The b a s i c  R - s e r i e s  c e l l  d e s i g n  c o n s i s t s  of a  c e n t r a l  p r e s s e d  
p o s i t i v e  e l e c t r o d e  and two n e g a t i v e  p laques  of p r e s s e d  aluminum w i r e .  

The p r a c t i c a l  v a l u e  of Cu2S a d d i t i v e  i n  t h e  p o s i t i v e  e l e c t r o d e  
of Li-Al/FeS c e l l s  has  been ques t ioned ,  because  copper m i g r a t i o n  t o  t h e  
e l e c t r o d e  t a c e  and LIILU ~ l ~ c  s e p a r a t o r  ha€ been n h s ~ r v e d  i n  c e l l s  u s i n g  t h i s  
a d d i t i v e  (ANL 77-75, p.  44) .  However, i t  h a s  n o t  been e s t a b l i s h e d  under  
what c o n d i t i o n s  t h e  coppei i l l ig~rat ion w i l l  cause  t h i s  s h o r t  c i r c u i t .  Some 
Li-Al/FeS-Cu2S b i c e l l s  have shown l o n g  c y c l e  l i f e  (F ig .  1-3) ;  r e c e n t  b i c e l l s  
have shown h i g h  u t i l i z a t i o n  of t h e  a c t i v e  m a t e r i a l  i n  t h e  p o s i t i v e  e l e c t r o d e ,  
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74% a t  t h e  4-hr r a t e  ( c u r r e n t  d e n s i t y ,  72 mfI/cm2). P o s t - t e s t  examina t ions  
of t h e s e  c e l l s  showed a  l a y e r  of copper  i n  t h e  s e p a r a t o r ,  a l t h o u g h  t h e  copper 
m i g r a t i o n  d i d  n o t  c a u s e  t h e  c e l l  f a i l u r e .  Recent ~ i - A l / F e s - C u ~ S  c e l l s  t h a t  
u s e  BN f e l t  (3-mm t h i c k )  i n s t e a d  of t h e  usue.1 BN c l o t h  a s  t h e  s e p a r a t o r /  
r e t a i n e r  a r e  s t i l l  in o p e r a t i o n  a f t e r  ?00 c y c l e s  (100 days )  w i t h  l e s s  t h a n  4% 
c a p a c i t y  d e c l i n e .  

P r e v i o u s  work (ANL-75-36, pp. 23-24) had shown t h a t  t h e  u s e  of a n  e l e c -  
t r o l y t e  c o n t a i n i n g  o n l y  l i t h i u m  c a t i o n s  r e s u l t s  i n  a g r e a t  i n c r e a s e  i n  
p o s i t i v e - e l e c t r o d e  u t i l i z a t i o n .  More r e c e n t  work a t  ANL ( s e e  Ref.  3  from 
S e c t i o n  IV) h a s  a l s o  shown t h a t  t h e  u s e  of LiC1-KC1 m i x t u r e s  c o n t a i n i n g  over  
67 mol % LiCl  r e s u l t s  i n  improved u t i l i z a t i o n .  S i n c e  t h e  l i q u i d u s  tempera- 
t u r e s  of LiC1-rich e l e c t r o l y t e  a r e  h i g h  (.>425OC), t h e  ce l l  o p e r a t i n g  
t e m p e r a t u r e  must b e  k e p t  s u f f i c i e n t l y  'high t o  m a i n t a i n  e f f e c t i v e  i o n i c  t r a n s -  
p o r t  i n  t h e  e l e c t r o d e s .  B i c e l l s  w i t h  67 mol % LiCl  have shown h i g h  l a t i l i x a -  
t i o n o ,  752 ac Lllr 4-hr rate ( c u r r e n t  dens,i t y ,  72 m ~ / c m ~ ) ,  These r e s u l L s  
show t h a t  t h e  u s e  of t h e  LiC1-rich e l e c t r o l y t e  is a s  e l f e c t i v e  as t h e  Cu2S 
a d d i t i o n  i n  improving t h e  c e l l  u t i l i z a t i o n .  Recent Li-Al/FeS b i c e l l s  having 
LiC1-r ich e l e c t r o l y t e  have been b u i l t  w i t h  EN- f e l t  s e p a r a ~ o r . / r e ~ a f r l & s .  Une 
of t h e s e  c e l l s  h a s  o p e r a t e d  f o r  o v e r  4 8 . d a y s  (78 c y c l e s )  w i t h o u t  c a p a c i t y  
d e c l i n e .  Wet t ing of t h e  BN f e l t  by t h e  e l e c t r o l y t e  i n  t h e s e  c e l l s  was 
e f f e c t i v e l y  promoted by a p p l i c a t i o n  of a s m a l l  amount (10 mg/cm2) of LiAlClt, 
t o  t h e  s u r f a c e  of t h e  BN f e l t .  T h i s  w e t t i n g  t e c h n i q u e ,  which was developed 
by t h e  M a t e r i a l s  Group ( S e c t i o n  VII .C) ,  i s  e s s e n t i a l  f o r  t h e  s u c c e s s f u l  u s e  
of t h e  BN-felt s e p a r a t o r l r e t a i n e r .  

2. T e s t s  on Cells w i t h  M-Seri.es Design 
(F. J .  Mar t ino ,  M. ~ i t z ~ i b b o n s " )  

T h i s  development e f f o r t  is  d i r e c t e d  a t  examining a number of b i c e l l  
d e s i g n s  which may r e s u l t  i n  improved s p e c i f i c  energy,  s p e c i f i c  power, and 
c y c l e  l i f e  of Li-Al/FeS c e l l s .  The c e l l s  t h a t  a r e  mentioned i n  t h e  f o l l o w i n g  
d i s c u s s i o n  a r e  of t h e  rnmpact  "M-Scrico" d t s i g t l  (MIL-78-21, p.  3 3 ) .  I n  t h e  
d e s i g n  and assembly of t h e s e  c e l l s ,  c a r e  was t a k e n  t o  make each c e l l  as n e a r l y  
i d e n t i c a l  t o  t h e  o t h e r s  as p o s s i b l e .  The e l e c t r o d e s  were  formed by h o t - p r e s s i n g  
a c t i v e  m a t e r i a l  i n t o  i r o n  honeycomb c u r r e n t  c o l l e c t o r s .  A  BN f e l t  s e p a r a t o r /  
r e t a i n e r  t h a t  had been pre-wet w i t h  e l e c t r o l y t e  was used i n  a l l  c e l l s  t e s t e d .  
P r e l i m i n a r y  t e s t s  i n d i c a t e d  t h a t  a  h i g h e r  t h e o r e t i c a l  c a p a c i t y  d e n s i t y  (A-hr/ 
cm3) i n  t h e  p o s i t i v e  e l e c t r o d e  r e d u c e s  t h e  u t i l i z a t i o n  of t h e  a c t i v e  m a t e r i a l  
somewhat, most p robab ly  as a r e s u l t  of t h e  reduced e l e c t r o l . y t e  volume; t h e  
p r e s e n c e  of more a c t i v e  m a t e r i a l  does ,  however, p r o v i d e - t h e  c a p a b i l i t y  f o r  
a c h i e v i n g  h i g h e r  c e l l  c a p a c i t y  f o r  a g i v e n  c e l l  volume. Also,  peak power may 
b e  i n c r e a s e d  as a  r e s u l t  o f  h i g h e r  e l e c t r o d e  conduc t i .v i ty  th rough  a n  i n c r e a s e d  
l o a d i n g  densi.ty (?:. e . ,  more a c t i v e  m a t e r i a l  loaded  pe r  .un iL  a r e a  of e l e c t r o d e  
f a c e .  

Recent development work on e n g i n e e r i n g - s . i z e . ~ i - A l / W  b i r e l l s  h'as 
i n c l u d e d  t h e  o p e r a t i o n  of f i v e  M-series cells--M-6, -8, -9, -10, and -11. 
These c e l l s  were  d e s i g n e d  t o  tes t  t h e  e f f e c t s  of i n c r e a s e d  l o a d i n g  d e n s i t i e s  
( f rom 0.7 t o  1 . 6  A-hr/cm3) on c e l l s  w i t h  e i t h e r  (1)  1 5  mol % Cu2S a d d i t i v e  t o  
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t h e  p o s i t i v e  e l e c t r o d e  and a n  e u t e c t i c  e l e c t r o l y t e ,  (2)  no Cu2S a d d i t i v e  and 
an  e u t e c t i c  e l e c t r o l y t e ,  o r  (3)  no a d d i t i v e  and 67 mol % LiC1-33 rnol % KC]. 
e l e c t r o l y t e  ( l i q u i d u s  t empera tu re ,  410°C). A 1 1  of t h e s e  c e l l s  were assembled 
i n  t h e  charged s t a t e ,  w i t h  t h e  e x c e p t i o n  of M-6 which was assembled uncharged.  
Pcrformance d a t a  from t h e s e  c e l l s  a r e  p r e s e n t e d  i n  F i g s .  V I - 1 ,  -2, and -3. 

The two ~ i - A l / F e s - C u ~ S  c e l l s ,  M-6 and -9, had t h e o r e t i c a l  c a p a c i t y  
d e n s i t i e s  of 0.70 and 1 . 6 0  A-hr/cm3, r e s p e c t i v e l y .  I n  an  a t t e m p t  t o  improve 
e l e c t r o d e  u t i l i z a t i o n ,  1 0  wt % carbon t h a t  had been h e a t - t r e a t e d  a t  1000°C 
was added t o  t h e  p o s i t i v e  e l e c t r o d e  of C e l l  M-6. The ach ieved  u t i l i z a t i o n  of 
65% a t  a  c u r r e n t  of 20 A ( c u r r e n t  d e n s i t y ,  74 mA/cm2) was n o t  as h i g h  a s  
a u l i ~ i p a t e d ;  however, t h e  p o s i t i v e  e l e c t r o d e  u t i l i z a t i o n  a t  10 A ( c u r r e n t  
d e n s i t y ,  37 mA/cm2) was n e a r l y  90% (F ig .  VI-1). A f t e r  64 c y c l e s ,  o p e r a r i o n  
of C e l l  M-6 was t e r m i n a t e d ,  because  t h e  c a p a c i t y  had d e c l i n e d  by %20% ( t o  
68 A-hr). However, t h e  coulombic e f f i c i e n c y  remained a t  abou t  99%. D e t a i l e d  
p o s t - t e s t  examinat ion by t h e  M a t e r i a l s  Group d i d  n o t  r e v e a l  t h e  c a u s e  of 
d e c l i n i n g  c e l l  c a p a c i t y .  

BASELINE CELL Cu2S ADDITION LiCI -RICH 
> ' 
k CELL M- I0  0 CELL M - 6  A CELL M-8 
V) 
0 0 CELL M-9  0 C E L L M - l l  

" loo- 
z 
0 
l- 
a 
N - 
J - 
I- 
3 

w 60- 
n 
0 
c 
F 

40- 
1 
W 

0 2 0  40 60 8 0  100 120 

DISCHARGE CURRENT DENSITY, rn~ /c rn '  

I 1 I I I 
- 

CHARGED AT 37 m ~ / c r n *  TO 1.65 V 

8 0 -  - 

- 

TEMP: 4 5 0 ° C  
- 

F i g .  V I - 1 .  U t i l i z a t i o n  V s .  Curren t  D e n s i t y  
of F i v e  M-Series Cel ls .  

The o t h e r  FeS-Cu2S c e l l ,  M-9 ,  c o n t a i n e d  a  "wishbone"-type c u r r e n t  
c o l l e c t o r  which was des igned  t o  reduce  t h e  cur ren t - f low d i s t a n c e  t o  t h e  pos i -  
t i v e  t e r m i n a l  and t o  p r o v i d e  r i g i d i t y  t o  an  open (no c e n t e r  s h e e t )  honeycoinb 
c u r r e n r  c u l l e c L o r .  I n  comparison w i t h  Cell M-6, t h i s  c e l l  had a lower p o s i t i v e -  
e l e c t r o d e  u t i l i z a t i o n ,  53% a t  a  c u r r e n t  of 20 A ( c u r r e n t  d e n s i t y ,  74 mA/cm2). 



I I I I 1 

- 

- 

- 

- 

100 % CHARGE 
= - .... 5 0  9“ CHARGE - 

0 CELL M - 9  
/I CELL M - 8  . ... 

CELL M- l l  

I I I I I 0 0 
0 40 80 120 160 200 2 4 0  

POWER PULSE ( 15- sec 1 CURRENT, A 

F i g .  VI-2. P.ower Data us. C u r r e n t  f o r  
Three  M-Series Cells. 

.L M- I0  0 CELL M-6 A CELL 

0 CELL M-9 0 CELL 

DISCHARGE CURRENT DENSITY, rn~/crn' 

Fig .  VI-3. S p e c i f i c  .Energy us.  C u r r e n t  D e n s i t y  
f o r  F i v e  M-Series C e l l s .  



T h i s  r e s u l t  w a s  expec ted  on t h e  b a s i s  of t h e  lower e l e c t r o l y t e  c o n t e n t  (40 
v o l  % a t  f u l l  charge)  of C e l l  M-9. However, t h e  t h i n n e r  p o s i t i v e  e l e c t r o d e  
and h i g h e r  t h e o r e t i c a l  c a p a c i t y  used i n  C e l l  M-9 makes more a c t i v e  m a t e r i a l  
a v a i l a b l e  f o r  r e a c t i o n  and r e d u c e s  t h e  c e l l  we igh t ,  Lhereby i n c r e a s i n g  t h e  
s p e c i f i c  energy ( s e e  F i g .  VI-3). C e l l  M-9, which had a t y p i c a l  r e s i s t a n c e  of 
3 .4  mQ, ach ieved  s p e c i f i c  e n e r g i e s  of 65 and 50 W-hr/kg a t  t h e  4-hr (74 mA/cm2) 
and 2-hr (110 mA/cmP) d i s c h a r g e  r a t e s ,  r . e s .pec t ive ly .  A s  shown i n  F i g .  V1.-2, 
peak-power v a l u e s  (15-sec p u l s e )  were  I 2 0  W/kg a t  f u l l  c h a r g c  and 76 W/kg 
a t  50% s L a t e  of charge;  t h i s  is  t h e  h i g h e s t  s p e c i f i c  power ach ieved  by t h e  
M-series c e l l s .  A f t e r  200 c y c l e s ,  t h e  c e l l  c a p a c i t y  a t  t h e  4-hr d i s c h a r g e  
r a t e  ( c u r r e n t  d e n s i t y ,  74 mA/cm2) had d e c l i n e d  abou t  20% from a t y p i c a l  h i g h  
of s 7 8  A-hr; however, t h e  c a p a c i t y  a t  a  d i s c h a r g e  c u r r e n t  densi t .y  o f  37 mA/em2 
remained n e a r l y  constauL. 

Cells M-8, -10, and -11 conta ined  no m e t a l  a d d i t i v e  t o  the p o s i t i v e  
e l e c t r o d e .  C e l l  M-10 (115 A-hr c a p a c i t y )  was des igned  as a b a s e l i n e  c e l l  and 
used LiC1-KC1 e u t e c t i c  e l e c t r o l y t e ;  t h e  t h e o r e t i c a l  c a p a c i t y  d e n s i t y  of t h e  
p o s i t i v e  e l e c t r o d e  was 1 .40  A-hr/cm3. C e l l s  M-8 (113 A-hr) and M - 1 1  (132 A-hr) 
were  s i m i l a r  i n  d e s i g n  t o  C e l l  M-10 b u t  had LiC1-rich e l e c t r o l y t e  (67 mol % 
LiC1-KC1; l i q u i d u s  t e m p e r a t u r e  425OC). The t h e o r e t i c a l  c a p a c i t y  d e n s i t i e s  
f o r  t h e  p o s i t i v e  e l e c t r o d e  were  1 . 4 0  ~ - h r / c r n ~  f o r  C e l l  M-8 and 1 . 6 0  ~ - h r / c m ~  
f o r  C e l l  M - 1 1 .  As expec ted ,  t h e  c e l l s  w i t h  LiC1-rich e l e c t r o l y t e  (M-8 and -11) 
had a h i g h e r  p o s i t i v e - e l e c t r o d e  u t i l i z a t i o n  t h a n  t h a t  of t h e  c e l l  w i t h  no Cu2S 
a d d i t i v e  and e u t e c t i c  e l e c t r o l y t e  (M-10). I n  t h e  c e l l s  w i t h  LiC1-rich e l e c t r o -  
l y t e ,  a h i g h e r  c a p a c i t y  d e n s i t y  r e s u l t e d  i n  a h i g h e r  s p e c i f i c  power ( F i g .  V I -  
2) b u t  a lower p o s i t i v e - e l e c t r o d e  u t i l i z a t i o n  ( F i g .  VI-1) and s p e c i f i c  energy 
(F ig .  VI-3). One of t h e  a n t i c i p a t e d  e f f e c t s  of t h e  u s e  of LiC1-r ich e l e c t r o -  
l y t e  i n  FeS c e l l s  i s  t o  i n c r e a s e  c y c l e  l i f e  through a  r e d u c t i o n  of J -phase  
f o r m a t i o n  (ANL-77-17, p .  45) .  Cycl ing a t  a 4-hr d i s c h a r g e  r a t e ,  C e l l  M-8 h a s  
o p e r a t e d  f o r  more t h a n  180 c y c l e s  w i t h  v i r t u a l l y  no l o s s  i n  c e l l  c a p a c i t y  and 
a coulombic e f f i c i e n c y  of 98%. The o p e r a t i o n  of C e l l  M - 1 1  h a s  y e t  t o  i n d i c a t e  
c l e a r l y  whether  t h i s  s t a b i l i t y  w i l l  occur  i n  a  c e l l  hav ing  a  h i g h e r  t h e o r e t i c a l  
c a p a c i t y  d e n s i t y ;  however, a f t e r  50 c y c l e s ,  no c a p a c i t y  l o s s  h a s  been observed.  

I n  summary, i t  i s  a p p a r e n t  t h a t  w i t h o u t  t h e  u s e  u f  e i t h e r  Cu2S 
a d d i t i v e  o r  LiC1-rich e l e c t r o l y t e  i n  t h e s e  FeS c e l l s ,  t h e  u t i l i z a t i o n  of t h e  
p o s i t i v e  e l e c t r o d e  i s  q u i t e  poor;  t h i s  e f f e c t  is e s p e c i a l l y  obvious  a t  c u r r e n t  
d e n s i t i e s  above 75 mA/crn2. Of t h e  f i v e  M-series c e l l s  under  tes t ,  t h e  c e l l  
w i t h  Cu2S a d d i t i v e  and a l o a d i n g  densi - ty  of 1 . 6  A - l ~ ~ / c r n ~  and t h e  c e l l  w i t h  
LiC1-rich e l e c t r o l y t e  and a l o a d i n g  d e n s i t y  of 1 . 4  ~ - h r / c r n ~  appeared t o  ex- 
h i b i t  t h e  b e s t  performance c h a r a c t e r i s t i c s  w i t h  r e s p e c t  t o  t h e  Mark I and I1 
g o a l s .  

3.  Small-Scale FeS C e l l s  
.- 

(K. E.  Anderson, D.  R. ~ i s s e r s , ~  T. HOT) 

A s m a l l - s c a l e  FeS c c l l  (15-cm2 e l e c t r o d e  a r e a )  was o p e r a t e d  t o  
de te rmine  t h e  e f f e c t  on performance o f  v a r y i n g  the L i C l  c o n c e n t r a t i o n  i n  t h e  
e l e c t r o l y t e .  Four d i f f e r e n t  LiC1-KC1 e l e c t r o l y t e  compos i t ions ,  58, 61, 65, 

* 
C e l l  Chemistry Group of Chemical Engineer ing  D i v i s i o n  a t  ANL. 

t 
Research S t i ~ d e n t  A ~ s o c i a t e ,  I n s t i t u t e  of Nuclear Research,  Taiwan. 



and 67 rnol % LiCl  ( l i q u i d u s  t e n ~ p e r a t u r c s  of 350, 375, 400 and 425"C, respec-  
t i v e l y ) ,  were  i n v e s t i g a t e d .  A s e p a r a t e  c e l l  c o n t a i n i n g  a KC1-rich e l e c t r o l y t e  
(i.e., 53 rnol % LiC1-47 rnol % K C 1  w i t h  a  l i q u i d u s  t e m p e r a t u r e  of 415°C) was 
a l s o  c o n s t r u c t e d .  The r e s u l t s  i n d i c a t e  t h a t  t h e  u t i l i z a t i o n  of t h e  p o s i t i v e  
e l e c t r o d e  i n c r e a s e d  from 50 t o  8 O X ~ l l e n  t h e  L iCl  c o n t e n t  of t h e  e l e c t r o l y t e  
was i n c r e a s e d  from 58 t o  67 rnol %. U t i l i z a t i o n s  o b t a i n e d  a t  t h e  6 1  and 65 
rnol % LiCl  c o n c e n t r a t i o n s  were  66 and 79%, r e s p e c t i v e l y .  The u t i l i z a t i o n  f o r  
t h e  c e l l  o p e r a t e d  w i t h  t h e  KC1-rich e l e c t r o l y t e  was approx imate ly  25%. These 
r e s u l t s  conf i rm t h e  e a r l i e r  o b s e r v a t i o n  t h a t  L iCl  a d d i t i o n  t o  t h e  e u t e c t i c  
LiC1-KC1 e l e c t r o l y t e  improves FeS u t i l i z a t i o n .  L i th ium c h l o r i d e  concen t ra -  
t i o n s  h i g h e r  t h a n  67 rnol % were n o t  i n v e s t i g a t e d  because  of t h e  h i g h  l i q u i d u s  
t e m p e r a t u r e  a s s o c i a t e d  w i t h  t h a t  e l e c t r o l y t e  c o n c e n t r a t i o n .  Another e f f e c t  
a s s o c i a t e d  w i t h  t h e  u s e  of LiC1-rich e l e c t r o l y t e  i s  a n  improvement i n  peak 
power d e n s i t y  (w/cm2). I n  F i g .  VI-4, r e s u l t s  from a  b a s e l i n e  Li--Al/FeS c e l l  
a r e  compared w i t h  t h o s e  from a  Li-Al/FeS-5.8 rnol % Cu2S c e l l  w i t h  LiC1-KC1 
e u t e c t i c  e l e c t r o l y t e  and a Li-A1/17cS c e l l  w i t h  T,iCl-rich (67 rnol % LiC1) e l e c -  
t r o l y t e .  
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1. I .  - 4  E I f e c t s  of Cu2S Addi.tion t o  t h e  
E l e c t r o d e  and L iCl  Enrichment of 
t h e  E l e c t r o l y t e  on t h e  Peak Power 
Dens i ty  of Li-Al/FeS C e l l s .  



1 n v e s t i g a t i o n s . o f  a d d i t i v e s  t o  t h e  p o s i t i v e  e l e c t r o d e  were  conducted.  
F i v e  s m a l l - s c a l e  c e l l s  were c o n s t r u c t e d  w i t h  t h e  f o l l o w i n g  a d d i t i v e s  t o  t h e  
FeS p o s i t i v e  e l e c t r o d e :  0 ,  2 .8 ,  5 .8 ,  and 1 2 . 1  rnol % Cu2S, and 10.7 rnol % CoS. 
The r e s u l t s  i n d i c a t e  t h a t  5 . 8  rnol % Cu2S p o s i t i v e  a d d i t i v e  improves t h e  pos i -  
t i v e - e l e c t r o d e  u t i l i z a t i o n  and t h a t  t h e  u t i l i z a t i o n  i s  about  t h e  same f o r  c e l l s  
w i t h  e i t h e r  5 .8  or  1 2 . 1  rnol % Cu2S p o s i t i v e  a d d i t i v e .  No b e n e f i c i a l  e f f e c t  
could  be  a t t r i b u t e d  t o  t h e  a d d i t i o n  of CoS. 

4.  M u l t i p l a t e  C e l l  Design 
(H. Shimotake) 

I n  o r d e r  t o  i n c r e a s e  t h e  s p e c i f i c  energy of t h e  ~ i - ~ l / F e s  c e l l  t o  
meet t h e  g o a l s  f o r  t h e  Mark I and I1 b a t t e r i e s  ( > l o 0  W-hr/kg a t  t h e  4-hr 
r a t e ) ,  a  m u l t i p l a t e  c e l l  ' (F ig .  VI-5) h a s  been proposed.  Because of t h e  l a r g e  
e l e c t r o d e  a r e a  f o r  a  g i . ~ e n  c e l l  c a p a c i t y ,  t h e  ,multT.p.late c e l l  is: expec ted  
t o  have a  h i g h e r  u t i l i z a t i o n  of a c t i v e  m a t e r i a l  t h a n  t h a t  of t h e  b i c e l l .  
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F i g .  VL-5. M u l t i p l a t e  C e l l  Design.  



Tke c e l l  shown i n  F i g .  VI-5 i s  asselllbled w i t h  two uncharged p o s i t i v e  
e l e c t r o d e s *  and t h r e e  p a r t i a l l y  charged n e g a t i v e  e l e c t r o d e s  ( t y p i c a l  e l e c t r o d e  
dimensions ,  16 .9  x 1 7 . 8  cm). The uncharged FeS p o s i t i v e  e l e c t r o d e  c o n s i s t s  of 
a  ho t -p ressed  p laque  of Li2S and i r o n  powder p laced  on each s i d e  of a f l a t -  
s h e e t  i r o n  c u r r e n t  c o l l e c t o r ,  and i s  h e l d  t o g e t h e r  by m e t a l  f rames .  The 
e l e c t r o d e  is  comple te ly  covered by a  BN-felt s e p a r a t o r / r e t a i n e r ,  which i s  
pre-wet w i t h  e l e c t r o l y t e .  The n e g a t i v e  e l e c t r o d e  c o n s i s t s  of p r e s s e d  alumin- 
um w i r e  p laques  c o n t a i n i n g  a prcdetermined amount of Li-A1 a l l o y ;  an  i r o n  
f rame  s u r r o u n d s  t h i s  e l e c t r o d e .  An i ron-sc reen  c u r r e n t  c o l l e c t o r  i s  used i n  
t h e  n e g a t i v e  e l e c t r o d e ;  t h e  t a b  of Lhe n e g a t i v e  e l e c t r o d e  i s  welded t o  t h e  
c e l l  can ( a l s o  i r o n )  on assembly.  The s u r f a c e  a r e a  of t h e  p o s i t i v e  e l e c t r o d e  
i s  s l i g h t l y  l e s s  t h a n  t h a t  of t h e  n e g a t i v e  e l e c t r o d e  t o  a l l o w  i n s u l a t i o n  of 
t h e  edges  of t h e  p o s i t i v e  e l e c t r o d e  from n e g a t i v e  p o t e n t i a l .  The e l e c t r i c a l  
c o n n e c t i o n  of t h e  p o s i t i v e  e l e c t r o d e  p l a t e s  t o  t.he f e e d t h r o u g h  i s  made by a  
s t r a p  t h a t  i s  welded t o  t h e  c u r r e n t  c o l l e c t o r s  of b o t h  p o s i t i v e  e l e c t r o d e s .  
T h i s  s t r a p ,  which is  made nf tlir vame m a t c r i a l  aa L l ~ r  c u r r @ n r  c o l l e r t o r ,  i s  
i n s u l a t e d - f r o l l l  t h e  n e g a t i v e  p l a t e s  by a t h i n  b a r  of BN. The s p a c e  above t h e  
e l e c L r o d e  p l a t e s ,  o t h e r  t h a n  t h a t  occup ied  by t h e  BN, is  comple te ly  f i l l e d  
w i t h  BN power. The e l e c t r i c a l  f e e d t h r o u g h  f o r  t h i s  c e l l  is  a n  ANL snap- r ing  
t y p e  (ANL-77-75, p.  3 2 ) .  

T h e . t o t a l  w e i g h t  of t h i s  m u l t i p l a t e  c e l l  i s  about  2.55 kg.  Calcula-  
t i o n s  i n d i c a t e d  t h a t  a 111ul t ip la te  c e l l  of t h i s  d e s i g n  w i l l  a c h i e v e  an  energy 
of 334 W-hr and a  u t i l i z a t i o n  of 75% ( t h e o r e t i c a l  c a p a c i t y ,  278 A-hr) a t  a  
c u r r e n t  d e n s i t y  of 60 miI/cm2. These  f i g u r e s  cor respond  t o  a s p e c i f i c  energy  
of 1 3 1  W-hr/kg a t  t h e  4-hr r a t e .  The m a t e r i a l s  c o s t  i s  expec ted  t o  be abou t  
$23/kW-hr. However, i f  a  MgO powder s e p a r a t o r  were  used i n  t h i s  c e l l  i n s t e a d  
of BN f e l t ,  t h e  m a t e r i a l s  c o s t  would b e  reduced t o  about  $l3/kW-hr. 

B. n e ~ r ~ l ~ p r n e n t  of IIC2 C e l l s  

The FeS2 ce l l  is  c a p a b l e  of d e l i v e r i n 8  high ~ p c c i f i c  energy and s p e t i f l c  
power, bu t  has  problems of l i m i t e d  l i f e t i m e  and t h c  rcqu i renze~~L f o r  expens ive  
c u r r e n t - c o l l e c t o r  m a l e r i a l s  . Currentl ,y,  ~f f orto a ro  bcirig mall+ L U  s u l v e  r h e s e  
problems.  If s u c c e s s f u l l y  deve loped ,  t h i s  e l e c t r o d e  w i l l  be  i n c o r p o r a t e d  i n  
t h e  Mark I11 c e l l s .  

C e l l  c h e m i s t r y  s t u d i e s  (ANL-77-75, p.  52-53) have i n d i c a t e d  t h a t  NiS2 may 
be  arl a t t r a c t i v e  a l t e r n a t i v e  t n  FeS2 3~ t h c  act ive  iuaLrrlal i n  t h e  p o s i t i v e  
e l e c t r o d e .  Consequent ly ,  t h e  recommendation was made t h a t  t h e  u s e  of NiS2 
as a s u b s t i t u t e  f o r  t h e  a c t i v e  m a t e r i a l  i n  t h e  p o s i t i v e  e l e c t r o d e  o r  as an  
a d d i t i v e  i n  t i - A l / ~ S ~  cells b e  i n v e s t i g a t e d  i n  e n g i n e e r i n g - s c a l e  cells.  
During t h e  r e p o r t i n g  p e r i o d ,  t h e s e  p o s i t i v e  e l e c t r o d e  m l x t u r e s  were  i n v e s t i -  
g a t e d  i n  uncharged and charged cel..l.s with prcnnc? c l e c t r u d c u  and w i t h  carbon- 
bonded e l e c t r o d e s .  

I. T e s t s  of Cells w i t h  R-Series Design 
(L. F. Bartholme) 

The f i r s t  two engineer ing-sca1.e  NiS2 c e l l s ,  R-31 and R-32, were  
assembled i n  t h e  uncharged s t a t e  w i t h  ho t -p ressed  e l e c t r o d e s  of LiAl and NiS2. 
Coba l t  d i s u l f i d e  h a s  been used  as a n  a d d i t i v e  f o r  FeS2 e l e c t r o d e s  f o r  some 

* 
I n  t h i s  c e l l  d e s i g n ,  each  p o s i t i v e  e l e c t r o d e  h a s  two f a c i n g  n e g a t i v e  e l e c -  
t r o d e s .  



t i m e  (ANL-75-1, p.  29) t o  improve e l e c t r o n i c  conduc t ion ;  i n  C e l l  R-31, 9  rnol % 
CoS2 w a s  mixed w i t h  t h e  NiS2: T e s t s  'on smal.1-s'cale ce.ll-s .have shown t h a t  
t h e  a d d i t i o n  of h e a t - t r e a t e d  (>lOOO°C) ca rbon  powder t o  t h e  FeS2 e l e c t r o d e  
improves performance (ANL-77-75, . p .  27) ;  i n  C e l l  R-32', t h i s  h e a t - t r e a t e d  
carbon powder was added t o  t h e  NiS2 e l e c t r o d e .  Both c e l l s  have shown exce l -  
l e n t  coulombic e f f i c i e n c i e s  (>99%) .  However, C e l l  R-31 e x i b i t e d  h l g h  r e s i s t a n c e  
( > I 2  mR) and low u t i l i z a t i o n  (<30%) i n  t h e  e a r l y  c y c l e s .  T h i s  a p p e a r s  t o  
r e s u l t  from t h e  low e l e c t r o n i c  c o n d u c t i v i t y  of NiS2. With f u r t h e r  c y c l i n g ,  
t h e  u t i l i z a t i o n  improved and s t a b i l i z e d  a t  50% (3.5-hr r a t e ) .  The c e l l  h a s  
o p e r a t e d  f o r  378 days  (1025 c y c l e s )  w i t h  less t h a n  30% c a p a c i t y  d e c l i n e .  
C e l l  R-32 h a s  shown a much lower r e s i s t a n c e  (<4 .5  mQ) and h i g h e r  u t i l i z a t i o n  
t h a n  C e l l  R-31, bu,t i t  develuped a s h o r t  c i r c i l i t  a f t e r  95 days  (178 c y c l e s )  
and o p e r a t i o n . w a s .  t e r m i n a t e d .  I n  view of t h e  r e s u l t s , .  a Li-A1/Ni.S2-Co~2 
c e l l ,  R-36; which i s  s i m i l a r  t o  c e i l  R-31 b u t  c o n t a i n s  t h e  h e a t - t r e a t e d  carbon 
powder i n  . t h e .  p o s i t i v e  e l e c t r o d e ,  was . b u i l t .  Its performance was s i g n i f i c a n t l y  
b e t t e r  t h a n  t h a t  of C e l l  R-31, and i t  showed none of t h e  c a p a c i t y  f l u c t u a t i o n s  
t h a t  had been observed d u r i n g  t h e  e a r l y  c y c l e s  of C e l l  R-31. The improvement 
was a t t r i b u t e d  t o  more e f f e c t i v e  c u r r e n t  c o l l e c t i o n  provided by t h e  carbon 
powder. The c e l l  h a s  e x h i b i t e d  a  c a p a c i t y  d e c l i n e  of 24% a f t e r  253 days  
(472 c y c l e s ) , ' b u t  i t  c o n t i n u e s  t o  o p e r a t e  w i t h  h i g h  (>98%) coulombic 
e f f i c i e n c y .  

S i n c e  n i c k e l  i s  a n  expens ive  m a t e r i a l ,  n i c k e l  s u l f i d e  p l u s  i r o n  
s u l f i d e  m i x t u r e s  have been examined a s  p o t e n t i a l  a c t i v e  m a t e r i a l s  f o r  t h e  
p o s i t i v e  e l e c t r o d e .  A  50 rnol % FeS2-50 rnol % NiS2 m i x t u r e  was exaluined i n  
C e l l  R-33. A s l i g h t l y  h i g h e r  c e l l  v o l t a g e  and u t i l i z a t i o n  t h a n  t h o s e  o b t a i n e d  
w i t h  NiS2 a l o n e  were  observed.  However, t h e  c e l l  developed a s h o r t  c i r c u i t  
a f t e r  55 days  and 90 c y c l e s  and i t s  o p e r a t i o n  was t e r m i n a t e d .  A m i x t u r e  con- 
t a i n i n g  78.8  rnol % FeS1.65-8.2 rnol % C 0 S ~ . 6 ~ - 1 3 . 0  rnol % NiS1.65 was t e s t e d  i n  
C e l l  R-35. An i d e n t i c a l  m i x t u r e  had been t e s t e d  p r e v i o u s l y  i n  C e l l  R-30, 
which showed e x c e l l e n t  u t i l i z a t i o n  and good performance (ANL-78-20, p .  1 6 ) .  
I n  C e l l  R-35, a  p a r t i a l l y  g r a p h i t i z e d  carbon f i b e r *  was added t o  t h e  p o s i t i v e  
e l e c t r o d e  t o  improve c u r r e n t  c o l l e c t i o n .  Th is  c e l l  demonstra ted h i g h e r  u t i l -  
i z a t i o n  (65% a t  t h e  2-hr r a t e )  t h a n  t h e  c e l l s  u s i n g  NiS2 a l o n e .  However, t h e  
average  v o l t a g e  of t h e  c e l l  was abou t  0 . 1  V lower t h a n  t h a t  of C e l l  R-30. It 
i s  expec ted  t h a t  i n s u f f i c i e n t  w e t t i n g  of t h e  carbon f i b e r  by t h e  e l e c t r o l y t e  
r e s u l t e d  i n  a h i g h e r  i n t e r n a l  r e s i s t a n c e  and consequen t ly  a  lower c e l l  v o l t a g e .  

2. T e s t s  of C e l l s  w i t h  M-Series Design 
(F. J .  Mart ino)  

E f f o r t s  t o  improve t h e  performance of metal  d i s u l f i d e  c e l l s  were  
con t inued .  S t u d i e s  by t h e  C e l l  Chemistry Group had shown t h a t  g r a d u a l  l o s s  of 
c a p a c i t y  i n  Li-A1/FeS2 c e l l s  r e s u l t s  from i r r e v e r s i b i l i t y  of t h e  FeS2 e l e c -  
t r o d e .  As a p o t e n t i a l  s o l u t i o n  t o  t h i s  problem, a lower s u l f u r - t o - m e t a l  r a t i o ,  
1 .44 ,  was t e s t e d  i n  two compact M-series c e l l s , ?  M-4 and M-7, which had a n  

* 
A p r o d u c t  of G r e a t  Lakes Research Corp. ,  E l i z a b e t h t o n ,  TN. 
t 

A schemat ic  drawing of t h e  M-series c e l l  d e s i g n  can be  found i n  ANL-78-20, 
p .  1.5. 



FeS2-NiS-Mo-Fe m i x t u r e  i n  t h e  p o s i t i v e  e l e c t r o d e s .  The c a p a c i t y  of C e l l  M-4 
was l i m i t e d  t o  165 A-hr by t h e  n e g a t i v e  e l e c t r o d e s ,  whereas  t h e  n e g a t i v e  e l e c -  
t r o d e s  of C e l l  M-7 had ~ 1 7 %  e x c e s s  c a p a c i t y  (233 A-hr). As a r e s u l t  of t h e s e  
d i f f e r e n c e s ,  t h e  p o s i t i v e - e l e c t r o d e  t h i c k n e s s  of C e l l  M-4 was 1 2  mm ( t h e o r e t i -  
c a l  c a p a c i t y ,  264 A-hr) and Lhat of C e l l  M-7 was 9 - 6  mm ( t h e o r e t i c a l  c a p a c i t y ,  
194 A-hr). The o n l y  o t h e r  d i f f e r e n c e  i n  d e s i g n  between t h e  two c e l l s  was t h e  
u s e  of 55 a t .  % L i  i n  t h e  n e g a t i v e  e l e c t r o d e s  of C e l l  M-7 as compared t o  48 
a t .  % i n  C e l l  M-4. Both c e l l s  used p r e s s e d  e l e c t r o d e s  and a  Y203-felt  
s e p a r a t o r / r e t a i n e r ,  and were  assembled i n  t h e  charged s t a t e .  

During t h e  i n i t i a l  c y c l e s ,  b o t h  of t h e s e  c e l l s  had vexy  low r e s i s t a n c e s  
( 2 , 6  mR). It i s  uric-ertain whether  t h e  i n i t i a l  low c e l l  r e s i s t a n c e  can b e  
a t t r i b u t e d  t o  t h e  o v e r a l l  p o s i t i v e - e l e c t r o d e  m i x t u r e  o r  t o  t h e  3.5-wt % molyb- 
denum powder added t o  t h e  p o s i t i v e  e l e c t r o d e .  L i f e t i m e  t e s t s  showed s t a b l e  
c e l l  r e s i s t a n c e  i n  t h e  r a n g e  of 3.0-3.5 mR (Cell M-42 and 2.5-3.n mn 
( C e l l  M-7), depending rill t h o  o t a t t  ul: charge (lowcot r e s i - s t a n c e  a t  f u l l  
cha rge ) ,  A p~!sL-Cest examinat ion nf C e l l  11 4 by the  ater ria is Group r e v e a l e d  
t h e  Lurmaefon of Li2S and semi-conduct ive  Y202S i n  t h e  s e p a r a t o r ,  which mosc 
l i k e l y  was r e s p o n s i b l e  f o r  t h e  s l i g h t l y  i n c r e a s e d  c e l l  r e s i s t a n c e  d u r i n g  t h e  
l a te r  c y c l e s .  The e f f e c t  of low c e l l  r e s i s t a n c e  was seen  i n  t h e  s p e c i f i c  
power of b o t h  c e l l s  ( F i g .  VI-6). The s p e c i f i c  power of Cell M-7 was e s p e c i a l l y  

F i g .  VI-6. Power C h a r a c t e r i s t i c s  of C e l l s  M-4 and M-7. 
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high--200 and 125 Wlkg, r e s p e c t i v e l y ,  a t  100 and 50% s t a t e  of charge ;  t h e  
cor responding  v a l u e s  f o r  C e l l  M-4 were  145 and 90 W/kg. The s p e c i f i c  e n e r g i e s  
of C e l l  M-4 a t  t h e  4-hr and 2-hr d i s c h a r g e  r a t e s  ( c u r r e n t  d e n s i t i e s  of 93 and 
185 m ~ / c m ~ )  were 87 and 70 W-hrlkg, r e s p e c t i v e l y .  The s p e c i f i c  e n e r g i e s  of 
C e l l  M-7 w i t h  i t s  more compact d e s i g n  were 97 and 78 Wzhr,kg a t  t h e  same dis- .  
charge  r a t e s .  

The o p e r a t i o n  of C e l l  M-4 con t inued  f o r  300 c y c l e s  and 172 days .  While 
t h e  c e l l  w a s  cyc led  a t  t h e  4-hr d i s c h a r g e  r a t e ,  i t s  c a p a c i t y  d e c l i n e d  by o n l y  
11% (from 107 t o  95 A-hr) a f t e r  255 c y c l e s .  The s t a b i l i t y  of t h i s  c e l l ' s  
o v e r a l l  performance was v e r y  encouraging.  Because of t h e  l i m i t i n g  n e g a t i v e  
e l e c t r o d e ,  t h e  p o s i t i v e - e l e c t r o d e  1.1ti.li.zation was t y p i c a l l y  l i m i t e d  t o  ~ 3 8 % .  
The r e s e r v e  of p o s i t i v e - e l e c t r o d e  a c t i v e  m a t e r i a l  may have been p a r t l y  respon-  
s i b l e  f o r  i t s  extended o p e r a t i o n .  C e l l  M-7 demonstra ted s i m i l a r  performance 
s t a b i l i t y  f o r  q.1135 c y c l e s ,  a n d  ach ieved  ~ ~ 4 2 %  p o s i t i v e - e l e c t r o d e  u t i l i z a t i o n  
(85 A-hr); o p e r a t i o n  of t h e  c e l l  was t e r m i n a t e d ,  however, because  of a  s h a r p  
d e c r e a s e  i n . i t s  coulombic e f f i c i e n c y .  The performance of C e l l s  M-4 and M-7, 
w i t h  t h e i r  low s u l f u r - t o - m e t a l  m i x t u r e  i n  t h e  p o s i t i v e  e l e c t r o d e ,  is  encour- 
ag ing  w i t h  r e s p e c t  t o  t h e  performance g o a l s  of Mark 111. 

The r e s u l t s  o f  t h e s e  s t u d i e s  ( b o t h  R-se r ies  and M-series)  s u g g e s t  t h a t  
t h e  u s e  of su l fu r - to -meta l  r a t i o s  t h a t  a r e  somewhat less t h a n  2 .0  i n  
Li-A1/MSx-type c e l l s  t e n d s  t o  improve t h e  s t a b i l i t y  o f  t h e  c e l l  c a p a c i t y  f o r  
a t  lease a few hundred c y c l e s .  

C .  Carbon-Bonded E l e c t r o d e  C e l l  Development 
(T. D.  Kaun, V.  A.  ~ c ~ a n n " )  

Carbon-bonded p o s i t i v e  e l e c t r o d e s  a r e  be ing  developed as a n  a l t e r n a t i v e  
t o  t h o s e  made by p r e s s i n g  t e c h n i q u e s .  I n  t h e  carbon-bonded e l e c t r o d e ,  t h e  
p a r t i c u l a t e  a c t i v e  m e t e r i a l  i s  suppor ted  i n  a  5  v o l  % m a t r i x  of pyro lyzed  
carbon. T h i s  s t r u c t u r e  is  formed by t h e  p y r o l y s i s  (450-550°C) of a p a s t e - l i k e  
m i x t u r e  of a c t i v e  m a t e r i a l  ( e . g . ,  FeS o r  FeS2) ,  a  v o l a t i l e  pore-forming a g e n t  
(ammonium c a r b o n a t e ) ,  a b i n d e r  ( f u r a n  r e s i n ? ) ,  and a  carbonaceous  f i l l e r  . 

I n  t h e  development of t h e  carbon-bonded e l e c t r o d e ,  a n  e f f o r t  h a s  been  
made t o  maximize t h e  d e l i v e r a b l e  energy p e r  u n i t  volume of p o s i t i v e  e l e c t r o d e  
(w-hr/cm3) by o p t i m i z i n g  t h e  t y p e ,  amount ( v o l  %),  and d e g r e e  of d i s p e r s i o n  
of t h e  carbonaceous  f i l l e r  m a t e r i a l .  The r e s u l t s  of p a r a m e t r i c  t e s t s  u s i n g  
L i - A ~ / F ~ S  c e l l s  w i t h  d i s k  e l e c t r o d e s  (20-cm2 a r e a )  i n d i c a t e d  t h a t  8-10 v o l  % 
carbon (5  v o l  % from t h e  pyro lyzed  r e s i n )  w i t h  d e n s e  carbon powder o r  f i b e r s )  
a s  t h e  f i l l e r  r e s u l t s  i n  g r e a t e r  t h a n  70% u t i l i z a t i o n  of t h e  FeS e l e c t r o d e  a t  
a  c u r r e n t  d e n s i t y  of 100 mil/crn2. A c e l l  r e s i s t a n c e  of 40-60 mi2 was o b t a i n e d  
w i t h  8  v o l  % carbon i n  t h e  FeS e l e c t r o d e ;  when 1 6  v o l  % carbon was used,  t h e  
r e s i s t a n c e  w a s  about  20% less. An e l e c t r o d e  c o n t a i n i n g  carbon f i b e r s  a s  a 
d i s p e r s e d  c u r r e n t  c o l l e c t o r  gave a  c e l l  r e s i s t a n c e  t h a t  was abou t  10% l e s s  
t h a n  t h a t  o b t a i n e d  w i t h  t h e  dense  carbon powder. 

3; 
Co-op S t u d e n t  from Howard U n i v e r s i t y .  

t 
A produc t  of Quaker Oats  Chemical Co., Morton Grove, IL.  

J. 

+A p r o d u c t  of Union Carb ide  Corp. 



I n  t h e  i n v e s t i g a t i o n  of p o t e n t i a l  manufacturing methods f o r  carbon-bonded 
e l e c t r o d e s ,  t h e  u se  of a  hea t - ac t i va t ed  c a t a l y s t  (1 w t  % ma1ei.c anhydride) t o  
polymerize t h e  f u r a n  r e s i n  reduced t h e  cur ing  time t o  about 15  min a t  200°C. 
The c a t a l y s t  a l s o  r e s u l t e d  i n  f a s t e r  cu r ing  a t  h igher  temperatures .  A success- 
f u l  a t tempt  t o  ex t rude  t h e  p a s t e  w i th  a household cookie  maker i n d i c a t e d  t h a t  
e x t r u s i o n  is  a p o t e n t i a l  f a b r i c a t i o n  method. 

T e s t s  have been conducted on engineer ing-sca le  c e l l s  having carbon-bonded 
p o s i t i v e  e l e c t r o d e s  and a des ign  s i m i l a r  t o  t h a t  of t h e  M-series c e l l s  (ANL 
77-68, p. 29) ,  which had a  f e l t  (BN o r  Y203) s e p a r a t o r l r e t a i n e r .  The M-series 
c e l l  des ign  was s i m p l i f i e d  by e l i m i n a t i n g  t h e  pos i t i ve -e l ec t rode  frame. A 
wrapping of 200-mesh s t a i c l e s s - s t e e l  s c r een  was t h e  only p a r t i c l e  r e t a i n e r  
used i n  t h e  p o s i t i v e  e l e c t r o d e .  C e l l  KK-11, a Li-A1/FeS2 c e l l  w i t h  a  carbon- 
bonded FeS2 e l e c t r o d e ,  was opera ted  f o r  223 c y c l e s  and 120 days,  when t h e  t e s t  
was te rmina ted  v o l u n t a r i l y .  The c e l l  showed l i t t l e  dependence of t h e  c a p a c i t y  
on d i scha rge  r a t e  (at r ~ l r r e n t  d ~ n s i t i c o  up ta 150 , , IA/cI ,~~) ,  ~ R l t h  i n d i c a t e s  
l i t t l e  e l e c t r o d e  p o l a r i z a t i o n .  The s p e c i f i c  power of Cell KK-11 was 180 and 
100 W/kg, r e s p e c t i v e l y ,  a t  100 and 50% s t a t e  of charge.  The c e l l  r e s i s t a n c e  
was 3.5 ma. When the o p e r a t i o n  of C e l l  KK-11  was r e m i n a t e d ,  i t  had l o a t  less 
rhsn 112 of i t s  70 A-hr peak capac i ty  ( t h e o r e t i c a l  capac i ty ,  75 A-hr) a t  a  
c u r r e n t  d e n s i t y  of 50 mA/cm2. A p o s t - t e s t  examination of t h e  s ec t i oned  c e l l  
by t h e  M a t e r i a l s  Group showed about  t h e  same amount of Li2S i n  t h e  s e p a r a t o r  
t h a t  had been observed i n  an e a r l i e r  Li-A1/FeS2-CoS2 c e l l ,  M-3. S ince  t h e s e  
c e l l s  had been ope ra t ed  f o r  d i f f e r e n t  pe r iods  of time (M-3, 55 days; KK-11, 
120 days ) ,  i t  i s  p o s s i b l e  t h a t  t h e  formation of Li2S in t h e  s e p a r a t o r  does 
n o t  proceed beyond a  p a r t i c u l a r  l e v e l .  

A test of a  carbon-bonded Li-A1/NiS2-CoS2 c e l l ,  KK-13, gave i n d i c a t i o n s  
t h a t  t h e  carbon c u r r e n t  c o l l e c t o r  has  a  s t a b i l i z i n g  e f f e c t  on c e l l s  w i th  a  
NiS2 p o s i t i v e  e l e c t r o d e .  K i n e t i c  e f f e c t s  appeared t o  l i m i t  t h e  u t i l i z a t i o n  
of t h e  c e l l  c a p a c i t y  ( t h e o r e t i c a l  capac i ty ,  160 A-hr). The u t i l i z a t i o n  is  
shown a s  a  f u n c t i o n  of c u r r e n t  d e n s i t y  i n  F ig .  V I - 7 .  The NiS2 electrode i n  
t h e s e  c e l l s  was appeared t o  charge on ly  t o  a  NiS1-5 phase. 

Two carbon-bonded Li-A1/FeS c c l l s  w i t h  B N - T e l t  s e p a r a t o r s  were f a b r i c a t e d  
and t e s t e d .  I n  one c e l l ,  KK-14, Cu2S was added t o  t h e  FeS e l e c t r o d e ;  t h e  
o t h e r  c e l l ,  KK-15, had LiC1-rich (67 mol % LiC1) e l e c t r o l y t e .  C e l l  KK-14 
has  provided t h e  l onges t  test  t o  d a t e  of a BN-felt separator--300 cyc:les and 
162 days.  Its s p e c i f i c  energy was 67 \ ~ - h r / k . ~  a t  the 4 - i~ r  rnec ,  which 
cor responds  t o  a u t i l i z a t i o n  of 69% a t  a  c u r r e n t  d e n s i t y  of 75 mLi/cm2 ( s e e  
F ig .  VI-7). The s p e c i f i c  power was 87 and 54 W/kg, r e s p e c t i v e l y ,  a t  100 and 
50% s t a t e s  of charge.  

U s e  of t h e  LiC1-rich e l e c t r o l y t e  i n  C r l l  IUC-15 r e t x l t c d  i n  h igher  pet- 
formance. This  c e l l  had e s s e n t i a l l y  t h e  same des ign  c h a r a c t e r i s t i c s  a s  C e l l  
M-8, i nc lud ing  a  h igh  loading  of t h e  p o s i t i v e  e l e c t r o d e  (1.4 A-hr/cm3). I n  
t h e  assembly of t h i s  c e l l ,  LiA1C14 was used t o  enhance w e t t i n g  of t h e  BN-felt 
s e p a r a t o r  by t h e  e l e c t r o l y t e .  A t  t h e  4-hr r a t e  t h e  s p e c i f i c  energy of C e l l  
KK-15 was 70 W-hr/kg, nr 77% u t i l i z a t i o n  of t h e  113 A-hr t h e o r e t i c a l  capac i ty  
a t  a  c u r r e n t  d e n s i t y  of 75 m ~ / c m ~  (Fig.  VL-7). Thus the u t i l i z a t i o n  of t h i s  
c e l l  i s  h igher  than t h a t  of KK-14. A low c e l l  r e s i s t a n c e  (%3.0 ma a t  50% 
d i scha rge )  r e s u l t e d  i n  h igh  s p e c i f i c  power--104 and 80 W/kg, r e s p e c t i v e l y ,  a t  
97 and 50% s t a t e  of charge.  The power f o r  C e l l  KK-15 is shown a s  a  func t ion  
of c u r r e n t  i n  F ig .  VI-8. 
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F i g .  VI-7. P o s i t i v e - E l e c t r o d e  Capac i ty  U t i l i -  
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These s t u d i e s  have shown t h a t  carbon-bonded p o s i . t i v e  e l e c t r o d e s  a r e  a 
v i a b l e  a l t e r n a t i v e  t o  cold-  o r  h o t - p r e s s i n g  t e c h n i q u e s  f o r  t h e  f a b r i c a t i o n  of 
e l e c t r o d e s  and t h a t  t h e y  have good e l e c t r i c a l  performance character is ti.^^. 
A c h o i c e  between carbon-bonding and p r e s s i n g  p r o b a b l y  w i . 1 1  depend p r i m a r i l y  
on r e l a t i v e  c o s t s  and a d a p t a b i l i t y  t o  m a s s  producti .on.  

D.  Development of Powder S e p a r a t o r s  
(T. W.  O l s z a n s k i ,  G. B .   uso on*) 

E a r l i e r  work (ANL-77-75, p .  35;  ANL-78-21, p. 41) had i n d i c a t e d  t h a t  non- 
c o n d u c t i v e  ce ramic  powders a r e  a p o s s i b l e  low-cost a l t e r n a t i v e  t o  t h e  BN 
f a b r i c  and f e l t  t h a t  a r e  c u r r e n t l y  be ing  used a s  e l e c t r o d e  s e p a r a t o r s  i n  
l i t h i u m l m e t a l  s u l f i d e  c e l l s .  The purpose  of t h e s e  i n v e s t i g a t i o n s  was t o  
e v a l u a t e  t h e  u s e  of MgO-powder s e p a r a t o r s  i n  e n g i n e e r i n g - s c a l e  ~ i - A l l F e S  
ceS-ls.  Two t e c h n i q u e s ,  v i b r a t o r y  compaction and h o t  p r e s s i n g ,  were  used t o  
form t h e  powder separatnrs .   TI^ b o t h  cacao, t h c  PlgO porn-der was f i r s r  heated  
t o  500°C under vacuum f o r  4 h r .  

The vibra tory-compact i .on p rocedure  c o n s i s t s  01 vibratf-ng the MgO i n t o  
ehe s p a c e  between t h e  e l e c t r o d e s ,  which a r e  s e p a r a t e d  by temporary s p a c e r s .  
With a  v i b r a t o r i l y  compacted s e p a r a t o r ,  i t  i s  n e c e s s a r y  t o  u s e  s c r e e n s  and 
f rames  on both  t h e  p o s i t i v e  and n e g a t i v e  e l e c t r o d e s .  The ho t -p ressed  separa -  
t o r  i s  formed L y  pre-mixing t h e  i n s u l a t i n g  powder w i t h  e l e c t r o l y t e  and ho t -  
p r e s s i n g  t h e  m i x t u r e  o n t o  a p r e v i o u s l y  f a b r i c a t e d  p o s i t i v e  e l e c t r o d e .  I n  
t h i s  c a s e ,  o n l y  t h e  n e g a t i v e  e l e c t r o d e s  r e q u i r e  a  s c r e e n  and frame. The pre-  
mix ing  s t e p  c o n s i s t s  of mixing 70 v o l  % MgO powder and 30 v o l  % LiC1-KC1 f o r  
30  min i n  a  b l e n d e r ,  and t h e n  h e a t i n g  t h e  m i x t u r e  a t  450' C under  vacuum f o r  
2  h r  t o  e n s u r e  t h a t  a l l  t h e  MgO p a r t i . c l e s  a r e  c o a t e d  w i t h  e l e c t r o l y c e ,  The 
m a t e r i a l  i s  t h e n  ground and passed  through a  60-mesh s i e v e .  

A  l i s t  of e i g h t  powder-separator  c e l l s  and t h e i r  c h a r a c t e r i s t i c s  i s  g iven  
i n  T a b l e  V I - 1 .  A l l  of t h e  ce1l.s werp assembled i n  n 50% eharged S L L I L C  t o  
minimize  s w c l l i n g  e f f e c l s ;  t h e  r . a p a r i t i e s  of a l l  thc c e l l s  were limited by 
t h e  p o s i t i v e  e l e c t r o d e .  '.lahe data i n  T R ~ ~ P  V I - 1  i n d i c n t r :  ehat the lueLllud uL' 
f a b r i c a t i o n  ( v i b r a t o r y  compaction o r  h o t - p r e s s i n g )  had l i t t l e ,  i t  any,  e f f e c t  
on t h e  performance c h a r a c t e r i s t i c s  of t h e  c e l l s .  When t h e  volume f r a c t i o n  
of MgO was lowered t o  30 v o l  %, t h e  c e l l  r e s i s t a n c e s  were low (3-6 ma), b u t  
t h e  coulombic e f f i c i e n c y  was decreased .  

I n  g e n e r a l ,  t h e  powder-separator  c e l l s  have a  h igh  coulombic e f f i c i e n c y  
('99%) and s t a b l e  c a p a c i t y  a f t e r  b reak- in  c y c l i n g  ( F i g .  VI-9). The s p e c i f i c  
e n e r g i e s  a r e  e s s e n t i a l l y  t h e  same a s  t h o s e  o b t a i n e d  w i t h  c e l l s  of a  s i m i l a r  
d e s i g n  t h a t  have BN-felt o r  f a b r i c  s c p a r a t o r s .  The c e l l  r e s i s t a n c e s  and 
cor responding  power c h a r a c t e r i s t i c s  were a l s o  s i u ~ i l a r  t o  t h o s e  of c e l l s  having 
BN-type s e p a r a t o r s .  The s p e c i f i c  power of C e l l  PW-14 i s  shown as a  f u n c t i o n  
of c u r r e n t  and s t a t e  of charge  i n  F ig .  VI-10. 

* 
Co-op S tuden t  from North C a r o l i n a  S t a t e  U n i v e r s i t y .  



Table  V I - 1 .  R e s u l t s  of T e s t s  on Powder-Separator C e l l s  

S e p a r a t o r  MgO Content  Theor.  C e l l  S p e c i f i c  Discharge  Coulombic C e l l  
Opera t ing  Time 

C e l l  F a b r i c a t i o n  of S e p a r a t o r ,  Capac i ty ,  Energy, Ra te ,  E f f ,  R e s i s t a n c e ,  
No. Method v o l  Z Cycles  Days A-hr W-hr / kg h r  % m9 

PW- 8 

PW- 9  

PW-10 

PW- 11 

PW-12 

PW-13 

PW- 14 

PW- 1 6  

V i b r a t o r y  

Hot-Pressed 

V i b r a t o r y  

V i b r a t o r y  

Hot-Pressed 

.Vibratory  

V i b r a t o r y  

V i b r a t o r y  

a  
Kg0 Source:  ZeracIPure ,  I n c . ,  Menononee, W I ;  -60, +120 mesh, f u s e d ,  99% p u r i t y .  
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The r e s u l t s  of t h e s e  s t u d i e s  i n d i c a t e  t h a t  powder s e p a r a t o r s  may be an 
a l t e r n a t i v e  t o  BN f e l t  o r  f a b r i c .  They o f f e r  s e v e r a l  p o t e n t i a l  advantages-- 
e a s e  of f a b r i c a t i n g  v a r i o u s  shapes ,  t h e  p o s s i b i l i t y  of lisj-ng a  v a r i e t y  of 
d i f f e r e n t  ceramic powders, and low c o s t .  It is  a l s o  p o s s i b l e  t h a t  a  t h i n n e r  
powder s e p a r a t o r  can be  developed w i t h  a  r e s u l t i n g  dec rea se  i n  t h e  weight of 
t h e  c e l l  and improved power c h a r a c t e r i s t i c s .  A t  t h e  p r e s e n t  t i m e ,  however, 
f u r t h e r  work is  needed t o  demonstrate  t h e  long-term s t a b i l i t y  of powder sep- 
a r a t o r s ,  p a r t i c u l a r l y  under v i b r a t i o n ,  and t o  develop m u l t i p l a t e  c e l l  de s igns  
t h a t  can accommodate powder s e p a r a t o r s .  



VII. MATERIALS DEVELOPMENT 
(J. E. Battles) 

Efforts in the materials program are directed toward the development of 
various cell components (electrode separators, current collectors, and cell 
hardware), testing and evaluation of cell materials (corrosion and wettabil- 
ity testing), and post-test examinations of cells. The post-test examina- 
tions are conducted to evaluate the corrosion of construction materials, 
changes in electrode morphologies, and the causes of cell failures. 

A. Corrosion Studies of Cell Materials 
(J. A. Smaga, G. Bandyopadhyay*, J. T. Dusek*, T. M. Galvin*) 

The corrosiveness of the cell active materials (metal sulfides, lithium, 
and lithium-aluminum) and the molten electrolyte places severe restrictions 
on the materials that caa be used ivr currcnt collectors, separators, and 
feedthrough insulators. For this reason, extensive cvrrosion studies are 
being conducfed to identify materials that are compatible with the cell 
environment. 

1. Metal-Sulfide Corrosion Studies 

Current collectors in the positive electrode are exposed to a cor- 
rosive environment consisting of one or more metal sulfides and molten elec- 
trolyte. The complete or partial substitution of either FeS or FeS2 with 
another metal sulfide has been used in some engineering cells. A series of 
static corrosion tests was conducted to determine the relative effects of 
these additives on the corrosion resistance of metallic components in the 
positive electrode. The four test environments consisted of equal-volume 
mixtures of LiC1-KC1 eutectic and one of the following four metal sulfides: 
either NiS, NiS2, CuFeS2, or TiS2.t The corrosion rates of the following 
materials were determined: molybdenum ('~1s~ and TiS2 t!nwirul~a~el~Ls only), 
,;Iastelloy B, Iaconel 625, Type 304 stainless steel, nickel, and AISI 1000 
steel. (NiS and CuFeS2 environments v~llyj. -1he resr samples were sealed in 
quartz tubes and heated at 450°C for 500 or 1000 hr. The results are summa- 
rized in Table VII-1. 

The iron-base alloys, AISI 1008 and Type 304 st~inlcs~ ~teel, were 
rapidly corroded in all environments tested. In the CuFeS2 and N i S  cnviron- 
ments, stainless steel showed excessive intergranular attack, and the low- 
carbon steel was completely corroded. Similarly, the stainless steel was 
completely corroded by the TiS2 and NiS2 environments. For the Type 304 
stainless steel, the reaction products were iron sulfide and mixed iron- 
chromium sulfides. 

The nickel samples showed uniform surface attack in the NiS and 
electrolyte mixture, and general and intergranular corrosion in the CuFeS2 
and electrolyte mixture. In NiS? and electrolyte, nickel was completely 
reacted and massive sulfide scales formed. These scales were monolithic in 

* 
Materials Science Division, ANL. 

 he results of similar tests usifig FeS, FeS2, CoS2, and Cu2S were previously 
reported in ANL-77-68, p. 40. 



Table VII-1. Corrosion Rates Determined in Metal Sulfide 
Plus LiC1-KC1 Environments at 450°C 

Average . 

Sulfide Corrosion Rcmarks and 
Material Constituent Rate, pmIyra Reaction Products b 

AISI 1008 CuFeS2 ? 5000 Complete reaction in 500 hr. 
NiS 75000 Complete reaction in 500 hr. 

Type 304 SS CuFeS, 4500 Severe intergranular attack. 
NiS . 2200 Iritergranular attack. 
TiS2 >6300 Complete reaction in 500 hr. 
NiS2 >6300 Complete reaction in 500 hr. 

Nickel CuFeS2 1600 Localized intergranular attack. 
NiS 2400 Uniform surface attack. 
TiS2 3200 Open, detailed scale structure; 

Ni3S2. 
NiS 2 >6000 Compact, monolithic scale; NiS, 

NiS2. 

Inconel 625 CuFeS2 430 Surface depletion zone. 
NiS 490 General surface attack. 
TiS2 1700 Intergranular attack. 
NiS2 1900 Complex scale structure; NiS, NiS2. 

Hastelloy B CuFeS2 98 Minor surface depletion zone. 
NiS 120 Moderate surface attack. 
TiS2 650 General surface attack; NiS1.03. 
NiS2 530 Surface depletion zone. 

Molybdenum TiS2 +O. 2 No apparent attack. 
NiS2 +5.5 Probably MoS2 layer. 

a Each corrosion rate listed is the average value for 500 and 1000 hr tests. 
Values preceded by "+" represent the rate of formation for an adherent 
reaction layer; those preceded by ">" represent the minimum corrosion rate 
based on initial sample thickness. 
b 
X-ray diffraction analyses to determine reaction products were conducted by 
B. S. Tani, Analytical Chemistry Laboratory, ANL. 

structure, cxccpt for some ifiLerilal porosity, and were composed of NiS and an 
external layer of NiS2. In the TiS2 and electrolyte mixture, the nickel 
sample showed ccalc formation an3 S O I I I ~  i~ltergranufar penetration. The sulfide 
scales appeared to be very open and highly detailed in structure. The major 
phase was Ni3S2 rather than NiS, and secondary phases included titanium as 
well as nickel. These structural and compositional features were atypical of 
the scales formed in other metal dis~ll.fide test environments. 

The nickel-base alloys, Hastelloy B and Inconel 625, developed 
surface depletion zones in both the CuFeS2 and NiS2 environments. These 



zones, which were 15- to 25-pm deep for Hastelloy B and 50- to 70-pm deep for 
Inconel 625, occurred as part of the general corrosion attack, and were attri- 
buted to the preferential diffusion of nickel and iron from the alloy surface. 
The Inconel 625 alloy tested in the NiS2 environment developed sulfide scales 
consisting of three zones. The innermost zone was an open structure of inter- 
connected particles rich in both nickel and chromium. The intermediate layer 
had a similar scale structure, the major metallic elements present being 
nickel and aluminum. The outer layer was monolithic in appearance, and was 
composed of NiS and NiS2 similar to the sulfide scale formed on nickel in 
the NiS2 environment. In the TiS2 environment, the Inconel 625 alloy showed 
intergranular corrosive attack, and some reaction products were dispersed 
within the solidified test environment. A nickel-deficient NIS was formed on 
the surface of Hastelloy B in the TiS2 environment. 

Molybdenum was the only material that showed excellent corrosion 
resistance in all of the metal disulfide environments, and it iormed a thin, 
adherent layer of MoS2. Similar results were previously reported (ANL-77-68, 
p. 40) for tests conducted in CoS2 and FeS2 environments. 

As can be seen in Table VII-1, the sulfide environments for any 
given current-collector material are listed in order of increasing corrosive- 
ness, with one exception (the corrosion rate of Type 304 SS is less in CuFeS2 
than in NiS). Also, the metallic materials are listed in order of increas- 
ing resistance to corrosion. By combining the results in this table with 
the results of previous studies (ANL-77-68, p. 40), we deduced that the 
corrosiveness of the metal sulfide environments increases in the following 
order: FeS, Cu2S, CuFeS2, NiS, FeS2, TiS2, NiS2, CoS2. The corrosion rates 
for all of the current-collector materials were two or three orders uf mag~ii- 
tude higher in the NiS and CuFeS2 environments than in the FeS environment. 
The corrosion rates for all of the current-collector materials were also 
higher in the NiS2 and TiS2 environments than in FeS2, although the differ- 
ences in corrosion rates were never mure than a factor of rwo. These ~esults 
indicate that an alloy material probably should nut be used In PeS2 cells. 

2. Oxidation Potentials of Alloys. 

The oxidation potential for a metal in. an electrolyte represents a 
transition of the anodic dissolution kinetics from slow to rapid. The oxida- 
tion potentials have been determined' for selecred nickel-base alloys in 
LiC1-KC1 eutectic (supplied by Lithcoa*) at 425OC. The measurements were 
conducted using 100 g of electrolyte and a test (alloy) electrode with a 
surfa.ce area of 10 cm2. A single lithium electrode served as both the refer- 
ence and counter electrdde, and the scan rate was 20 mV/sec. The oxidation 
potential was determined from the intersection of rwo lines whicll we.re drawn 
tangent to the linear portions of the voltammetry curve below the oxidation 
potential and above the oxidation potential. The second line was drawn with 
a slope of 0.05 mA/mV per unit area (cm2) . 

The measured oxidation potentials are listed in Table VII-2. Each 
alloy was tested at least twice, and the reproducibility was + 0.01 V of  the 
average value. These values fall within the oxidat ion potential range between 

* 
Lithium Corporation of America. 



Table VII-2. Oxidation Potentials of Nickel-Base 
Alloys in L ~ C I - K C ~ ~  at 425°C 

Oxidat ion 
Nominal Composition, Potential (us. Li), 

Alloy wt % V 

Hastelloy B Ni-28Mo-5Fe-1Cr 2.60 

Hastelloy C Ni-16Mo-16Cr-5Fe 2.60 

Inconel 617 Ni-22Cr-12Co-9Mo-1Al 2.56 

Inconel 625 Ni-22Cr-9Mo-5Nb-3Fe 2.53 

Inconel 718 Ni-19Cr-19Fe-5Nb-3Mo-lTi 2.52 

Incoloy 825 Ni-30Fe-22Cr-3Mo-1Ti 2.51 

Inconel 706 Ni-37Fe-16Cr-3Nb-2Ti 2.49 

a 
Filtered Lithcoa eutectic salt was used in these tests. 

nickel (2.48 V) and molybdenum (2.70 V) and above the normal charge cut-off 
voltage (2.4 V) employed for FeS2 cells. The alloys with high molybdenum 
concentrations (Hastelloy B and C) showed the highest oxidation potentials, 
whereas those alloys with high iron content (Incoloy 825 and Inconel 706) had 
the lowest potentials. In static corrosion tests in FeS2 environments at 400 
and 450°C, these alloys showed the same relative ranking, Hastelloy B being 
the most corrosion resistant and Inconel 706 the least resistant. With the 
exception of Hastelloy B, all of these alloys showed the same characteristic 
curve. Hastelloy B exhibited a secondary reaction which reached a maximum 
current density of 3 m ~ / c m ~  at 2.48 V, which corresponds to the'oxidation 
potential of nickel. 

3. Compatibility of Be0 Insulators 

Preliminary corrosion studies in Li-A1 and LiC1-KC1 mixtures had 
indicated that high-purity Be0 was a suitable replacement for Y203 as the 
lower insulator in the feedthrough. Additional studies were conducted to 
determine the compatibility of Be0 insulators from the 3M Company 
(ALSIMAG 794). The tests were conducted at 450°C for over two months in an 
equal-volume mixture of 6-LiA1 and LiC1-KC1 eutectic. Both test insulators 
remained nonconductive, were free of any surface cracks, and showed no dis- 
coloration. The average corrosion rate for this feedthrough component was 
an extreme1 y l..ow 0.29 1 1 m / y r .  The oxc~llont compatibility of the  Be0 
insulators, combined with the higher mechanical strength and lower cost of 
Be0 in comparison with Y203, make them a superior replacement for si.mj.lar 
Y203 components. 

4. In-Cell Corrosion Studies --" 

Static corrosion tests have been used to identify candidate mate- 
rials which may be suitable for application as positive-electrode 
collectors. Subsequently, in-cell corrosion tests were conducted to evaluate 
Llie candidate materials identified by the static-corrosion tests. Small- 



s c a l e ,  p r i s m a t i c  c e l l s  (7 .6  x  12.7  cm) a r e  used i n  t h i s  s tudy .*  I d e n t i c a l  
c e l l s  a r e  o p e r a t e d  f o r  t ime  i n t e r v a l s  of 1, 3 ,  and 5  months t o  de te rmine  t h e  
t i m e  dependence of t h e  c o r r o s i o n  a t t a c k .  Each c e l l  i s  f a b r i c a t e d  w i t h  a  
t h e o r e t i c a l  c a p a c i t y  o f  abou t  50 A-hr and a  n e g a t i v e - t o - p o s i t i v e  c a p a c i t y  
r a t i o  of 1 . 2 .  The e l e c t r o d e s  a r e  e i t h e r  ho t -p ressed  o r  co ld -pressed  i n  t h e  
semicharged s t a t e .  The BN f a b r i c  s e p a r a t o r s  a r e  t r e a t e d  w i t h  LiA1C14 t o  
enhance w e t t i n g  by t h e  e l e c t r o 1 y t e . t  

The r e s u l t s  o f  t h e  t c s t s  t h a t  have been completed t h u s  f a r  a r e  
summarized i n  Tab le  VII-3. These c e l l s  were o p e r a t e d  a t  a  t e m p e r a t u r e  of 
450°C and a  c u r r e n t  d e n s i t y  of 50 mfI/cm2 on b o t h  .charge and d i s c h a r g e ,  excep t  
f o r  C e l l  3C-1 which was d i s c h a r g e d  a t  75 mfI/cm2. Measurements i n d i c a t e d  t h a t  
t h e  i n t e r n a l  c e l l  r e s i s t a n c e  was %35% h i g h e r  i n  c e l l s  w i t h  H a s t e l l o y  B 
c u r r e n t  c o l l e c t o r s  t h a n  i n  c e l l s  w i t h  n i c k e l  c o l l e c t o r s .  Using meta l lography  
and t h i r k n ~ s s  me.a,surements, we conducted p o s t - t e s t  c e l l  examina t ions  t o  
d e t e r m i n e  t h e  e x t e n t  and n a t u r e  of the c o r r o s i o n  a t t a c k .  

T a b l e  VII-3. Cor ros ion  Hates  Uetermiried f a r  rhe  S t r u c t u r a l  C u n ~ p o ~ e n t , s  
of t h e  P o s i t i v e  E l e c t r o d e s  i n  t h e  3C-Series C e l l s  

C e l l  No. 

~ i f e t  imea Cur ren t  C o l l e c t o r  E l e c t r o d e  Frame 

Days Cycles  Average Mean Average Mean 

3 ~ - 7 ~  >63 >83 - - ... - ,  

-..- 
a  

A11 o f  t h e s e  c e l l s  main ta ined  coulombic e f f i c i e n c i e s  of 99% o r  b e t t e r ,  w i t h  
t h e  e x c e p t i o n  of C e l l  3C-1 which s lowly  d e c l i n e d  t o  80% a f t e r  t h e  1 4 0 t h  
c y c l e .  

b ~ i - ~ l / ~ e ~  c e l l s  w i t h  n i c k e l  c u r r e n t  c o l l e c t o r s .  
L 

Li-A1/FeS2 c e l l s  w i t h  H a s t e l l o y  B c u r r e n t  c o l l e c t o r s .  

* 
See ANL-77-75, p .  3.5 f o r  t h e  g e n e r a l  d e s i g n  of t h e  c e l l .  



For n i c k e l  c u r r e n t  c o l l e c t o r s ,  examinat ion showed l o c a l i z e d  a r e a s  
of e x t e n s i v e  i n t e r g r a n u l a r  a t t a c k ,  w h i l e  t h e  remaining s u r f a c e  showed o n l y  
minor,  g e n e r a l  c o r r o s i o n .  The i n t e r g r a n u l a r  a t t a c k  showed a  s t r o n g  tendency 
t o  sp read  by l a t e r a l  p e n e t r a t i o n .  The mean c o r r o s i o n  r a t e s  determined f o r  
t h e  n i c k e l  s t r u c t u r a l  components a r e  l i s t e d  i n  Tab le  VII-3. The v e r y  l a r g e  
s t a n d a r d  d e v i a t i o n s  a s s o c i a t e d  w i t h  t h e s e  v a l u e s  r e f l e c t e d  t h e  wide v a r i a t i o n  
i n  t h e  d e g r e e  o f  c o r r o s i o n  due t o  t h e  l o c a l i z e d  form of i n t e r g r a n u l a r  a t t a c k .  
For a  g iven  c e l l  t h e  mean c o r r o s i o n  r a t e s  f o r  t h e  c o l l e c t o r  and frame were 
roughly  e q u i v a l e n t .  The h i g h e s t  r a t e  was observed f o r  C e l l  3C-4, which cjas 
c y c l e d  f o r  t h e  e q u i v a l e n t  of one month, w i t h  f o u r  hour p e r i o d s  on open- 
c i r c u i t  v o l t a g e  a f t e r  a l t e r n a t e  charge  c y c l e s .  The average  c o r r o s i o n  r a t e  
f o r  b o t h  t h e  c o l l e c t o r  and frame was 25% h i g h e r  t h a n  t h a t  of a  s i m i l a r  c e l l ,  
C e l l  3C-2, which a l s o  o p e r a t e d  f o r  one month b u t  was n o t  p laced  on open- 
c i r c u i t  v o l t a g e .  The' d a t a  i n d i c a t e s  t h a t  maintenance of a FeS c e l l  i n  t h e  
f u l l y  charged c o n d i t i o n *  f o r  l o n g  p e r i o d s  of t ime  w i l l  a d v e r s e l y  a f f e c t  t h e  
l i f e t i m e  of s t r u c t u r a l  components i n  t h e  p o s i t i v e  e l e c t r o d e .  The s t r o n g  t ime  
dependence of t h e  c o r r o s i o n  a t t a c k  i n  t h e s e  c e l l s  (i.e., a s  o p e r a t i n g  t i m e  
i n c r e a s e s ,  t h e  c o r r o s i o n  r a t e  d e c r e a s e s )  i s  i l l u s t r a t e d  by C e l l s  3C-1 and 
3C-2. The lower u t i l i z a t i o n  of C e l l  3C-1 may have been a  c o n t r i b u t i n g  f a c t o r  
t o  t h e  lower c o r r o s i o n  r a t e .  

The h i g h  c o r r o s i o n  r a t e s  observed f o r  n i c k e l  i n  FeS c e l l s  were 
unexpected on t h e  b a s i s  of s t a t i c  c o r r o s i o n  t e s t s  i n  t h e  FeS environment 
(ANL-77-17, p. 38) .  I n  t h e  s t a t i c  t e s t s ,  n i c k e l  showed a s m a l l  ne t  wei~ht 
ga in  due t o  t h e  d e p o s i t i o n  of i r o n  and i t s  i n t e r d i f f u s i o n  w i t h  t h e  n i c k e l  sub- 
s t r a t e .  The observed i n - c e l l  c o r r o s i o n  a t t a c k  upon n i c k e l  was more c l o s e l y  
r e l a t e d ,  b o t h  i n  d e g r e e  and n a t u r e ,  t o . t h e  .random, l o c a l i z e d  a t t a c k  p r e v i o u s l y  
observed f o r  t h e  n i c k e l  i n  t h e  CuFeS2 environment .  The h i g h  i n - c e l l  c o r r o s i o n  
r a t e s  may have been i n f l u e n c e d  by two f a c t o r s :  t h e  u s e  o f  semicharged e l e c -  
t r o d e s  and t h e  u s e  of a 1.7-V c h a r g e  c u t o f f  v o l t a g e .  I n  m i c r o s c o p i c a l l y  
examined c e l l  s e c t i o n s ,  a  s i g n i f i c a n t  f r a c t i o n  o f  t h e  i r o n  p a r t i c l e s  added 
t o  t h e  semicharged mix were observed t o  be  o n l y  p a r t i a l l y  r e a c t e d ,  even a f t e r  
n e a r l y  t h r e e  months o f  c e l l  o p e r a t i o n .  The s low r e a c t i o n  o f  t h e  i r o n  p a r t i -  
c l e s  cou ld  b e  c o n s i d e r e d  t o  b e  a  s h i f t  i n  t h e  e f f e c t i v e  su l fu r - to -meta l  r a t i o  
t o  v a l u e s  g r e a t e r  t h a n  one,  which would b e  a  more c o r r o s i v e  environment f o r  
t h e  n i c k e l  components. The u s e  of a  1 . 7  V r a t h e r  t h a n  t h e  u s u a l  1 . 6  V c u t o f f  
v o l t a g e  may a l s o  b e  a  c o n t r i b u t i n g  f a c t o r  t o  t h e  t y p e  o f  i n t e r g r a n u l a r  a t t a c k  
observed.  In t h e  c o n s t r u c t i o n  and o p e r a t i o n  of l a t e r  c e l l s  i n  t h i s  s e r i e s ,  
we have t a k e n  t h e s e  two f a c t o r s  i n t o  c o n s i d e r a t i o n .  I f  n e i t h e r  o f  t h e s e  two 
changes  e l i m i n a t e  t h e  problem of l o c a l i z e d  i n t e r g r a n u l a r  a t . t a c k ,  n i c k e l  must 
be  c l a s s i f i e d  a s  u n s u i t a b l e  f o r  long-term a p p l i c a t i o n  i n  FeS e l e c t r o d e s .  

Two FeS2 c e l l s  w i t h  H a s t e l l o y  B components i n  t h e  p o s i t i v e  e l e c -  
t r o d e ,  3C-3 and 3C-6 ( s e e  Tab le  VII-3) ,  were t e s t e d  f o r  a  p e r i o d  o f  one 
month and t h e n  examined. C e l l  3C-6 was o p e r a t e d  a s  an  upper -p la teau  c e l l ,  
w i t h  a ' c u t o f f  v o l t a g e  of 1 . 3  V r a t h e r  t h a n  t h e  u s u a l  1 . 0  V. For b o t h  c e l l s ,  
t h e  exposed s u r f a c e s  of t h e  c o l l e c t o r  and i n n e r  frame e x h i b i t e d  a un i fo rm 
s u r f a c e  a t t a c k ,  w i t h  l e s s  c o r r o s i o n  o c c u r r i n g  n e a r  t h e  conduc tor  r o d .  The 
c o r r o s i o n  was t h e  lowes t  f o r  t h e  upper  s e c t i o n  n e a r e s t  t h e  conduc t ing  rod 

* 
T h i s  s i t u a t i o n  may r e s u l t  from c h a r g e  e q u a l i z a t i o n  o r  prolonged i n a c t i v i t y  
i n  t h e  charged s t a t e .  



and the highest for the bottom section. The electrode frames showed the 
same effect. The electrode frames received no post-fabrication heat treatment 
and were susceptible to cracking under the combined influences of the corro- 
sive environment, the residual stress from forming the 90" bends in the frame, 
and the cyclical stresses generated by electrode expansion and contraction 
during cell operation. For both cells, the frames had split at the 90° bend. 
The 200-mesh Hastelloy B screens showed severe attack in both of these cells 
and were completely reacted in less than one month of operation. 

The corrosion rate for the Hastelloy B components are also given in 
Table VII-3. The calculated mean corrosion rates for the frames were more 
than 50% higher than the respective rates for the current collectors. The 
corrosion rates for the upper-plateau cell (3C-6) were only slightly greater 
than the rates for the two-plateau cell. In view of very high corrosion 
rate (>600 pm/yr) determined for cells 3C-3 and -6, Hastelloy B appears to be 
unsuitable for application in FeS? cells. 

The three other cells listed in Table VII-3 are still in operation; 
therefore, no corrosion data are available tor these cells. Cell 3C-5 is 
an FeS cell with a nickel collector which has completed three months of a 
planned five-month test period. Cell 3C-7 is an FeS2 cell with Hastelloy B 
components and has completed more than two months of operation. Cell 3C-8 
is being operated to evaluate nickel in an FeS-Cu2S (20 wt %) positive elec- 
trode mix. The cell was started in the fully charged condition and has a 
1.65-V charge cutoff voltage. 

5. Ceramic Coatings for the Current Collector of the Positive 
Electrode 

Electrically conductive ceramic coatings on inexpensive metallic 
substrates are being investigated as substitutes for the high-cost molybdenum 
current collectors now being used in the positive electrodes of FeS2 cells. 
The requirements of a coating-substrate system include: sufficient electronic 
conductivity to provide adequate current-collection efficiency, corrosion 
resistance in the FeS2 and molten LiC1-KC1 environment at 450°C, and 
resistance to spa1,ling under mechanical and thermal stresses, and less 
expensive than molybdenum. 

Selected properties of some transition-metal borides, carbides, and 
nitrides have been reviewed to determine their potential as coating materials. 
Electrical resistivities of these materials generally range from 10 to 
200 pa-cm at room temperature, with the borides generally having lower resis- 
tivities than the corresponding metal nitride and carbide compounds. 

The chemical stabilities of the borides, carbides, and nitrides of 
niobium, tantalum, titanium, and zirconium with respect to formation of the 
metal sulfides at 427OC have been evaluated by calculation of the free-energy 
changes associated with the sulfidation reaction. These data indicated that 
TiB2 would be stable in the FeS2 positive electrode at 427OC with a boron 
activity of at least 0.3 and that TiN would be stable with a nitrogen activity 
equivalent to a N2 partial pressure > 6 x atm. In an earlier effort 
(ANL-75-1, p. 57), iron boride, Tic, and niobium carbides were reported to 
be stable in an FeS2 environment. 



Based on these  ca lcu la t ions ,  a number of AXSX 1008 steel specimens 
were coated (10-20 pm thick)  with i ron  boride (FeB/Fe2B), TiB2, TIN, and T i C N  
by outs ide  vendors. The i r o n  boride coating was prepared by a gaseous 
d i f fus ion  process using a pack cementation method.* Coatings of TIN ,  TiCN, 
and TiB2 w e r e  deposited by t h e  chemical vapor deposi t ion  (CVD) technique.t 

Treliminary micros t ructura l  examination (Fig. VII-1) indica ted  t h a t  
t h e  CVD coat ings  (TIN, T i C N ,  and TiB2) w e r e  f r e e  of microcracks and appeared 
t o  be 100% dense. The i n t e r f a c e  between t h e  TiN and TiCN coat ings  and t h e  
subs t ra te  appears t o  be reasonably adherent (Figs. VII-la and l b ) .  However, 
t h e  i n t e r f a c e  between t h e  TiB2 coating and t h e  s u b s t r a t e  showed considerable 
damage (Fig. VII-lc). The i r o n  boride coating (Fig. VIT-Id) appeared raL11er 
inhomogeneous. Also, a s i g n i f i c a n t  microcrack appeared i n  t h e  region coated 
with i ron  boride. 

Fig. I - .  Scannsng Electron Mfcrograph of 
Samples Coated wi th  (a) TIN, (b) 
TICN, (c) TIE2, and (dl Tron 
Boride. (Neg . No. MRS-65577) 

Preliminary s t a t i c  corrosion tests have been performed on s u b s t r a t e s  
coated with i r o n  boride,  TiB2, and TIN i n  an FeS2 and LiC1-KC1 mixture a t  
500°C, The test r e s u l t s  are summarized in Table VII-4. The samples with i ron  
boride coatings were completely reacted  i n  ~ 2 4  hr. Since t h e  q u a l i t y  of t h e  

* l t~oro loy  Process", Lindberg Heat Transfer  Company, Melrose Park, IL 60160. 

'Meterials ~ e c h i o l o g y  Corp. , Dallas, TX. 



i r o n  bor ide  coat ings  were poor (Fig. VII-d), no d e f i n i t e  conclusion about 
t h e  s t a b i l i t y  of t h i s  coat ing can be reached. Al ternat ive  techniques f o r  
prepar ing i r o n  bor ide  coat ings  w i l l  be considered f o r  f u r t h e r  examination. 

The TiB2 coat ings  a l s o  showed (see Table VII-4) poor s t a b i l i t y  i n  
t h e  FeS2 and LiC1-KC1 mixture. Corrosion tests were conducted t o  determine 
t h e  e f f e c t  of providing an in s i b  boron a c t i v i t y  (which i s  necessary f o r  the  
thermodynamic s t a b i l i t y  of TiB2 i n  FeS2). In  these  tests, small amounts of 
elemental  boron o r  i r o n  boride were added t o  t h e  corrosion bath.  Only t h e  
samples from t h e  corros ion bath wi th  i r o n  boride were recoverable. A l a r g e  
s e c t i o n  of t h i s  T i B 2  sample remained reasonably i n t a c t .  The increased 
s t a b i l i t y  of TiB2 wi th  t h e  add i t ion  of i r o n  boride i n  t h e  corrosion bath i s  
probably the  consequence of a reduction of s u l f u r  a c t i v i t y .  

~ a b l c  VII-4. Summary a£ Coe~usioll  Resul ts  a t  500°C 0x1 Coated 
Specfmens (maximum durat ion of t e s t ,  162 h r )  

CI:IA L iug Corrosion Bath 
Compositon Compositiona Comment 

I r o n  Boride 
( F ~ B  / F e 2 ~ )  

TiN 

FeS2 + LiC1-KC1 Reacted completely i n  <24 h r .  

FeS2 + LiC1-KC1 + 
TiN (7.1 w t  %) 

Reacted completely i n  <I43 h r .  

Reacted completely i n  <I43 hr.  

About 60% reacted  i n  4 4 3  hr .  
The coating on t h e  remainder of 
t h e  sample was r e l a t i v e l y  
i n t a c t .  

Discolored. Minor reac t ion  on 
t h e  edges. 

Discolorat ion i n  < lo% of t h e  
sample. Very l i t t l e  reac t ion  
a t  the  edges. 

FeS2 + LiC1-KC1 + Discolored. Minor a t t a c k  a t  
Fe2N/Fe4N (7.1 wt %) t h e  edges. 

a 
FeS2 and LiC1-KC1 i n  an  equal-volume mixture. 

The TIN coat ings  showed good s t a b i l i t y  i n  FeS2 and LiC1-KC1 (with 
and without add i t ives  t o  t h e  bath such a s  T i N  o r  i ron  n i t r i d e s  t h a t  provided 
some pos i t ive  n i t rogen a c t i v i t y )  a t  500°C a f t e r  150 h r .  Some a t t a c k  on t h e  
edges and corners was evident  i n  these  T I N  specimens. Such a t t a c k  i s  c l e a r l y  
caused by the  poor q u a l i t y  of t h e  coating on t h e  sharp corners and edges, and 
i n d i c a t e s  the  need t o  devise  spec ia l  procedures f o r  coat ing these  a reas  of the  
cur ren t  co l l ec to r s .  Figure VII-2 shows p r e f e r e n t i a l  corrosion of t h e  sub- 
s t r a t e  through an exposed a r e a  of TiB2- add TiN-coated samples. 



Fig. VI I -2 .  Scanning Elect ron Micrograph of (a) Ti32 Coated 
Sample a f t e r  %I43 h r  i n  t h e  Fefi2/LIC1-KC1 + 
I ron  Boride Environment a t  500aC aad (b) TIN 
Coated Sample a f t e r  %I20 h r  i n  t h e  BeS2/LiC1-KC1 - Environment at  500aC. . ' ( ~ e g .  No. MSD-655789 

a.  fie above r e s u l t s  have shown t h a t  t h e  coat ing q u a l i t y  i s  extremely 

important i n  determining t h e  success of t h e  c a d i d a t e  coating materSals. 
Therefore, a l t e r n a t i v e  coat ing techniques a r e  being evaluated. Also, e f f o r t s  
are continuing t o  i d e n t i f y  o ther  poss ib le  coat ing materials t h a t  can be used 
f o r  t h e  p o s i t i v e  cur ren t  co l l ec to r s .  

B. Development of Electrode Separators 
(R. 8. Swaroop, 6.  Bandyopadhyay,* J. T. Dusek,* and T. N. Galvin*) 

The primary funct ions  of t h e  e lec t rode  separa to r  are t o  provide elec-  
tr ical i s o l a t i o n  of t h e  e lec t rodes  from each other ,  t o  conta in  s u f f i c i e n t  
e l e c t r o l y t e  f o r  t h e  ready t r anspor t  of l i th ium ions  between t h e  e lec t rodes ,  
and t o  prevent escape of a c t i v e  mate r i a l  from t h e  e lec t rodes .  A p r a c t i c a l  
c e l l  r equ i res  a porous separa tor  t h a t  is  chemically s t a b l e  i n  t h e  c e l l  
environment, permits c l o s e  e lec t rode spacing, is mechanically sgrong enough 
t o  s u s t a i n  spaa l l  dimensional changes t h a t  occur i n  t h e  e lec t rodes  during 
operat ion,  is e a s i l y  w e t  by molten LiC1-KC1 elgctxolyte ,  and has low-cost 
po ten t i a l .  Because the  BN c l o t h  separa to r s  c u r r e n t l y  used are too expensive, 
e f f o r t s  have been d i rec ted  toward t h e  d e v e 1 o p m t  of the follo&ng separa to r  
materials: porous fe l t ,  l oose  powder, and porous, r i g i d  ceramic. F e l t  
separa tors  are more porous, use less mater ia l ,  and are less expensive than 
BN c l o t h  separa tors .  The development of powder and porous, r i g i d  ceramic 
separa tors  (such as AlN, MgO, f3-Si3N4, and Y203) is being pursued because 
separa tors  of t h i s  type- a r e  amenable t o  low-cost mass production and permit 
t h e  use of mate r i a l s  that a r e  not  a v a i l a b l e  i n  f ib rous  form. 

* 
Materials Science Division, ANL. 



1. Separators of BN Fel t  

a.  Characterizat ion of BN Fe l t  

Nearly two years ago Carborundum Co. was contrac ted  t o  develop 
BN f e l t  f o r  use  as e lec t rode  separa tors  (see Section I I I .D . l ) ;  i n  t h i s  t i m e ,  
t h e  q u a l i t y  of t h e  Carborundum BN f e l t  has  improved considerably. During t h i s  
r e p o r t  period, four  l o t s  ( t o t a l  of 20 m2) of BN f e l t  were received from 
Carborundum Co. The th ickness  of t h e  as-received f e l t  was 0.7, 1.5, 2.0 and 
3.0 mm. The as-received f e l t s  w e r e  s t a b i l i z e d  a t  1750°C i n  flowing ni t rogen 
f o r  24 h r ;  t h i s  s t a b i l i z a t i o n  is required i n  order t o  convert r e s idua l  B203 
t o  BN. The as-received and s t a b i l i z e d  f e l t s  w e r e  character ized f o r  b a s i s  
weight, poros i ty ,  and b u r s t  s trength.  The f e l t s  cu r ren t ly  being fabr ica ted  
have a b a s i s  weight of 10-13 mg/cm2 per  1 mm o t  thickness,  YO t o  93% poros i ty ,  
and a b u r s t  s t r e n g t h  between 5 and 6.5 kPa/mm. These f e l t s  have adequate 
s t r e n g t h  and t l e x i b i l i t y  t o  handle i n  c e l l  construction.  The uniformity of 
f i b e r  d i s t r i b u t i o n  i s  excel lent .  

b. In-del l  Test ing of Separators 

During t h i s  period,  e l ec t rode  separa tors  of BN f e l t ,  MgO 
powder, and porous, s i n t e r e d  Y203 w e r e  evaluated i n  small-scale (7.6 x 
12.7 cm), prismatic Li-Al/FeS t e s t  ce l l s .*  This c e l l  conf igura t ion was 
s e l e c t e d  because it c l o s e l y  approximates t h a t  of engineering-scale c e l l s  
and m e e t s  t he  mechanical requirements f o r  t h e  successful  app l i ca t ion  of f e l t ,  
powder, and porous, s i n t e r e d  ceramic separa tors .  This t e s t  was designed t o  
a l low a comparison t o  be made between c e l l s  using f e l t  and c e l l s  using powder 
separa to r s  under s imi la r  condit ions.  

Four separa tor- tes t  c e l l s  using BN f e l t  s t a b i l i z e d  a t  1750°C 
i n  n i t rogen w e r e  assembled and operated. The thickness1 of the  BN f e l t  
w a s  e i t h e r  1.25, 1.6, 2.8, o r  3.2 mm. Performance da ta  on these  c e l l s  are 
given i n  Table VII-5. The bes t  ac t ive-mater ia l  u t i l i z a t i o n  and s p e c i f i c  
energgwereobserved i n  C e l l  SC-25, which had t h e  th innes t  f e l t  separa tor  
(1.25 mm). Of t h e  four  c e l l s ,  C e l l  SC-19 operated f o r  the  longest  period 
(205 cyc les  and 3050 h r ) .  Towards t h e  end of t h e  l i f e t i m e  of Cel l  SC-19, a 
s e r i e s  of freeze-thaw cyc les  was i n i t i a t e d  and these  t e s t s  r e s u l t e d  i n  c e l l  
t a i l u r e  (ML-77-75, p. 34). 

Figure VII-3 shows t h e  e f f e c t  of separa tor  thickness on t h e  
percent  u t i l i z a t i o n  of t h e  a c t i v e  mate r i a l  f o r  these  four  c e l l s .  U t i l i z a t i o n  
f o r  each t e s t  c e l l  decreased a s  t h e  current  densi ty  increased and t h e  u t i l i -  
za t ion  decreased a s  t h e  thickness of the  BN-felt separa tor  was increased. 
A s  expected, t h e  th icker  separa to r s  have a higher r e s i s t a n c e  t o  ion ic  trans-  
p o r t ,  and hence have lower u t i l i z a t i o n  of t h e  posi t ive-electrode material .  
S imi lar ly ,  t h e  da ta  i n  Table VII-5 show a t rend toward lower i n t e r n a l  c e l l  
r e s i s t a n c e s a s t h e  th ickness  of t h e  separa tor  was decreased. The s p e c i f i c  
energy a t  a given cur ren t  dens i ty  a l s o  var ied  i n  a s imi la r  manner t o  t h a t  of 
percent  u t i l i z a t i o n .  

* 
See ANL-77-75, p. 34 f o r  t h e  general  design of t h e  separa tor- tes t  c e l l .  



Table  VII-5. Performance Data on S e p a r a t o r  T e s t  Cells 

--.. S e p a r a t o r  Tlieor. S p e c i f i c  
C e l l  

L i f e t i m e  Thick. ,  Capac i ty ,  U t i l .  , a  Energy,  
No. Type mm A- h r  % W-hr/kg Cycles  Hours 

SC-19 R N  Felt 2.8 50 62 55 205 3050 

SC-25 BN F e l t  1 . 2 5  5 1 7 2 6 6 98 1700 

SC-27 BN F e l t  1 . 6  48.5 66 5 9 7 2 1159 

SC-30 B N F e l t  3 . 2  48 G 0 5 4 8 0 1200 

SC-21 M g O  Powder 1 . 8  5 1 6 1  55 1 3 1  1914 

SC-28 M g O  Powder. 0 .9  48.5 7 0 6 3 5 0 982 

a 
A t  a. c u r r e n t  d e n s i t y  of 40 d / c r n 2  (10-hr d i s c h a r g e  r a t e ) .  

b ~ e l l  s t i l l  i n  o p e r a t i o n .  

0 SC-25, B N  FELT ( 1 .25mm)  

0 SC- 30, BN FELT (3.2 mm) 

0 20 40 60 80 100 120 
CURRENT DENSITY, ' m ~ / c m ~  

Fig.  VII-3. Performance of Four Separa to r -Tes t  C e l l s .  



I n  C e l l s  SC-27 and SC-30, LiA1C14 was used a s  a  we t t i ng  pro- 
moter f o r  t h e  BN-felt s epa ra to r  (ANL-78-21, p. 48) .  The s e p a r a t o r s  were 
dus ted  wi th  5  and 14 mg/cm2 of  powdered LiA1C14. C e l l  SC-27 had one i n i t i a l  
degass ing  ope ra t ion  and SC-30 had none. Ce l l  SC-30 i s  s t i l l  o p e r a t i o n a l  
a f t e r  1200hr  (80 c y c l e s ) .  Operation of C e l l  SC-27 was terminated a f t e r  
1159 h r  because a  s h o r t  c i r c u i t  developed between t h e  nega t ive  and p o s i t i v e  
e l e c t r o d e s  a s  a  r e s u l t  of swel l ing  of t h e  negat ive  e l ec t rode .  A p o s t - t e s t  
examinat ion i n d i c a t e d  (1) no p r e c i p i t a t i o n  of aluminum p a r t i c l e s  i n  t h e  sepa- 
r a t o r ,  and (2) no chemical r e a c t i o n  of t h e  BN f e l t  w i th  t h e  a c t i v e  m a t e r i a l s .  

2. Separa tors  of MgO Powder 

The development of powder s e p a r a t o r s ,  such a s  A l N ,  MgO, 6-Si3N4, 
and Y2O3, i s  be ing  pursued because s e p a r a t o r s  of t h i s  type  can be e a s i l y  fab- 
r i c a t e d  and a r e  amenable t o  low-cost mass product ion.  These m a t e r i a l s  a r e  
commercially a v a i l a b l e  and a r e  gene ra l ly  98+% i n  p u r i t y  and low i n  s i l i c a  
con ten t  (<0.32) 

For t h e  MgO powder s e p a r a t o r s ,  a  commercial grade* of MgO powder 
was used which had a  s i e v e  s i z e  of -60 +I20 mesh and an  i r r e g u l a r  p a r t i c l e  
shape. The c e l l  des ign  and t e s t i n g  procedure were e s s e n t i a l l y  t h e  same a s  
t h o s e  used w i t h  f e l t  s e p a r a t o r s .  The MgO powder was v i b r a t o r i l y  loaded i n t o  
t h e  c e l l  and has  a  p o r o s i t y  of 40-50% and a  t h i ckness  of e i t h e r  0.9 o r  1.8mm. 

Performance d a t a  f o r  C e l l s  SC-21 and SC-28, which used MgO powder 
s e p a r a t o r s ,  a r e  l i s t e d  i n  Table VII-5, and t h e  percent  u t i l i z a t i o n  a t  va r ious  
d i scha rge  c u r r e n t  d e n s i t i e s  i s  shown i n  Fig. VII-3. The r e s u l t s  show t h a t  a t  
low c u r r e n t  d e n s i t i e s  (<60 mA/cm2) t h e  u t i l i z a t i o n  of c e l l s  w i th  powder sepa- 
r a t o r s  was comparable t o  t h a t  ob ta ined  f o r  c e l l s  w i th  f e l t  s epa ra to r s .  
However, t h e  percent  u t i l i z a t i o n  decreased r a p i d l y  a s  t h e  d ischarge  c u r r e n t  
d e n s i t y  was increased  beyond 60 mA/cm2. This  e f f e c t  i s  appa ren t ly  caused by 
t h e  low p o r o s i t y  of powder s e p a r a t o r s  ( ~ 5 0 %  us. 90%) which r e s t r i c t s  i o n i c  
t r a n s p o r t  a t  t h e  h igher  c u r r e n t  d e n s i t i e s .  

3. Porous, Rigid Ceramic Sepa ra to r s  

The o b j e c t i v e s  of t h i s  t a s k  a r e  t o  develop procedures  f o r  f a b r i c a t -  
i n g  porous, r i g i d  ceramic s e p a r a t o r s  and t o  determlae rheir ceclm.lcal Ieasl-  
b i l i t y .  The ceramic m a t e r i a l s  c u r r e n t l y  under i n v e s t i g a t i o n  a r e  Y203 and MgO. 

The f a b r i c a t i o n  of ceramic sepa ra to r  p l a t e s  r e q u i r e s  s p e c i a l  pro- 
c e s s i n g  techniques  because t h e  p l a t e s  must be t h i n  (%I-2 mm t h i c k ) ,  h ighly  
porous (%50-70% poros i ty )  w i th  pores  s u f f i c i e n t l y  smal l  t o  r e t a i n  t h e  e lec-  
t r o d e  p a r t i c l e s ,  and s t r o n g  enough t o  handle dur ing  c e l l  assembly. 

Since the  p l a t e s  have t o  be h igh ly  porous and very  t h i n ,  s p e c i a l  
c a r e  was needed i n  t h e  p r o c e s s i n g ' s t e p s  t o  avoid damage t o  t h e  p l a t e s  be fo re  
f i r i n g  and t o  avoid warping dur ing  f i r i n g .  The magnitude of t h e s e  problems 
i n c r e a s e s  w i th  i n c r e a s i n g  p o r o s i t y  and/or  decreas ing  p l a t e  t h i ckness ,  both of 
which a r e  d e s i r a b l e  f o r  r educ t ion  of i n t e r n a l  c e l l  r e s i s t a n c e .  Because of 
t h e  above requirements  f o r  t h e  s e p a r a t o r s  and t h e  a s s o c i a t e d  f a b r i c a t i o n  
problems, a  number of d i f f e r e n t  process ing  techniques  were i n v e s t i g a t e d .  

-- * 
Mart in  Mar i e t t a  Inc. ,  Hunt Val ley,  MD, and Cerac/Pure, Inc . ,  Milwaukee, W I .  



Although most o f  t h e s e  s t u d i e s  were d i r e c t e d  toward t h e  f a b r i c a t i o n  o f  porous  
Y2O3 s e p a r a t o r  p l a t e s ,  p r e l i m i n a r y  s t u d i e s  on porous  MgO ceramics  were  a l s o  
conducted.  A summary o f  t h e  v a r i o u s  p r o c e s s i n g  t e c h n i q u e s  and t h e  r e s u l t i n g  
p r o p e r t i e s  i s  p r e s e n t e d  i n  Tab le  VII-6. 

The foaming t e c h n i q u e  h a s  produced Y203 b o d i e s  w i t h  p o r o s i t i e s  up 
t o  90% and an  a v e r a g e  p o r e  s i z e  of 1 t o  >25 um (ANL-77-17, pp. 35-37). 
However, t h e s e  samples  a r e  u s u a l l y  f r a g i l e ,  and o f t e n  a  s i g n i f i c a n t  f r a c t i o n  
of t h e  p o r e s  i s  r a t h e r  l a r g e  ( > I 5 0  um). The Y 2 0 3 - n i t r i c  a c i d  p l a s t e r  com- 
p o s i t i o n  (ANL-78-21, pp. 43-46), which was a l lowed t o  s e t  up a t  room tempera- 
t u r e  b e f o r e  s i n t e r i n g ,  produced '  p o r o s i t i e s  up t o  70%. M i c r o s t r u c t u r a l  exami- 
n a t i o n  r e v e a l e d  a  r a t h e r  uniform,  s m a l l - s i z e  (<I-5  um) p o r e  i n  t h e s e  samples.  
However, t h e  f i r i n g  s h r i n k a g e ,  20-25% l i n e a r ,  and t h e  r e s u l t i n g  warpage i n  
t h e  body a r e  s e r i o u s  problems i n  t h i s  t e c h n i q u e .  

Acceptable  Y203 p l a t e s ,  a l t h o u g h  hav ing  some warpage, c o u l d  be  
formed by t h e  f o l l o w i n g  two t e c h n i q u e s :  (1)  a s - r e c e i v e d  Y203 poti&.zr was c o l d  
p r e s s e d  w i t h  a  b i n d e r ,  and (2) c rushed  Y203-n i t r i c  a c i d  p l a s t e r  was c o l d  
p r e s s e d  and s u b s e q u e n t l y  s i n t e r e d .  Thus f a r ,  t h e  b e s t  p r o c e s s i n g  t e c h n i q u e  
developed f o r  t h e  f a b r i c a t i o n  o f  P203 s e p a r a t o r  p l a t e s  i n v o l v e s  c a l c i n a t i o n  
o f  t h e  s t a r t i n g  powder p r i o r  t o  t h e  c o l d - p r e s s i n g  and s i n t e r i n g  o p e r a t i o n .  
I n ' a d d i t i o n  t o  t h e  c a l c i n a t i o n  s t e p ,  p r o p e r  p o s i t i o n i n g  o f  t h e  p l a t e s  i n  t h e  
fu rnace ,  a  s m a l l  l o a d  on t h e  p l a t e s ,  and a  v e r y  p r e c i s e  f i r i n g  s c h e d u l e  were 
n e c e s s a r y  d u r i n g  the  s i n t e r i . n g  p r o c e s s  t o  o b t a i n  t h e  b e s t  r e s u l t - s .  A s  can  be  
seen  i n  Tab le  VII-6, c a l c i n a t i o n  o f  t h e  s t a r t i n g  powder a t  1200°C l e d  t o  
f l a t  p l a t e s ,  w i t h  p o r o s i t i e s  up t o  1.57% .and t h i c k n e s s e s  >2 mm, and c a l c i n a -  
t i o n  of t h e  s t a r t i n g  powder a t  a  t e m p e r a t u r e  o f  150C-1550°C, which i s  h i g h e r  
t h a n  t h e  s i n t e r i n g  t e m p e r a t u r e  (1450°C),  produced f l a t  p l a t e s  w i t h  p o r o s i t i e s  
up t o  1.60% and t h i c k n e s s e s  o f  1.1.5 mm. These s e p a r a t o r  p l a t e s  have been used 
t o  assemble  t h e  f i r s t  c e l l s  u s i n g  r i g i d ,  ceramic  s e p a r a t o r s .  

F a b r i c a t i o n  of MgO s e p a r a t o r  p l a t e s ,  s i m i l a r  t o  t h o s e  o f  Y203, h a s  
been i n i t i a t e d  because  MgO i s  much less expens ive  d h a n  Y203. A s  can  be  s e e n  
i n  Tab le  VII-6, t h e  a d d i t i o n  of 'b inder  h a s  a  s t r o n g  e f f e c c  on t h e  sir iLered 
d e n s i t i e s  o f  MgO. The p r o c e s s i n g  method which proved s u c c e s s f u l  f o r  t h e  
f a b r i c a t i o n  of Y203 s e p a r a t o r  p l a t e s  i s  b e i n g  used f o r  t h e  f a b r i c a t i o n  c f  MgO 
s e p a r a t o r s .  

Two t e s t  c e l l s  (MS-1 and -2) u s i n g  porous ,  r i g i d  Y203 s e p a r a t o r s k  
were assembled i n  t h e  semicharged s t a t e .  Calc ined Y203 powder w a s  used t o  
f i l l  t h e  e l e c t r o d e  edges  t o  p reven t  s h o r t - c i r c u i t i n g  i n  t h o s e  a r e a s .  Wet t ing  
o f  t h e  s e p a r a t o r  by LiC1-KC1 e l e c t r o l y t e  r e q u i r e d  1.1-2 h r  i n  vacuum. The 
t h e o r e t i c a l  c a p a c i t y  of t h e  c e l l s ,  t h e  p r o c e s s i n g  c o n d i t i o n s  f o r  t h e  separa -  
t o r s  used i n  t h e s e  c e l l s ,  and t h e  t h i c k n e s s  and t h e  d e n s i t y  of t h e  s e p a r a t o r s  
a r e  shown i n  Tab le  VII-7. C e l l  MS-1 had t h i c k e r  and h i g h e r  d e n s i t y  separa -  
t o r s  t h a n  t h o s e  used i n  C e l l  MS-2. I n  a d d i t i o n ,  t h e  t h e o r e t i c a l  c a p a c i t y  o f  

C e l l  MS-1 was lower t h a n  t h a t  of MS-2 (35.7 us .  50.0 A-hr). C e l l  MS-1 was 
o p e r a t e d  s u c c e s s f u l l y  f o r  83  days  (283 c y c l e s )  b e f o r e  v o l u n t a r y  t e r m i n a t i o n  
f o r  p o s t - t e s t  examina t ion ,  and Cell.MS-2 h a s  o p e r a t e d  f o r  more t h a n  20 d a y s  
(25 c y c l e s )  a t  c u r r e n t  d e n s i t i e s  up t o  60 m ~ / c m ~ .  The u t i l i z a t i o n  o f  t h e  
a c t i v e  m a t e r i d  a s  a. f u n c t i o n  of d i s c h a r g e  c u r r e n t  d e n s i t y  o f  C e l l s  MS-1 and 
-2 i s  shown i n  F i g .  VII-4. For comparison,  t h i s  f i g u r e  i n c l u d e s  t h e  d a t a  f o r  
SC-21 (MgO powder s e p a r a t o r s )  and SC-25 (BN f e l t ,  1.1.25 mm t h i c k ) .  

k 
The c e l l  des igl i  was rhe  salae as  used  w i t h  f e l t  s c p a r o t o r c .  



Table VII-6. Processing V~r iabLes  and Some Charac te r i s t i cs  of Fired Y;C3 and M g O  Bodies 

I r o p e r t i e s  of Fired samplesE 

Average 
Cumulative Pore 

F i r ing  20r3si ty .  Shrinkage, Pore ~ o l u r e  ,b  Diameter ,b  
S t a r t i n g  Composition Conditions Z % Linear C C / ~  !Jll Comments 

~ ~ 0 3 ~  foam. Dried & s in te red  60-90 
a t  1500-1800°C 
f o r  0-2 hr 

- 0.6C-0.64 1 t o  >25 Usually f r a g i l e  with a  l a r g e  
pore d i s t r i b u t i o n .  

Y203-nitric acid p l a s t e r .  
Set  a t  room temperature. 

1500-1800°C f o r  55-7,O 
0-15 hr  

Easy handling. Extensive 
warpage. 

Crushed Y203-nitric acid 
p l a s t e r .  Cold pressed.  

1400-1500°C 46-62 
for .  0-8 hr  

21-26 0.14-0.19 0.1-1.1 Easy handling. Some warpage. 
Large shrinkage. 

Calcined (%120O0C) 
Y203 p l a s t e r .  Cold 
pressed. 

1400-1500°C 
f o r  0-8 hr 

0.15 Easy handling. Good f l a t  
p l a t e s  a t  p l a t e  thickness  
>2 mm. 

Y2O3 mixed with organic 
binderd and cold x e s s e i .  

1400-15OO0C 40-67 
f o r  0-12 hr 

4-9 0.09-0.18 0.4-0.7 Easy handling. Some warpage. 

Calcined (1550°C) Y2O3 
with o r  without a.3- 
received Y203. Cold 
pressed without binder. 

1450-1460°C 53-61 
for  6  h r  

Good s t reng th .  Excellent 
f l a t  p l a t e s  with p l a t e  
thickness  q2 mm. 

1400-1500°C 52-57 
no hold 

Poor qua l i ty  bodies with 
cracking. 

MgO with binder. 
Cold pressed. 

1450-1500°C 15-18 29-30 - 
f o r  0-8 hr  

- High strength.  Warped. 

a Often disc-shaped samples (cor.siderably e a s i e r  t o  f a b r i c a t a  c~mpared t o  the  f a b r i c a t i o n  of p l a t e s )  were used t o  determine the e f f e c t  of 
processing condit ions on the  :ensity and pore d i s t r l b c t h n  i n  f i r e d  bodies. Subsequently, p l a t e s  were s i n t e r e d  using the optimized 
processing parameters. 

b ~ e t e r m i n e d  by t h e  mercury p e n ~ t r a t i o n  method. 

d ~ t e a r i c  ac id :  ac ry lo id  r a t i o  of 1:3. 

eMallinckrodt, rezgent grade Mg0. 



Table VII-7. Process ing Condit ions and Descr ip t ion  of t h e  Rigid Separa to r s  Used f o r  In-Cell  Tes t ing  

Ca lc ina t ion  S i n t e r i n g  
Theor. 

C e l l  Capacity,  Separa tor  
No. A-hr P l a t e  No. Composit ion  

Temp., Time, Temp., Time, P o r o s i t y ,  Thick. ,  
O C h r  O C h r  X mm 

MS- 1 35.7 115 Crushed Y203-ni t r ic  1250 8.5 1500 No 50.6 2.47 
a c i d '  p l a s t e r  (-30 hold 
+10C mesh) and 12% 
binder .  B a l l  mi l l ed .  

125 Crushed Y203-ni t r ic  1250 8 .5  1440 No 51.3 2.13 
a c i d  p l a s t e r  (-30 hold 
mesh). No b inder .  

MS-2 50.0 179 Y203 foam wi th  
alburnin. Calcined,  
cruslied, and mixed 
wi th  10% as-received 
Y203. Cold pressed.  

180 Y203 foam w i t h  1550 1 3  
a lbunin  . Calcined,  
crushed,  and mixed 
wi th  10% as-received 
Y203. Cold pressed.  



CURRENT DENSITY h n ~ l c r n * )  

Fig .  VII-4. Performance o f  C e l l s  w i t h  Rig id  Y203 (MS-1 and - 2 ) ,  
BN F e l t  (SC-25), and MgO Powder (SC-21) S e p a r a t o r s .  

The coulombic e f f i c i e u c y  ,of C e l l  MS-1 remained a t  1.00X. AC 20 
mA/cm2, t h e  u t i l f z a c f o ~ !  ul: C e l l s  MS 1 wao 70X, which i s  lower than t h e  c o r r e -  
sponding  u t i l i z a ' t i o n  o f  SC-25 and -21. However, a t  h i g h  c u r r e n t  d e n s i t i e s  
(>80 m ~ / c r n ' ) ,  Cell MS-1 showed good u t i l i z a t i o n  compared t o  t h a t  o f  t h e  o t h e r  
c e j  1 S .  A ' l . s ~ ,  the. u t i l i z a t i o n  o f  MS-1 d i d  n o t  change s j . , g n i f i c a n t l y  ( w i t h i n  
2x1 I J ~ ? P T ~  the r.11rrent d e n s i t y  was r a i s e d  t o  100 mA/cm2 and c'hen Lruugl lL Lack 
t u  G O  m ~ / c m ~ .  

. . The u t i l i z a t i o n  o f  C e l l  MS-2 was b e t t e r  t h a n  t h a t  of MS-1 a t  a l l  
measured c u r r e n t  d e n s i t i e s ,  a p p a r e n t l y  beckuse o f  t h e  t h i n n e r  and lower  
d e n s i t y  s e p a r a t o r s  (See Tab le  VII-7) . '!he c o u l ~ i i l b i c  l=!fflcie!l~:.y fif C c l l  MS-2 
h a s  remained a t  100% f o r  a l l  c u r r e n t  d e n s i t i e s .  

I n  c o n c l u s i o n ,  c e l l s  w i t h  r i g i d  Y203 s e p a r a t o r s  have shown good 
performance i n  comparison w i t h  c e l l s  u s i n g  BN f e l t  and MgO powder s e p a r a t o r s .  
P n s t - t e s t  examina t ions  w i l l  b e  performed soon on MS-1 and -2, and shou ld  pro- 
v i d e  f u r t h e r  i n s i g h t  abou t  t h e  performance o f  t h e s e  r i g l d  separa tors .  I n - c e l l  
t e s t i n g  w i l l  a l s o  b e  c a r r i e d  o u t  u s i n g  r i g i d  MgO s e p a r a t o r s .  Although t h e  
test c e l l s  w i t h  r i g i d  s e p a r a t o r s  showed v e r y  good performance c h a r a c t e r i s t i c s ,  
tests of  t h e s e  s e p a r a t o r s  i n  e n g i n e e r i n g - s c a l e  c e l l s  shou ld  b e  conducted.  
The f a b r i c a t i o n  o f  l a r g e r - s i z e  s e p a r a t o r s  may r e q u i r e  some m o d i f i c a t i o n  i n  
t h e  p r o c e s s i n g  s t e p s .  



4. Thermomechanical Behavior of E lec t rode-Separa to r  Systems 

P o s t - t e s t  examinat ion of c e l l s  i n d i c a t e d  t h a t  a mode of c e l l  f a i l -  
u r e  i s  s h o r t - c i r c u i t i n g  caused by t h e  e x t r u s i o n  o f  a c t i v e  m a t e r i a l s  a t  t h e  
edges  o r  c o r n e r s  of e l e c t r o d e s  (ANL-77-35, p.  44) .  I n  o r d e r  t o  u n d e r s t a n d  
t h e  thermomechanical  e x t r u s i o n  b e h a v i o r ,  we s t u d i e d  t h e  f l o w a b i l i t y  ( e x t r u -  
s i o n )  b e h a v i o r  i n  powder s e p a r a t o r s  and e l e c t r o d e - s e p a r a t o r  sys tems  i n  t h e  
absence  o f  d i scharge-charge  c y c l e s . "  The f o l l o w i n g  specimens were e i t h e r  ho t -  
p r e s s e d  o r  co ld -pressed ;  MgO powder s a t u r a t e d  w i t h  30 v o l  % LiC1-KC1 e u t e c t i c ,  
FeS powder s a t u r a t e d  w i t h  50 v o l  % LiC1-KC1 e u t e c t i c ,  MgO-FeS s a t u r a t e d  w i t h  
30 v o l  % LiC1-KC1 e u t e c t i c ,  and LiAl powder s a t u r a t e d  w i t h  36 v o l  % LiC1-KC1 
e u t e c t i c .  The r e s u l t s  of t h i s  i n v e s t i g a t i o n  a r e  summarized i n  Tab le  VII-8. 
The major c o n c l u s i o n s  from t h i s  s t u d y  a r e :  (1 )  a MgO powder s e p a r a t o r  o f  
70 v o l  % s o l i d  w i l l  ho ld  i t s  shape a f t e r  some i n i t i a l  d e g r e e  o f  compact ion,  
(2)  co ld -pressed  o r  hot-pressed FeS e l e c t r o d e s  w i l l  e a s i l y  f low o r  e x t r u d e  
( s e e  Fig .  V I I .  5 )  a t  stresses a s  low as 200 kPa, (3)  t h e  e x t r u s i o n  o f  t h e  FeS 
and LiC1-KC1 e u t e c t i c  i s  p o s s i b l e  above t h e  s t r e s s  l e v e l  o f  200 kPa a t  350 
and 450°C, and (4)  co ld -pressed  n e g a t i v e  e l e c t r o d e s  w i l l  e a s i l y  f l o w  o r  
e x t r u d e  a t  450°C under s t r e s s e s  as low a s  56 kPa. 

F e S  (5O0/0 DENSE), SATURATED WITH SALT 
S T R E S S  - STRAIN CURVE, 450° C 

Fig .  VII-5. Creep Behavior  of FeS + LiC1-KC1 
Sample (Cons t ra ined)  a t  450°C. 

" 
See ANL-77-75, p. 37 f o r  a schemat ic  of t h e  t e s t  a p p a r a t u s .  



Table V I I - 8 .  Thermomechanical Data on Powder Separator and FeS Electrode Material 

Thermal 
Expansion Total 

Specimen Thickr-ess, coefficient ,b  Cree, Rate," Creep, d 
~omposit ioca u!m (per OC) x m/m ?er hr X Remarks 

M ~ O  (71% dense)e 

MgO (70% dense)e 

MgO-FeS (71% dense) 

MgO-FeS (70% dense)e 

FeS (502 dense) 

FeS, (50% dense)e 

LiAl (64% denself 

LiAl (64% denself 

7 x 
(at 7.30 kPa) 

5.6 s 
(at 700 kPa) 

103 = 
(at 700 kPa) 

135 x 
(at 5L6 kPa) 

8.8 x 
(at 55 kPa) 

- 

Creep in 140 hr. 

Creep in 70 hr. 

Instantaneous flow 
at 350°C. MgO and 
FeS both crept 
extensively. 

Only FeS crept 
(in 240 hr). P 

Cn 
o\ 

Instantaneous flow 
beyond 224 kPa 

Instantaneous flow 
beyond 224 kPa. 

Instantaneous flow 
beyond 224 kPa 

a Saturated wi-h LiC1-KC1 eutectic. The particle size for a11 materials was between -50 and +200 mesh. 

b~easured between rocm temperature and 350°C under stresses of 55-65 kPa. 
C Measured at 450°C. Static-compressive stress values given in parentheses-. 

d~ercent of original thickness. 
e Hot pressed. 

cold pressed. 



. Cell Wetting and Degassing Studies 
(J. G. Eberhart*) 

During this period, studies were continued in an effort to identify the 
factors that influence the wettability of cell materials by the electrolyte 
and to develop means of improving the wetting behavior where needed. The 
internal resistance of a lithium-aluminum/iron sulfide cell is determined in 
part by the extent to which the molten LiC1-KC1 electrolyte fills the pore 
systems of the cell electrodes, particle retainers, and separators. Pore 
filling is, in turn, a function of the wettability of these cell materials by 
the electrolyte and the geometry of their pore structures. 

Measurements of the advancing and receding contact angles (0 and 0 
R respectively) for molten LiC1-KC1 on various cell materials have been con- 

tinued. The results of these measurements are summarized in Fig. VII-6, 
which shows the range of contact angles for the electrolyte on a variety of 
cell materials at 400°C. All measurements were conducted in a helium-atmo- 
sphere glovebox. The Li-A1 alloy of the negative electrode was the only 
material that was instantaneously wetted by the molten electrolyte (0 = 0 = 0). 

A R Easy-to-wet behavior (OR < €IA <90°) was exhibited by Type 304 stainless 
steel and Y203. Difficult-to-wet behavior (OR< 90" < BA) was observed on the 

Li 
SPRE 

I l l 1  I l l l l l l l l l l l l  
1 30 60 90 120 150 1 

CONTACT ANGLE (DEG) 

Fig. VII-6. Contact Angle Ranges for Molten Salt 
(400°C) on Various Solid Surfaces. 

fr 
Now associated with the Aurora College, Aurora, IL. 



positive-electrode materials (FeS2, FeS, Li2S, and Fe) and on the candidate 
separator and particle retainer materials (BN, MgO, and Zr02). Electrolyte 
will spontaneously fill the pore structure of easy-to-wet materials, but must 
be pushed into the pores of difficult-to-wet materials. 

A knowledge of receding contact angles for cell materials permits the 
estimation of the height to which a porous electrode material can maintain 
electrolyte infiltration in a vertical cell under the influence of gravity. 
The receding capillary height, hR, can be calculated from the equation 

hR = 2y cos eR/pgr 

where y and p are the surface tension and density of the molten electrolyte, 
respectively; g is the gravitational acceleration; and r is the pore radius 
in the porous material. A conservative mod~.1  was 11s~r-l tn calculate tho raoad- 
ing capillary height for the porous cell material; this mode12assumes a cubic 
packing of uniform, spherical particles having a diameter D. The pore radius 
is g iven  by 

Using Eqs. (1) and (2) and the known values of y, p and g, hR can be estimated 
from 8 ~ .  The largest €IR observed for a cell material is 6 4 O  (for Li2S). For 
the cell material with the poorest wetting characteristics (Li2S), particle 
sizes of 1000, 100, and 10 vm yield hR values of 3.5, 35, and 350 cm, respec- 
tively. A receding capillary height of 35 cm is adequate for any foreseeable 
engineering cell. Thus, a particle size of 100 pm or less is recommended for 
powder-formed cell components on the basis of simple capillarity considera- 
t ions. 

Cells containing difficult-to-wet materials (such as BN separators, 
stainless steel particle retainers, or carbon fabric) m u s t  he evacuate.d and 
repressurized with heiiumin order to force electrolyte into their pore 
structure. Wetting tests have shown that, following a light dusting of the 
surface with a fine LiAICIL powder, these cell materials are s~ontaneously 
wetted and penetrated by the electrolyte. The method of application of 
LiA1C14 to a cell component is quite important. No improvement was observed 
in the wetting behavior when LiA1C14 was added directly to the LiC1-KC1 elec- 
trolyte and then the LiA1C14 and electrolyte mixture applied to the mate- 
rial. However, if the LiA1C14 is applied to a cell component (such as a 
separator) and allowed to melt and spread over the surface, then the component 
surface is readily wet during later contact with electrolyte. Thus, .the 
LiA1C14 probably acts as a "flux" which cleans a solid surface, and is not a 
wetting agent or surfactant which must be dissolved in the electrolyte. 

Measurements of molten-electrolyte penetrability were made on BN felts 
with varic>iis levels of LiA1C14 dusted into the felt pores. As littli: as 
7.5 mg of LiA1C14 per square centimeter of BN felt was effective in promoting 
electrolyte penetration. Higher concentrations of LiA1C14 are possible 
through melting of the wetting promoter into the pore structure at the time 
of application to the separator; however, there seems to be no advantage to 
using these higher loadings. 



A  v a r i e t y  o f  w e t t a b i l i t y  t e s t s  were performed t o  de te rmine  t h e  behav ior  
of mol ten e l e c t r o l y t e  on MgO. A c o n t a c t - a n g l e  measurement was made of a 
se.ssj.1.e d rop  on a  compacted bed of MgO powder, and t h e  s e s s i l e  d r o p  i n d i c a t e d  
nonwet t ing  behav ior .  I n  a d d i t i o n ,  MgO f e l t  was s u b j e c t e d  t o  e l e c t r o l y t e  
p e n e t r a t i o n  t e s t i n g .  As a n t i c i p a t e d  from t h e  c o n t a c t - a n g l e  d e t e r m i n a t i o n ,  
t h e  f e l t  e x h i b i t e d  d i f f i c u l t - t o - p e n e t r a t e  behav ior .  Next,  a  s i m i l a r  powder 
bed w i t h  6  v o l  % LiA1C14 was h e a t e d  t o  400°C and t h e n  c o n t a c t e d  w i t h  e l e c t r o -  
l y t e .  The MgO powder was i n s t a n t a n e o u s l y  wet by t h e  e l e c t r o l y t e ,  which 
demons t ra tes  t h a t  ~ i A l C 1 ~  i s  a l s o  a n  e f f e c t i v e  w e t t i n g  promoter f o r  MgO. 

F i n a l l y ,  s i n c e  LiC1-rich e l e c t r o l y t e  is  c u r r e n t l y  b e i n g  used i n  many 
e n g i n e e r i n g  c e l l s ,  a  w e t t a b i l i t y  d e t e r m i n a t i o n  was made f o r  54 wt % LiC1- 
46 wt % KC1.  A t  400°C, t h i s  mol ten s a l t  h a s  oA and O R  of  153' and 81° ,  
r e s p e c t i v e l y ,  on a hot-pressed BN s u r f a c e .  For  e u t e c t i c  e l e c t r o l y t e  on t h e  
same s u r f a c e ,  eA and O R  are 138' and 53O, r e s p e c t i v e l y .  Thus, a l t h o u g h  BN 
is  d i f f i c u l t  t o  wet by b o t h  s a l t s ,  LiC1-rich e l e c t r o l y t e  h a s  p o o r e r  w e t t i n g  
c h a r a c t e r i s t i c s  t h a n  e u t e c t i c  e l e c t r o l y t e .  

D. Post -Test  C e l l  Examination 
(F. C.  Mrazek, N. C .  O t t o ,  and J. E. B a t t l e s )  

P o s t - t e s t  examina t ions  a r e  conducted on s m a l l  l a b o r a t o r y  c e l l s *  and on 
engineer i .ng-scale  c e l 1 s . t  The o b j e c t i v e s  of t h e s e  examina t ions  are t o  d e t e r -  
mine (1) c e l l  morphology (such as e l e c t r o d e  m i c . r o s t r u c t u r e ,  a c t i v e  m a t e r i a l  
d i s t r i b u t i o n  and u t i l i z a t i o n ,  r e a c t i o n  u n i f o r m i t y ,  components'  performance,  
i m p u r i t i e s ,  and c ross -con tamina t ion  of e l e c t r o d e s ) ,  (2)  i n - c e l l  c o r r o s i o n  
r e a c t i o n s  and k i n e t i c s ,  and ( 3 )  c a u s e s  of c e l l  f a i l u r e .  These r e s u l t s  are 
e v a l u a t e d ,  and a p p r o p r i a t e  recommendations f o r  improving c e l l  performance 
and l i f e t i m e  a r e  made. 

The r e s u l t s  of t h e  p o s t - t e s t  examina t ions  o f  i n d u s t r i a l - c o n t r a c t o r  c e l l s  
a r e  r e p o r t e d  i n  Appendix D ( s e e  S e c t i o n  1V.D). The r e s u l t s  of p o s t - t e s t  
examina t ions  of c e l l s  f a b r i c a t e d  a t  ANL a r e  r e p o r t e d  below. 

1. Post-Test  Examination, of ANL Cells 

During t h i s  r e p o r t  p e r i o d ,  1 7  v e r t i c a l ,  p r i s m a t i c  e n g i n e e r i n g  
b i c e l l s  were  examined, a l l  of which were f a ' b r i c a t e d  and t e s t e d  a t  ANL. The 
r e s u l t s  of t h e  p o s t - t e s t  examinat ion o f  ANL c e l l s  a r e  summarized i n  
Appendix F. An a d d i t i o n a l  twenty s m a l l - s c a l e  c e l l s  and s i n g l e  e l e c t r o d e s  
were s e c t i o n e d  and examined m i c r o s c o p i c ~ l l y .  C h a r a c t e r i s t i c s  such  a s  compo- 
s i t i o n ,  c o n c e n t r a t i o n  g r a d i e n t s ,  and g e n e r a l  morphology were o b t a i n e d ,  and 
t h e  r e s u l t s  p r e s e n t e d  t o  t h e  c e l l  b u i l d e r  f o r  e v a l u a t i o n .  

A l l  of  t h e  c e l l s  l i s t e d  i n  Appendix F u t i l i z e d  Li-A1 i n  t h e  nega- 
t i v e  e l e c t r o d e s ,  excep t  C e l l s  CA-12 and -14 which had Ca-Mg-Si n e g a t i v e  
e l e c t r o d e s .  Cells ~ i ~ ~ - l  and -2 had TiS2 p o s i t i v e  e l e c t r o d e s ;  a number of 
c e l l s  had n i c k e l  s u l f i d e  i n  t h e  p o s i t i v e  e l e c t r o d e  (CA-12, -14, R-32, -33, 
and A-5), and t h e  r e s t  of t h e  c e l l s  had i r o n  s u l f i d e  i n  t h e  p o s i t i v e  e l e c -  
t r o d e .  

* 
F a b r i c a t e d  and t e s t e d  a t  ANL. 

t ~ a b r i c a t e d  e i t h e r  a t  ANL o r  an  i n d u s t r i a l  f i r m  and t e s t e d  a t  ANL. 



A s  p r e v i o u s l y  r e p o r t e d  ( s e e  ANL-77-35, p.  48 and ANL-77-75, p.  4 3 ) ,  
p o s t - t e s t  examina t ions  have shown t h a t  a band of Li2S and m e t a l l i c  i r o n  par-  
t i c l e s  i s  d e p o s i t i e d  w i t h i n  t h e  s e p a r a t o r  of a l l  FeS2 c e l l s ,  e x c e p t  f o r  FeS2 
c e l l s  which have p o s i t i v e  c u r r e n t  c o l l e c t o r s  of H a s t e l l o y  B r a t h e r  t h a n  t h c  
u s u a i  m01~bdenu.m. M e t a l l o g r a p h i c  examina t ion  showed t h a t  t h e  H a s t e l l o y  had 
r e a c t e d  e x t e n s i v e l y  w i t h  t h e  FeS2 and t h a t  o n l y  a  v e r y  minor amount of Li2S 
was d e p o s i t e d  i n  t h e  s e p a r a t o r .  On t h e  b a s i s  of t h i s  r e s u l t ,  s e v e r a l  c e l l s  
were  c o n s t r u c t e d  w i t h  s u l f u r - t o - m e t a l  r a t i o s  of less t h a n  2 .0  (R-30, R-35, 
M-4 and A-6). I n  e a c h  of t h e s e  c e l l s ,  t h e  amount o f  Li2S-Fe d e p o s i t e d  w i t h i n  
t h e  s e p a r a t o r  was s i g n i f i c a n t l y  reduced r e l a t i v e  t o  t y p i c a l  FeS2 c e l l s .  I n  
c e l l s  u t i l i z i n g  p o s i t i v e  e l e c t r o d e s  of n i c k e l  s u l f i d e  (NiS2) ,  examinat ion 
showed t h e  t y p i c a l  Li2S d e p o s i t s  w i t h i n  t h e  s e p a r a t o r  p r e v i o u s l y  observed i n  
FeS2 c e l l s ,  b u t  w i t h o u t  t h e  m e t a l l i c  p a r t i c l e s  ( N i ) .  T h i s  phenomenon was 
n o t  observed i n  TiS2 c e l l s .  

2 .  Causes o£ C e l l  F a i l u r e  

During FY 1978,  a t o t a l  of 52 e n g i n e e r i n g  ce1l.s (fabricated by b o t h  
ANL and  i n d u s t r i a l  c o n t r a c t o r s )  h a s  undergone p o s t - t e s t  examina t ions .  T h i s  
i n c l u d e s  f o u r  Eagle-Picher  m u l t i p l a t e  c e l l s  being developed f o r  t h e  Mark IA 
b a t t e r y .  A summary o f  t h e  c e l l  f a i l u r e  mechanisms and t h e  number of e a c h  
c a s e  i s  p r e s e n t e d  i n  T a b l e  V I I - l O  f o r  FY 1978. I n  a d d i t i o n ,  t h i s  t a b l e  
i n c l u d e s  a l l  v e r t i c a l  p r i s m a t i c  c e l l s  t h a t  have undergone p o s t - t e s t  examina- 
t i o n  t o  d a t e .  C e l l  f a i l u r e  h a s  been caused by e l e c t r i c a l  s h o r t  c i r c u i t s ,  
e x c e p t  i n  c a s e s  of l o s s  of c a p a c i t y ,  broken c o n d u c t o r s ,  o r  d e c l i n i n g  coulom- 
b i c  e f f i c i e n c y .  A d e c l i n e  i n  coulombic e f f i c i e n c y  i s  g e n e r a l l y  i n d i c a t i v e  
o f  t h e  e a r l y  s t a g e s  o f  a deve lop ing  s h o r t  c i r c u i t .  F ive  c e l l s  completed t h e  
schedu led  t e s t  p e r i o d ,  and have been i n c l u d e d  i n  Tab le  VII-10 o n l y  f o r  t h e  
comple teness  o f  t h e  p o s t - t e s t  examina t ions .  

For t h e  p a s t  y e a r ,  t h e  major c a u s e s  of s h o r t  c i r c u i t s  have been 
t h e  honeycomb c u r r e n t  c o l l e c t o r  c u t t i - n g  t h e  s e p a r a t o r  and c e l l  assembly 
probfeiiis. The c e l l s  w i t h  c u t  s e p a r a t o r s  were f a b r i c a t e d  b e f o r e  t h e  recom- 
mefidation t o  add p r o t e c t i v e  s c r e e n s  had been made. S h o r t  c i r c u i t s  caused 
by c e l l  assembly problems, a  p a r t i c u l a r  s o u r c e  o f  d i f f i c u l t y  t h i s  p a s t  y e a r ,  
i n c l u d e d  m i s a l i g n e d  ( o r  broken)  e l e c t r o d e s ,  absence  of s e p a r a t o r s  because  of 
misplacement ,  and b o t h  e l e c t r o d e s  c o n t a c t e d  w i t h  Zr02 c l o t h .  I n  t h e  l a t t e r  
c a s e ,  t h e  Zr02 c l o t h  r e a c t s  w i t h  l i t h i u m  and becomes conduc t ive .  E x t r u s i o n  
o f  a c t i v e  m a t e r i a l ,  which was t h e  major c a u s e  of s h o r t  c i r c u i t s  b e f o r e  
FY 1978,  a p p e a r s  t o  have been s o l v e d  by t he  newer c e l l  d e s i g n s .  T ~ P  shnrt  
c i r c u i t s  have been mechanical  i n  o r i g i n  and can  b e  avoided by m o d i f i c a t i o n  
o f  t h e  c e l l  d e s i g n s  and assembly p rocedures .  The mechanism invo lved  i n  t h e  
l o s s  o f  c a p a c i t y  i s  b e i n g  s t u d i e d ,  b u t  h a s  n o t  been i d e n t i f i e d  a s  y e t .  

3 .  Li th ium G r a d i e n t  i n  Nega t ive  E l e c t r o d e s  

As p r e v i o u s l y  r e p o r t e d  (ANL-77-35, p.  4 4 ) ,  m e t a l l o g r a p h i c  and chem- 
i c a l  a n a l y s e s  i n d i c a t e  t h a t  a  s i g n i f i c a n t  l i t h i u m  c o n c e n t r a t i o n  g r a d i e n t  
o c c u r s  i n  charged Li-A1 e l e c t r o d e s .  T h i s  o b s e r v a t i o n  was conf i rmed by i o n  

-It microprobe a n a l y s i s .  A p l o t  of t h e  probe r e s u l t s  i s  shown i n  F ig .  VII-7 f o r  
t h r e e  c e l l s :  Cells LT-2 ( t o t a l l y  charged and d i s c h a r g e d ) ,  EP-I-6A1 ( f u l l y  
c h a r g e d ) ,  and G04-008A (about  50% c h a r g e d ) .  The t h i c k n e s s  of t h e  e l e c t r o d e s  
is  i n d i c a t e d  by t h e  end-point  of t h e  c u r v e s .  I n  C e l l  LT-2, t h e  l i t h i u m  was 

D.  V .  S t e i d l ,  Chemical Engineer ing  D i v i s i o n  a t  ANL. 



Table  VII-10. Summary of C e l l  F a i l u r e  Modes 

C l a s s i f i c a t i o n  

Number of Cases 

FY 78 Pre-FY 78 ~ o t a l ~  

E x t r u s i o n  of a c t i v e  m a t e r i a l s  ( i n a d e q u a t e  
conf inement)  

M e t a l l i c  copper  d e p o s i t s  i n  s e p a r a t o r  
b  

S e p a r a t o r  c u t  by honeycomb c u r r e n t  c o l l e c t o r  
C Equipment mal funcr ion  

Shor t  c i r c u i t  i n  e l e c t r i c a l  f eed through  

C e l l  a.ssembly d i f f i c u l t i e s  ( s e e  t e x t )  

Broken p o s i t i v e  e l e c t r o d e  conductor  

D e c l i n i n g  coulombic e f f i c i e n c y  

U n i d e n t i f i e d  s h o r t  c i r c u i t s  

Loss of capaci ty-poor  u t i l i z a t i o n  

M e t a l l i c  and /or  s u l f i d e  d e p o s i t s  a c r o s s  
s e p a r a t o r  

End of t e s t  

- - 

a 
T h i s  i n c l u d e s  a l l  v e r t i c a l ,  p r i s m a t i c  c e l l s  t h a t  have undergone p o s t - t e s t  
examina t ions  t o  d a t e .  

b ~ e ~  c e l l s  w i t h  Cu2S a d d i t i v e .  
C 

Overcharge,  t e m p e r a t u r e  e x c u r s i o n ,  o r  a c c i d e n t a l  p o l a r i t y  r e v e r s a l .  

c y c l e d  between two aluminum e l e c t r o d e s  s o  t h a t  a t  f u l l  charge  one e l e c t r o d e  
would be LiAl w h i l e  t h e  o t h e r  would be  aluminum. The c u r v e s  shou ld  be con- 
s i d e r e d  as an  i n d i c a t i o n  of t h e  t r e n d  i n  t h e  1 , i th ium c o n c e n t r a t i o n  g r a d i e n t  
r a t h e r  ~ h a a  as q u a n t i t a t i v e  r e s u l t s .  because  of  r h e  l a r g e  s c a t t e r  i n  t h e  
d a t a .  E f f o r t s  a r e  under  way t o  improve t h e  a c c u r a c y  of t h e  d a t a .  The e l e c -  
t r o d e s  from c e l l s  EP-I-6A1 and LT-2 i n  t h e  f u l l y  charged s ta te  show a v e r y  
s t e e p  l i t h i u m  g r a d i e n t .  The 50% charged e l e c t r o d e  from C e l l  G04-008A shows 
a l e s s e r  g r a d i e n t .  The d a t a  on t h i s  e l e c t r o d e  showed a l a r g e r  s c a t t e r  t h a n  
t h e  d a t a  from t h e  ocher  two e l e c t r o d e s ,  which was a t t r i b u t e d  t o  a g r e a t e r  
d e g r e e  of l i t h i u m  nonuni fo rmi ty  w i t h i n  a g i v e n  Li-A1 p a r t i c l e .  T h i s  nonuni-  
f o r m i t y  i s  probab ly  t h e  r e s u l t  of t h e  c e l l ' s  s h o r t  o p e r a t i n g  t ime  and i t s  
having been assembled i n  an  uncharged s t a t e .  

4 .  -Format ion of Y707S i n  Y3G3 S e p a r a t o r s  

P o s t - t e s t  examina t ions  of Y203 s e p a r a t o r s  ( b o t h  f e l t  and powder) 
from FeS2 c e l l s  have shown ev idence  of s u l f u r  r e a c t i o n  w i t h  t h e  Y 2 0 3 .  The 
r e a c t i o n  p roduc t  was i d e n t i f i e d  as Y202S by X-ray d i f f r a c t i o n *  and s c a n n i n g  

* 
B. S. T a n i ,  A n a l y t i c a l  Chemistry Labora to ry  a t  ANL. 
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F i g .  VII-7. Li th ium Concen t ra t ion  P r o f i l e s  i n  t h e  
Negat ive  E l e c t r o d e s  of Three  C e l l s  

e l e c t r o n  microscopy. T h i s  y t t r i u m  o x y s u l f i d e  h a s  a l s o  been i d e n t i f i e d  i n  an 
FeS ce l l  t h a t  was o p e r a t e d  f n r  53 days.  Erramin.ntions of three other FeS 
c e l l s  w i t h  Y 2 0 1  s e p a r a . t o r s  t h a t  h a d  o p r r a t e d  f o r  o h o r t e r  p e r i o d s  of tknle 
showed no ev idence  of Y202S. Tn FeX2 c e l l s  wi th  Y 2 0 3  s e p a r . ~ t u ~ s ,  Y2025 was 
i d e n t i f i e d  i n  two c e l l s  t h a t  had o p e r a t e d  f o r  l e s s  t h a n  42  days .  The forma- 
t i o n  of Y 2 0 2 S  l e a d s  t o  reduced c e l l  performance through l o s s  of s u l f u r  i n  t h e  
p o s i t i v e  e l e c t r o d e  and th rough  reduced p o r o s i t y  of t h e  s e p a r a t o r .  These 
r e s u l t s  i n d i c a t e  t h a t  Y 2 U 3  may be  u n s a t i s f a c t o r y  a s  a  s e p a r a t o r  m a t e r i a l .  

5 .  In-Cel l  Cor ros ion  R e s u l t s  

Data on t h e  i n - c e l l  c o r r o s i o n  r a t e s  of c u r r e n t  c o l l e c t o r  m a t e r i a l s  
have been o b t a i n e d  from m e t a l l o g r a p h i c  examina t ions  of b o t h  p o s i t i v e  and 
n e g a t i v e  e l e c t r o d e s .  The c o r r o s i o n  pcnp t r a t i on  as a f u n c t i o n  of t i m e  has 
been p l o t t e d  f o r  low-carbon s t e e l  i n  t h e  Li-A1 e l e c t r o d e  (F ig .  VII-8) ,  molyb- 
denum i n  t h e  FeS2 e l e c t r o d e  (Fig .  VI I -9 ) ,  and low-carbon s t e e l  i n  t h e  FeS 
e l e c t r o d e  (F ig .  VII-10).  I n  F i g s .  VII-8 and -9, t h e  s o l i d  l i n e  i s  based on 
d a t a  from p o s t - t e s t  examina t ions ;  t h e  d o t t e d  l i n e  is  a  p r o j e c t i o n  of t h e s e  
d a t a .  The normal c e l l  o p e r a t i n g  t e m p e r a t u r e  was 435 t o  450°C. For  a  g iven  
material t h i c k n e s s ,  t h e  p l o t s  can be  uscd t o  p r e d i c t  t h e  expec ted  l i f e t i m e s  
i n  e n g i n e e r i n g - s c a l e  c e l l s .  

I n  t h e  n e g a t i v e  e l e c t r o d e ,  t h e  c u r r e n t - c o l . l e c t o r  m a t e r i a l  i s  nor-  
m a l l y  AISI-1008 low-carbon s t e e l  ( c o l d  r o l l e d ,  f u l l y  a n n e a l e d ) ,  which r e a c t s  
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Fig. V I I - 8 .  Corrosion of Low-Carbon-Steel Current Collector 
by the Negative Electrode (Fe + 2A1 -+ FeA12) 
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Fig. VII-9. Corrosion of Molybdenum Current Collector in 
the Positive Electrode (Mo + 2 S  + MoS2) 



TIME,  DAYS 

Fig.  VII-1.0. In-Cell  Corrosion of Luw-Carbon S t e e l  Current Co l l ec to r s  
i n  t h e  P o ~ i t i v c  E lee t rode  u1 Li-Al/FeS-Cu2S C e l l s  

w i th  a l u n ~ i ~ ~ u m  ( l i t h i u m  deple ted  Li-Al). Using X-ray d i f f r a c t i o n  and c l c c t r o n  
microprube a n a l y s i s ,  we i d e n t i f i e d  the  b r i t t l e  reac.tinn product an t he  i n t e r -  
n~eL;l l l lc  compourld ~ e ~ l ~ . *  S t a t i c  co r ros ion  s t u d i e s  have shown t h a t  tlle reac-  
t i o n  i s  suppressed by t h e  presence nf LiAl and by t h e  presence of impur i t i e s  
i n  t h e  e l e c t r o l y t e  (ANL-77-75, p. 40) ,  and t h a t  t h e  r e a c t i o n  i s  acce l e ra t ed  
a t  h ighe r  temperatures  (ANL-76-9, pp. 44-46). A p l o t  of co r ros ion  penetra-  
t i o n  v s .  t h e  square r o o t  of time y ie lded  a s t r a i g h t  l i n e ,  t hus  i n d i c a t i n g  
that r h e  E'e-A1 r e a c t i o n  i s  d i f f u s i o n  con t ro l l ed .  A s  can be seen i n  Fig. 
VII-8, t h e  cor ros ion  p e n e t r a t i o n  of a  s teel ,  cu r r en t  c o l l e c t o r  by t h e  Fe-A1 
r e a c t i o n  i s  p ro j ec t ed  t o  be ~ 6 0  vm a t  800 days (2.5 y e a r s ) .  A cu r r en t  co l -  
l e c t o r  wi th  a  t h i ckness  of 125 vm would he t o t a l l y  r eac t ed  i n  t h i s  time. 
Obviously, t h e  u s e f u l  l i f e  of t h e  cu r r en t  c o l l e c t o r  would be f.nnstderably 
h 0 3 .  

Metal lographic and X-ray d i f f r a c t i o n  examinations have shown t h a t  
a  t h i n ,  p a r t i a l l y  adherent  l a y e r  of MoS2 forms on t h e  s u r f a c e  of t h e  molyb- 
denum cu r ren t  c o l l e c t o r s  used i n  t h e  p n s i t i v e  e l e c t r o d e s  of FeS2 c e l l s .  A s  
shown i n  Fig. VII-9, t h e  r a t e  i s  exceedingly slow f o r  t h i s  r e a c t i o n .  Af te r  
900 days of ope ra t ion ,  t h e  depth  of MoS2 pene t r a t ion  is  p ro j ec t ed  t o  be l e s s  
than  5  pm. 

f 
The r e s i s t i v i t y  of t h i s  compound3is 1 .9  x  a. 



I n  t h e  FeS p o s i t i v e  e l e c t r o d e ,  t h e  c u r r e n t - c o l l e c t o r  m a t e r i a l  i s  
AISI-1008 low-carbon s t e e l y k  which i s  cor roded  by r e a c t i o n s  w i t h  t h e  m e t a l  
s u l f i d e s  (FeS and Cu2S). The c o r r o s i o n  p r o c e s s  a p p e a r s  t o  be  a combinat ion 
o f  un i fo rm s u l f i d a t i o n  fo l lowed  by d i s s o l u t i o n  and i n t e r g r a n u l a r  a t t a c k .  
G e n e r a l l y ,  t h e  c o r r o s i o n  i s . g r e a t e r  n e a r  t h e  e l e c t r o d e  f a c e  and i n  a r e a s  of 
h i g h  copper  c o n c e n t r a t i o n s  (from t h e  Cu2S a d d i t i v e ) ,  which a c c o u n t s  f o r  t h e  
s c a t t e r  observed i n  t h e  d a t a  shown i n  F i g .  VII-10. The d a t a  i n d i c a t e  t h a t  a  
125-um-thick c u r r e n t  c o l l e c t o r  would b e  comple te ly  cor roded  i n  abou t  225 d a y s  
of o p e r a t i o n  a t  450°C. 

6.  Chemical Analyses  
.. -- -. -- . 

The p o s i t i v e  e l e c t r o d e  of a p e l l e t - t y p e  c e l l  (ANL-77-75, p.  2 8 ) ,  
C e l l  PMC-2-01, was ana lyzed  t o  de te rmine  t h e  e x t e n t  ( i f  any) of slumping o r  
s e g r e g a t i o n  i n  t h e  a c t i v e  m a t e r i a l .  T h i s  e n g i n e e r i n g - s c a l e  c e l l ,  which was 
o p e r a t e d  a t  430°C f o r  50 days ,  had 16.6  wt % molybdenum powder added t o  t h e  
FeS2 p o s i t i v e  e l e c t r o d e .  The r e s u l t s  of t h e  chemical  a n a l y s i s  a r e  summarized 
i n  Tab le  V I I - 1 1 .  The f i v e  samples were o b t a i n e d  a t  e q u a l l y  spaced i n t e r v a l s  
through a v e r t i c a l  s e c t i o n  of t h e  e l e c t r o d e .  Although t h e  d e n s i t y  of t h e  
molybdenum powder a d d i t i v e  is  more t h a w t w i c e  t h a t  o f  FeS2, t h e  r e s u l t s  
showed no ev idence  of s i g n i f i c a n t  s e g r e g a t i o n  o r  s e t t l i n g .  F u r t h e r ,  measure- 
ments of t h e  r a t i o  of a c t i v e  m a t e r i a l  (Fe ,  Mo, S) t o  e l e c t r o l y t e  i n d i c a t e  
good u n i f o r m i t y  f o r  t h e  a c t i v e  m a t e r i a l  d i s t r i b u t i o n  and l o a d i n g  d e n s i t y .  
T h i s  r e s u l t  is  i n  agreement w i t h  t h e  meta l ' lograph ic  examinat ion.  

a  
T a b l e  V I I - 1 1 .  Chemical Analyses  on t h e  P o s i t i v e  

E l e c t r o d e  of C e l l  PMC-2-01 

a 
Composit ion,  wt % 

Sample 
Locat  i o n  S  Fe Mo LiC1-KC1 

24.56 21.62 8 .95 'lop Balance 
23.64 23.13 9.38 Balance 

Middle 23.99 23.42 9.42 Balance 
24.82 22.74 9.21 Balance 

Bottom 20.94 20.61 8 .33  Balance 

a  
Determined by A. E s s l i n g  and R. Crooks, A n a l y t i c a l  
' chemist ry  Labora to ry ,  ANL. 

The n e g a t i v e  e l e c t r o d e s  from c e l l s  u t i l i z i n g  p o s i t i v e  e l e c t r o d e s  
w i t h  carbon a d d i t i v e s  ( o r  carbon bonded) have been ana lyzed  t o  d e t e r m i n e  t h e  
e x t e n t  of carbon m i g r a t i o n .  The r e s u l t s  a r e  summarized i n  T a b l e  VII-12 and 
i n d i c a t e  t h a t  some carbon i s  t r a n s p o r t e d  from t h e  p o s i t i v e , t o  t h e  n e g a t i v e  
e l e c t r o d e .  A n a l y s i s  of t h e  LiC1-KC1 e l e c t r o l y t e  showed o n l y  40 and 30 ppm 
of ca rbon  f o r  as - rece ived  and f i l t e r e d  L i t h c o a  e l e c t r o l y t e . ,  r e s p e c t i v e l y .  
C e l l s  KK-4 and KK-5 used carbon-bonded p o s i t i v e  e l e c t r o d e s  which may account  

* 
Nicke l  c u r r e n t  c o l l e c t o r s  are b e i n g  used.  i n  some of t h e  m u l t i p l a t e  test .  c e l l s  
f o r  t h e  Mark I b a t t e r y .  



T a b l e  VII-12. Carbon Analyses  of Negat ive  E l e c t r o d e s  

cel la  Opera t ion  Time, d a y s  b  
Carbon .Conten t ,  wt % 

PC-2-01 3 1  0,07 

M- 6  4  4  0.16 

 he p o s i t i v e  e l e c t r o d e  of t h e s e  c e l l s  c o n t a i n e d  a carbon 
a d d i t i v e .  Cells KK-4 and KK-5 used carbon-bonded p o s i t i v e  
e l e c t r o d e s .  The ca rbon  c o n t e n t  i s  0.06 wt % f o r  a  c e l l  
w i t h o u t  ca rbon  a d d i t i v e .  

b ~ e t e r m i n e d  by I. Fox, A n a l y t i c a l  Chemistry L a b o r a t o r y ,  ANL. 

f o r  t h e  h i g h e r  ca rbon  i n  t h e  n e g a t i v e  e l e c t r o d e s .  However, i t  i s  p o s s i b l e  
t h a t  t h e  e l e c t r o l y t e  used i n  t h e s e  c e l l s  had a  h i g h e r  c o n c e n t r a t i o n  of car'bon. 
At tempts  t o  l o c a t e  a n  a r c h i v e  sample f o r  a n a l y s i s  have been u n s u c c e s s f u l .  
The amount of ca rbon  t r a n s p o r t e d  t o  t h e  n e g a t i v e  e l e c t r o d e  should be dependent  
on t h e  amount (and form) added t o  t h e  p o s i t i v e  e l e c t r o d e  and on t h e  c e l l  
o p e r a t i n g  t ime.  A t  t h i s  t i m e ,  t h e  e f f e c t s  o f  ca rbon  m i g r a t i o n  on c e l l  per-  
formance a r e  unknown and need f u r t h e r  s t u d y . .  
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V I I I .  CELL CHEMISTRY 
(M. F. Roche) 

The o b j e c t i v e s  of t h e  c e l l  chemis t ry  s t u d i e s  a r e  (1 )  t o  p r o v i d e  s o l u -  
t i o n s  f o r  s p e c i f i c  chemical  and e l e c t r o c h e m i c a l  problems t h a t  a r i s e  i n  t h e  
development of c e l l s  and b a t t e r i e s ,  ( 2 )  t o  deve lop  improved compos i t ions  f o r  
e l e c t r o d e s  a.nd e l e c t r o l y t e s ,  and (3 )  t o  a c q u i r e  a b a s i c  u n d e r s t a n d i n g  of t h e  
chemis t ry  and e l e c t r o c h e m i s t r y  of t h e  c e l l s .  

A. P r o p e r t i e s  of Metal  D i s u l f i d e  E l e c t r o d e s  

The f o l l o w i n g  d i s c u s s i o n  concerns  t h e  p r o p e r t i e s  of t h e  m e t a l  d i s u l f i d e  
e l e c t r o d e ,  which were  i n v e s t i g a t e d  th rough  u s e  of an  Li-Fe-S phase  diagram,  
c y c l i c  voltammetry,  and s m a l l - s c a l e  c e l l  tests. 

1. The Li-Fe-S Phase Diagram 
(A.  E. Mar t in )  

The r e g i o n  of t h e  Li-Fe-S phase  diagram t h a t  i s  of i n t e r e s t  i n  t h e  
o p e r a t i o n  of l i t h i u m l m e t a l  s u l f i d e  c e l l s  is  t h e  Li2S-FeS2-Fe t r i a n g l e .  T h i s  
r e g i o n  of t h e  phase  diagram h a s  been s t u d i e d  i n  a v a r i e t y  o f  i n - c e l l  and out-  
o f - c e l l  t e s t s  a t  c e l l  o p e r a t i n g  t e m p e r a t u r e s  ( s e e ,  f o r  example, ANL-77-95, 
pp.  49-50), The r e s u l t s  of t h e s e  s t u d i e s  a r e  p r e s e n t e d  i n  F ig .  V I I I - 1 .  

P ig .  V I I I - 1 .  I s u t h e r m a l  S e c t i o n  of Li-Fe-S Phase Diagram a t  450°C 
Showing t h e  Charge-Discharge P a t h  of FeS2 E l e c t r o d e s  
and FeS E l e c t r o d e s  



The p a t h  r e p r e s e n t i n g  t h e  change i n  a v e r a g e  composi t ion of an FeS2 
e l e c t r o d e  a s  i t  is  charged and d i s c h a r g e d  a t  4 5 0 ' ~  i s  i n d i c a t e d  by t h e  l i n e  
A-B. The f u l l y  charged e l e c t r o d e  c o n t a i n s  FeS2 ( p o i n t  A) and t h e  f u l l y  d i s -  
charged  e l e c t r o d e  c o n t a i n s  Li2S and i r o n  ( p o i n t  B). Between t h e s e  ex t remes ,  
two wel l -de f ined  compounds a r e  found on t h e  l i n e  A-B, namely, Z phase  
(Li3Fe2S4)  and X phase  (Li2FeS2).  I n  a d d i t i o n ,  more complex phases  occur  i n  
t h e  r e g i o n  between Z and X phase  ( e . g . ,  m i x t u r e s  of t h e  compounds Fe S, W ,  1 -x 
a.nd Z) . 

The i n - c e l l  b e h a v i o r  of FeS2 e l e c t r o d e s  can be  d e s c r i b e d  w i t h  t h e  
a i d  o f  F i g .  V I I I - 1 .  During d i s c h a r g e ,  FeS2 i s  conver ted  t o  Z phase .  Next,  
Z phase  is  c o n v e r t e d  t o  a m i x t u r e  of t h e  compounds Fel_,S and W. The l a t t e r  
compound l i e s  on t h e  boundary of a  s o l i d - s o l u t i o n  f i e l d  l a b e l e d  X-Y. The 
e x t e n t  o f  t h i s  s o l i d  s o l u t i o n  f i e l d  and t h e  approximate  l o c a t i o n  o f  t h e  W 
compound on t h e  f i e l d  boundary a r e  i n d i c a t e d  i n  t h e  f i g u r e .  F u r t h e r  d i s c h a r g e  
uf t h e  compounds Pel.,,.,,S and W l e a d s  t o  f o r n a . t i o n  s f  t h o  eing1e.-,.phase compound, 
X phase .  F i n a l l y ,  X phase  i s  d i s c h a r g e d  t o  a  m i x t u r e  of Li2S and i r o n .  The 
p h a s e s  d u r i n g  c h a r g e  a r e  more complex t h a n  t h o s e  d u r i n g  d i s c h a r g e ,  and a r e  
sLill under l . n ~ ~ s r i . g e t l : . o n .  

I n  t h e  p o s i t i v e  e l e c t r o d e ,  s o l i d  phases  o t h e r  t h a n  t h o s e  shown on 
t h e  Li-Fe-S t e r n a r y  diagram can e x i s t  because of the presence of LiC1-KC1 
e l e c t r o l y t e .  One such  phase  is  J phase  (LiK6Fe24S26C1), which i s  a  minor 
phase  i n  FeS2 e l e c t r o d e s  and a  major  phase  i n  FeS e l e c t r o d e s .  Another i s  
KFeS2, which forms i n  FeS2 e l e c t r o d e s  i n  t h e  p r e s e n c e  of KC1-rich e l e c t r o l y t e  
The p r o p e r t i e s  of t h e s e  po tass ium-conta in ing  phases  a r e  d i s c u s s e d  below. 

2. C y c l i c  Voltammetry of Metal  D i s u l f i d e s  
(S. K.  P r e t o )  

C y c l i c  vol tammetry  s t u d i e s  of FeS2, CoS2, and NiS2 e l e c t r o d e s  a t  
%400°C i n  LiC1-KC1 e l e c t r o l y t e  ( e u t e c t i c  c o m p o s i t i ~ n )  were p r ~ s ~ n t e d  i n  
e a r l i e r  r c p o r t s  (ANL-77-G8, p. 46; ANL-77-75, p .  51;  ANL-78-21, p. 54) .  
These  e l e c t r o d e s  were c y c l e d  over  a  broad v o l t a g e  range  (1.0-2.O.V us.  L i A l ) ,  
w i t h  a  v e r y  s luw vo l tage-scan  r a t e  (0.015-0.020 m ~ / s e c ) .  The broad v n l t a g ~  
rallgt! encoiiipassed a l l  t h e  e l e c t r o d e  r e a c t i o n s  from f u l l  d i s c h a r g e  iLi2S + t h e  
t r a n s i t i o n  m e t a l )  t o  f u l l  charge  ( t h e  t r a n s i t i o n - m e t a l  d i s u l f i d e ) .  The s low 
s c a n  r a t e , i n s u r e d  h i g h  r e s o l u t i o n  of t h e  c u r r e n t  peaks  a s s o c i a t e d  w i t h  each 
o f  t h e  e l e c t r o d e  r e a c t i o n s .  E l e c t r o d e  r e a c t i o n s  t h a t  g i v e  r i s e  t o  v o l t a g e  
p l a t e a u s  i n  c o n s t a n t - c u r r e n t  c y c l i n g  produce c u r r c n t  peaks i.n. a  c y c l i c  voltam- 
mogram of t h i s  t y p e .  

a .  C y c l i c  Voltammetry of FeS? E l e c t r o d e s  

F i g .  VIII -2  i s  a  voltammogram of t h e  FeS2 e l e c t r o d e .  I f  t h e  
e l e c t r o d e  r e a c t  i o n  is elect rochemica3. ly  r e v e r s i b l e ,  then  t h c  ].eft s i d e  o f  t h e  
c h a r g e  peak (above t h e  a x i s )  and t h e  r i g h t  s i d e  of t h e  cor responding  d i s c h a r g e  
peak (below t h e  a x i s )  w i l l  i n t e r c e p t  t h e  v o l t a g e  a x i s  a t  t h e  r e a c t i o n  emf. 
D i f f e r e l l c e s  in  t h e s e  i n t e r c e p t  v o l t a g e s  i n d i c a t e  poor r e v e r s i b i l i t y  due t o  
o v e r p o t e n t i a l s  o r  t o  d i f f e r e n c e s  i n  t h e  c h a r g e  and d i s c h a r g e  r e a c t i o n  mech- 
an i sms .  Reac t ion  ass ignments  were based on t h e  phase  diagram shown i n  
F i g .  V I I I - I ,  t o g e t h e r  w i t h  c o r r o b o r a t i v e  m e t a l l o g r a p h i c  and X-ray r e s u l t s .  



Fe+2Li2 S+2AI - Li2FeS2+ 2LiAl 

2FeS2+3LiAl-Lit Fe, S,+3AI 

Figure VIII-2. Cyclic Voltammogram of FeS2 Electrode in 
LiC1-KC1 Electrolyte of Eutectic Composition 

As can be seen in Figure VIII-2, the high-voltage (1.5 to 
2.0 V) discharge peak began at ~1.74 V, but most of the associated charge 
reaction was located in a charge peak beginning at ~1.86 V. Thus the elec- 
trode exhibited 0.12-V irreversibility for its major high-voltage reaction. 
Because the species involved in this charge reaction are not known, the high- 
voltage charge reaction has not been labelled in Fig. VIII-2. However, a 
combination of voltammetry and metallographic studies (ANL-77-68, pp. 46-49) 
has suggested that the reaction involves formation of soluble sulfur species 
(of high sulfur activity) that react with Fel-xS to form FeS2. 

After the poor reversibility of the high-voltage reaction of 
FeS2 was discovered, a L ~ A ~ / L ~ C ~ - K C ~ / F ~ S ~  cell was operated only on its high- 
voltage plateau, thereby utilizing about one-third of the theoretical FeS2 
capacity.* The cell voltage curves exhibited reversible behavior. This sur- 
prising result showed that the 1.74-V reaction of FeS2, 

becomes reversible under certain conditions. A more thorough investigation 
of the properties of the FeS2 electrode was then conducted to test for revers- 
ibility under cyclic voltammetry conditions. The effects of discharge cutoff 
voltage and electrolyte composition were investigated. The discharge-cutoff 
voltage was varied to alter the utilization of the FeS2-electrode capacity. 
The electrolyte composition was varied to determine if changes in the elec- 
trode behavior would result. (The electrolyte in the above cell test may 
have had an off-eutectic composition.) 

* 
This experiment done by K. E. Anderson, C. Hickson, and D. R. Vissers, Cell 
Chemistry Group. 



For t h e s e  exper iments ,  an  FeS2 working e l e c t r o d e  (116 mg of 
FeS2 i n  carbon foam w i t h i n  a  molybdenum housing)  w a s  cyc led  a t  400°C US. LiAl 
r e f e r e n c e  and c o u n t e r  e l e c t r o d e s .  The v o l t a g e  s c a n  r a t e  was 0.02 mV/sec. 
E l e c t r o l y t e  v a r i a t i o n s  were accomplished by add ing  e i t h e r  LiCl  o r  K C 1  t o  58 
rnol % LiC1-42 rnol % K C 1  e u t e c t i c "  i n  o r d e r  t o  . s h i f t  t h e  composi t ion t o  e i t h e r  
6 1  rnol % LiC1-39 rnol % K C 1  o r  55 rnol % LiC1-45 rnol % KC1.  During t h e  t e s t s ,  
t h e  e l e c t r o l y t e  was o c c a s i o n a l l y  s h i f t e d  back t o  e u t e c t i c  compos i t ion ,  and 
s c a n s  were made t o  check f o r  r e c o v e r y  o f  t h e  e l e c t r o d e  t o  i t s  "normal" i r r e -  
v e r s i b l e  b e h a v i o r  ( F i g .  VI I I -2 ) .  The v o l t a g e  r a n g e  was changed i n  each v o l t -  
ammogram by v a r y i n g  t h e  d i s c h a r g e  c u t o f f  v o l t a g e , t  a s  shown i n  F i g .  VIII-3.T 

For t h e  FeS2 voltammogram i n  LiC1-rich e l e c t r o l y t e ,  t h e  d i s -  
c h a r g e  c u t o f f  v o l t a g e s  were  1 . 6 5 ,  1 . 6 1 ,  1 .56 ,  and 1 . 4 3  V.  Although n o t  shown 
i n  F i g .  VIII -3 ,  sweeps were a l s o  t aken  of FeS2 i n  t h i s  e l e c t r o l y t e  t o  a  1.35-V 
c u t o f f  and a  1.0-V c u t o f f .  Onc cxamplc of a scan  i n  e u t e c t i c  e l e c t r o l y t e  i s  
shown i n  F ig .  VIII-3 ( t o p ) .  The s c a n  i n  t h i s  e l e c t r o l y t e  d i f f e r e d  o n l y  
s l i g h t l y  from t h a t  i n  LiC1-rich e l e c t r o l y t e .  T h e r e f o r e ,  t h e  d i s c u s s i o n s  t h a t  
f o l l o w  of s c a n s  i n  LiC1-rich e l e c t r o l y t e  a l s o  a p p l y  t o  s c a n s  i n  e u t e c t i c  
e l e c t r o l y t e .  

For t h e  LiC1-rich e l e c t r o l y t e ,  t h e  c u r v e s  i n  F ig .  VIII -3  show 
t h a t  t h e  change i n  r e v e r s i b i l i t y  o f  t h e  h igh-vo l tage  r e a c t i o n  of FeS2 w i t h  
e l e c t r o d e  u t i l i z a t i o n  i s  a s s o c i a t e d  w i t h  a  change i n  t h e  charge  r e a c t i o n .  
T h a t  is ,  t h e  c h a r g e  peak s h i f t s  t o  h i g h e r  v o l t a g e s  as t h e  d i s c h a r g e - c u t o f f  
v o l t a g e  i s  lowered ,  b u t  t h e  d i s c h a r g e  peak remains  f i x e d .  The v o l t a g e  sepa- 
r a t i o n  of t h e  c h a r g e  and d i s c h a r g e  r e a c t i o n s  i s  l e s s  t h a n  0.02 V w i t h  a 
1.65-Vcutoff;  t h i s  s e p a r a t i o n  i n c r e a s e s  t o  Q0.09 V f o r  d i s c h a r g e  c u t o f f s  
of 1 . 4 3  V o r  below. 

The good r e v e r s i b i l i t y  o b t a i n e d  w i t h  t h e  h i g h e r  d i s c h a r g e -  
c u t o f f  v o l t a g e s  (and consequen t ly  lower e l e c t r o d e  u t i l i z a t i o n s )  i n  F ig .  VIII-3 
i s  i n  agreement w i t h  t h e  c e l l  test  d e s c r i b e d  above. Under these reversible 
c o n d i t i o n s ,  t h e  c e l l  r e a c t i o n  h a s  an  emf of 1 .74 V.  The i n c r e a s i n g l y  poore r  
r e v e r s i b i l i t y  w i t h  lower  d i s c h a r g e  c u t o f f  v o l t a g e s  (and h i g h e r  e l e c t r o d e  
u t i l i z a t i o n s )  i n  F i g .  VIII -3  was a t t r i b u t e d  t o  a  k i n e t i c  h i n d r a n c e  i n  t h e  
f o r m a t i o n  of Li3Fe2Sq from i t s  d i s c h a r g e  p r o d u c t s ,  Fel-,S and W phase .  How- 
e v e r ,  r e c e n t  L I A ~ / F ~ S ~  c e l l  t e s t s ,  d e s c r i b e d  below, have i n d i c a t e d  t h a t  t h i s  
p o s t u l a t e d  mechanism may b e  i n c o r r e c t .  

The d o t t e d  c u r v e s  i n  F ig .  VIII -3  show t h e  behav ior  of FeS2 i n  
KC1-rich e l e c t r o l y t e .  Two t e n t a t i v e  c o n c l u s i o n s  can be drawn from t h e s e  
c u r v e s .  F i r s t ,  t h e  d i s c h a r g e  r e a c t i o n  i s  e s s e n t i a l l y  t h e  same i n  LiC1-rich 
and KC1-rich e l e c t r o l y t e  because  t h e  p o s i t i o n  of t h e  d i s c h a r g e  peak is  idea-  
t i c a l  i n  bo th  e l e c t r o l y t e s .  Second, t h e  charge  r e a c t i o n s  a r e  d i f f e r e n t  i n  

* 
Suppl ied  by Anderson P h y s i c s  L a b o r a t o r y ,  I n c . ,  Urbana, IL 61801. 

t I n  a l l  c a s e s ,  a s i g n i f i c a n t  number of s c a n s  were o b t a i n e d  a f t e r  changing 
c o n d i t i o n s  t o  i n s u r e  t h a t  t h e  e l e c t r o d e s  and e l e c t r o l y t e  had reached a 
s t e a d y  s t a t e .  

SNO g r e a t  s i g n i f i c a n c e  shou ld  b e  a t t a c h e d  t o  d i f f e r e n c e s  i n  peak a r e a s .  The 
e l e c t r o d e  was o p e r a t e d  f o r  500 h r ;  d u r i n g  t h i s  t ime  t h e  c a p a c i t y  d e c l i n e d  by 
40%. The peaks  d i f f e r  i n  a r e a  because  t h e  sweeps were o b t a i n e d  a t  d i f f e r e n t  
t i m e s .  



Fig. VIII-3.  C y e l i c  Voltammograms of FcS2 E l e c t r o d e  i n  
LiC1-KCLElectrolyte of Varying Composit ions 
(Discharge  c u t o f f  v o l t a g e s  from t o p  t o  
bottom: 1 .65 ,  1 . 6 1 ,  1 .56 ,  l . 4 3  V) 



t h e  two e l e c t r o l y t e s .  I n  t h e  c a s e  of t h e  KC1-rich electrol .yte . ,  t h e  high- 
v o l t a g e  charge r e a c t i o n s  do no t  appear t o  change s i g n i f i c a n t l y  wi th  s h i f t s  i n  
d i s c h a r g e  c u t o f f  v o l t a g e ;  t h e  high-vol tage charge r e a c t i o n s  c o n s i s t  of a  
narrow peak t h a t  beg ins  a t  about 1.74 V and a  poor ly  reso lved  double t  t h a t  
beg ins  a t  about  1 .84 V. The a r e a  of t h e  doilblet i s  about twice  t h a t  of t h e  
narrow peak, and t h e  sum of t h e s e  a r e a s  is  equa l  t o  t h e  a r e a  of t h e  d i s cha rge  
peak. (The same f e a t u r e s  a r e  seen  wi th  a  d i s cha rge  cu to f f  vo l t age  a s  low a s  
1 . 0  V.) Because t h i s  t ype  of behavior  w a s  on ly  observed i n  KC1-rich e l e c t r o -  
l y t e ,  a  potassium-containing s u l f i d e  phase was suspected.  

For an FeS2 c e l l  us ing  KC1-rich e l e c t r o l y t e  t h e  proposed reac-  
t i o n s  c o n s i s t e n t  w i t h  t h e  above obse rva t ions  a r e  a s  fo l lows:  

l e -  
Charget: a )  L i 3 F e 7 S ~  + 2KC1 + A 1  e& 2KFcS2 t 2LiCl.  t T , i A 1 ,  q o l  .76  V 

Recent c e l l  tests, meta l lographic  s t u d i e s ,  and X-ray ana lyses  ( r epo r t ed  
below) have now shown t h a t  KFeS2 is  a  maJor phase i n  FeS2 e l e c t r o d e s  i n  KC1- 
r i c h  e l e c t r o l y t e .  Th i s  suppor t s  t h e  proposed r e a c t i o n  mechanism. 

The FeS2 e l e c t r o d e  r e a c t i o n s  were a l s o  examined us ing  LiF- 
LiC1-LiBr e l e c t r o l y t e  a t  460°C i n  o r d e r  t o  e l i m i n a t e  potassium-ion e f f e c t s .  
The high-vol tage d i s cha rge  r e a c t i o n  i n  t h i s  voltammogram was s h i f t e d  t o  a  
h ighe r  v o l t a g e  ( ~ 1 . 7 7  V) because t h e  h igh  temperature  r equ i r ed  w i th  t h i s  
e l e c t r o l y t e  genera ted  a  h ighe r  s u l f u r  a c t i v i t y  i n  t h e  p o s i t i v e  e l e c t r o d e .  
However, t h e  high-vol tage charge peaks were i d e n t i c a l  t o  t hose  i n  LiC1-rich 
e l e c t r o l y t e .  Th i s  r e s u l t  showed t h a t  t h e  i r r e v e r s i b i l i t y  problem of FeS2 
I n  e u t e c t i c  o r  LiC1-rich e l e c t r o l y t e  is no t  caused by potassium-contai~l ing 
phases .  

I n  conc lus ion ,  t h e  rear.ti-ons i n  FeS2  electrode^ dcpcnd s t rong ly  
on t h e  depth of e l e c t r o d e  d i s cha rge  and t h e  LiC1-to-KC1 r a t i o  of t h e  e l e c t r o -  
l y t e .  Condi t ions t h a t  l e a d  t o  formation of a  potassium-containing phase i n  
t h e  FeS2 e l e c t r o d e  were de f ined ,  and i t  was determined that t h i s  phase does 
n o t  cause  t h e  i r r e v e r s i b i l i t y  problem of FeS2 e l e c t r o d e s .  The cause of t h i s  
i r r e v e r s i b i l i t y  has  n o t  y e t  been determined. 

b.  Emfs ofCoS7, NiS7, and FeS7 E lec t rodes  

t h e s e  
PP. 5  

Cycl ic  voltammograms of CoS2 and NiS2 e l e c t r o d e s  showed t h a t  
two meta l  s u l f i d e s  have b e t t e r  r e v e r s i b i l i t y  than FeS2 (ANL-77-75, 

1-54). The r e a c t i o n s  f o r  t h e  CoS2 e l e c t r o d e  e x h i b i t e d  about 0.06-V 

* 
The absence of a  potassium-containing in t e rmed ia t e  i n  t h i s  d i scharge  s t e p  
sugges t s  t h a t  t h e  r e v e r s e  of charge r e a c t i o n  (b)  i s  e l ec t rochemica l ly  
h indered .  

t ~ h e  a c t u a l  r e a c t i o n  f o r  (b)  may be more complex than shown; t h e  "charge peak" 
f o r  t h i s  pos tu l a t ed  r e a c t i o n  i s  a  poor ly  reso lved  doub le t .  



i r r e v e r s i b i l i t y , *  and t h e  r e a c t i o n s  f o r  t h e  NiS2 e l e c t r o d e  e x h i b i t e d  l e s s  
than  0.02-V i r r e v e r s i b i l i t y .  Subsequent e n g i n e e r i n g - s c a l e  t e s t s  ( S e c t i o n  
V1.B) have shown t h a t  t h e  NiS2 e l e c t r o d e  a l s o  h a s  a l o n g e r  c y c l e  l i f e  t h a n  
t h e  FeS2 e l e c t r o d e .  C o n t r i b u t i n g  f a c t o r s  t o  t h i s  l o n g e r  c y c l e  l i f e  i n c l u d e  
t h e  good r e v e r s i b i l i t y  of t h e  NiS2 e l e c t r o d e  r e a c t i o n s  and t h e  s u p e r i o r  
r e s i s t a n c e  of t h e  n i c k e l  s u l f i d e s  t o  overcharge .  l 

Emfs of c e l l  r e a c t i o n s  were o b t a i n e d  from t h e  FeS2, CoS2, and 
NiS2 voltammograms by a v e r a g i n g  t h e  charge-  and d i s c h a r g e - i n t e r c e p t  v o l t a g e s ,  
excep t  f o r  t h e  c a s e  of t h e  poor ly  r e v e r s i b l e  h igh-vo l tage  r e a c t i o n  of FeS2. I n  
t h e  FeS2case ,  t h e  emf was determined t o  be  1 .74  V ( c o n d i t i o n  of h i g h  discharge-  
c u t o f f  v o l t a g c s ) .  I n  Tab le  V I I I - 1 , t h e  e x p e r i m e n t a l  emfs a r e  compared w i t h  
emfs c a l c u l a t e d  from thermodynamic d a t a .  ' y 2  For t h e  c a l c u l a t i o n s ,  s u l f u r  
a c t i v i t i e s  of t h e  t r a n s i t i o n - m e t a l  s u l f i d e s  were t aken  mainly  from d a t a  pro- 
v ided  by C r a i g  e t  u Z . ~  I n  t h e s e  c a l c u l a t i o n s ,  chemical  and p h y s i c a l  i n t e r -  
a c t i o n s  between Li2S and t h e  t r a n s i t i o n - m e t a l  s u l f i d e s  were ignored .  From 
t h e  good agreement between t h e  exper imenta l  and c a l c u l a t e d  emfs,  i t  can be  
seen  t h a t  t h i s  approximat ion does  n o t  l e a d  t o  s e r i o u s  e r r o r s  (i.e., t h e  
e n e r g i e s  o f  i n t e r a c t i o n  between Li2S and t h e  t r a n s i t i o n - m e t a l  s u l f i d e s  a r e  
s m a l l ) .  Thus,  t o  a  c l o s e  approximat ion,  t h e  emfs of t h e  c e l l s  employing Fe ,  
Co, and N i  s u l f i d e s  can be c a l c u l a t e d  from e x i s t i n g  thermodynamic d a t a .  

* 
I n  an  e a r l i e r  r e p o r t  (ANL-77-75, pp. 51-54) t h e  i r r e v e r s i b i l i t i e s  of t h e  
CoS2-electrode reai:tions were g iven  as 0.08,  0 .06 ,  and 0.04 V f o r  t h e  CoS2 + 
Co3S4, Co3S4 + Cogs8, and Cogs8 + Co r e a c t i o n s ,  r e s p e c t i v e l y .  However, more 
r e c e n t  measurements have shown t h e  i r r e v e r s i b i l i t y  i s  %0.06 V f o r  a l l  t.hree 
r e a c t i o n s .  

Tab le  V I I I - 1 .  Exper imental  and C a l c u l a t e d  Emfs 
- - - -- 

Emf ( V o l t s  US. LiAl a t  400°C) 

FeS2 -t Fe sa 1-x 
FeS + Feb 

Exp . 
1 .74  

1 .34  

1 .74 

1 . 6 3  

1 . 3 5  

1 . 7 5  

1 . 6 0  

1 .56  

1.37 

Calc  . C 

1 . 7 1  

1.36 

1 .72  

1 .65  

1 .38  

1 . 7 5  

1.6U 

1 .57  

1 . 3 8  

a  
I n - c e l l  r e a c t i o n :  FeS2 + Li3Fe2S4. 

b ~ n - c e l l  r e a c t i o n :  Li2FeS2 +- Fe. 
C C a l c u l a t e d  from d a t a  i n  Refs .  1 and 2 .  



3 .  Li th iurnlMetal  D i s u l f i d e  C e l l  T e s t s  
( Z .  Tomczuk, A. E. Mar t in )  

To i n v e s t i g a t e  t h e  p r v p e r t i e s  o f  m e t a l - d i s u l f i d e  e l e c t r o d e s ,  we 
conducted t h e  f o l l o w i n g  c e l l  t e s t s :  

(a) A c o u l o m e t r i c  t i t r a t i o n  of FeS2 was done t o  compare t h e  in -  
c e l l  b e h a v i o r  o f  FeS2 w i t h  t h e  behav ior  p r e d i c t e d  from phase-diagram s t u d i e s .  

(b) Phases  were de te rmined  i n  an  FeS2.0 and an FeS1.70 c e l l  t h a t  
had been  t r i c k l e - c h a r g e d  to .  s e l e c t e d ' c u t o f f  v o l t ~ g e s .  The r e s u l t s  were used 
t o  i n t e r p r e t  c y c l i c  voltammetry d a t a .  

( c )  An FeS2 e l e c t r o d e  was o p e r a t e d  i n  KC1-rich e l e c t r o l y t e ,  and 
t h e  compos i t ion  o f  Llle p o t a s s i u m - c o n ~ a i l ~ i t l g  i r o n  s u l f i d c  phase  was detcrmined. 

a. Coulometr ic  T i t r a t i o n  of FeS2 

I n  a c o u l o m e t r i c  t i t r a t i o n ,  t h e  p roduc t  of c u r r e n t  and Lime 
( i n  ampere-seconds, o r  coulombs) i s  determined f o r  each c c l l  r e a c t i o n .  I n  
t h e  c a s e  of t h e  FeS2-elect rode r e a c t i o n s ,  t h i s  method prov ided  a  means of 
comparing t h e  i n - c e l l  behav ior  of t h e  FeS2 e l e c r r u d r  w l i l ~  Ll~e L ~ I I ~ v I c J L .  prc 
d i c t e d  from t h e  phase  diagram ( F i g .  VIII -1) .  

The c o u l o m e t r i c  t i t r a t i o n s  c o n s i s t e d  of charge-d i scharge  
c y c l i n g  o f  an LiAl ( 4  A-hr)/Li~l-~Cl(euteetic)/FeS~ ( 1  A-hr) c e l l  a t  a low 
c u r r e n t  d e n s i t y  ( ~ 1 2  nA/cm2). T h i s  low c u r r e n t  d e n s i t y  r e s u l t e d  i n  n e a r l y  
comple te  u t i l i z a t i o n  o f  t h e  FeS2-elect rode c a p a c i t y .  I n  Tab le  VIII-2 ,  Che 
p o r t i o n  o f  t h e  c a p a c i t y  a s s o c i a t e d  w i t h  each e l e c r r u d r  r r a c L i u n  is  compared 
w i t h  t h e  r e s u l t s  of t h e  phase-diagram s t u d y .  

Tab le  VIII-2.  ncaet icr,rr.ra Obtainad f rom Col . lLnm~t r i  r T i  t r a t i , o n s  
and Phase Diagram u1  FeS2 E l e c t r o d e  

- 

P e r c e n t  of 
T h e o r e t i c a l  Capac i ty  

Emf, b  .Coulomet r ic  Phase 
a  Reac t ion  V u s .  LiAl T i t r a t  i o n s C  ~ i a g r a m ~  

- - 

FeS2 ->. Li3Fe2S4 1 . 7 4  37.2 37.50 

LigL;'e2S4 + W phase 4 %el-,3 x1. 66 4 . 5  4.25 

W phase  + Fel-,S -+ Li2FeS2 1.60 t o  1 .34 V 7.7 8.25 

Li2FeS2 +- Fe + Li2S 1 . 3 4  50.6 50.00 

a Determined from phase  diagram i n  F i g .  V l l l - I .  

b ~ e t e r m i n e d  from voltammogram ( F i g .  VI I I -2 ) .  Note t h a t  t h e  t h i r d  r e a c t i o n  
o c c u r s  i n  a  r e g i o n  o f  v a r i a b l e  phase  compos i t ions ,  and,  consequen t ly ,  i t  h a s  
a broad v o l t a g e  r a n g e .  

C Average of two d i s c h a r g e  c y c l e s .  



The coulometry  d a t a  a r e  i n  good agreement w i t h  t h e  phase  d i a -  
gram s t u d y .  I n  p a r t i c u l a r ,  t h e  composi t ion of t h e  f i r s t  d i s c h a r g e  p roduc t  o f  
FeS2 (Li3Fe2 S4) was confirmed i n  t h i s  s t u d y .  

b. Phases  i n  I r o n  D i s u l f i d e  E l e c t r o d e s  During Charge 

The cycl ic-vol tammetry  tests of FeS2 were concerned w i t h  t h e  
poor r e v e r s i b i l i t y  of t h i s  e l e c t r o d e ' s  h igh-vo l tage  r e a c t i o n ,  which o c c u r s  a t  
1 .74  V on d i s c h a r g e .  However, t h e  e l e c t r o d e  p h a s e s . w e r e  n o t  determined i n  
t h e  c y c l i c  voltammetry work. Thus two c e l l  t e s t s  were conducted t o  i d e n t i f y  
t h e  phases  p r e s e n t  i n  t h e  e l e c t r o d e  a t  s e l e c t e d  charge-cu tof f  v o l t a g e s .  The 
c e l l s  employed (4 A-hr) LiAl n e g a t i v e  e l e c t r o d e s , .  e u t e c t i c  e l e c t r o l y t e ,  and 
( 1  A-hr) i r o n  s u l f i d e  e l e c t r o d e s .  

I n  one of t h e  c e l l s ,  FeS2 was employed as t h e  p o s i t i v e  e l e c -  
t r o d e .  T h i s  c e l l  was o p e r a t e d  f o r  5 c y c l e s  a t  60 m ~ / c d  and a t  c u t o f f  v o l t -  
a g e s  of 2.0 V (charged)  and 1 . 0  V ( d i s c h a r g e ) .  C e l l  o p e r a t i o n  was s topped  
a f t e r  a  c h a r g e  t o  1 . 7 1  V fol lowed by t r i c k l e  c h a r g i n g  ( l e s s  t h a n  1 mA/cm2) 
a t  1 . 7 1  V f o r  1 8  h r .  T h i s  t r i c k l e - c h a r g i n g  p rocedure  was adopted t o  i n s u r e  
u n i f o r m i t y  of t h e  p o s i t i v e  e l e c t r o d e .  Analyses  by m e t a l l o g r a p h i c  and x-ray* 
t e c h n i q u e s  showed t h a t  t h e  p o s i t i v e - e l e c t r o d e  charge  p roduc t  was p u r e  
Li3Fe2S4. 

I n  t h e  second c e l l  tes t ,  t h e  . r a t i o  of s u l f u r  t o  i r o n  was 1 .70 
(an iron-FeS2 m i x t u r e  was employed). T h i s  c e l l  was o p e r a t e d  and s topped i n  
t h e  same manner a s  t h e  f i r s t  c e l l .  However, t h e  t r i c k l e - c h a r g e  v o l t a g e  was 
1 .80  V i n s t e a d  of 1 . 7 1  V. The major  phases  i n  t h i s  e l e c t r o d e  w e r e  Li3Fe2S4 
and Fel-xS, which was imbedded i n  t h e  Li3Fe2S4.  The Fel_,S phase  was caused 
by t h e  p resence  of e x c e s s  i r o n .  

The major  r e s u l t  of t h e  above tests i s  t h a t  Li3Fe2S4 i s  p r e s e n t  
a t  1 .71  V and a t  1 .80 V,  b u t  t h a t  FeS2 i s  a b s e n t  a t  t h e s e  v o l t a g e s .  C y c l i c  
voltammetry was used t o  measure t h e  emf o f  t h e  Li3Fe2S4-to-FeS2 convers ion  
under c o n d i t i o n s  of low e l e c t r o d e  u t i l i z a t i o n  (i.e., where t h e  convers ion  i s  
r e v e r s i b l e ) ;  t h i s  emf i s  1 .74 V. The p r e s e n c e  of Li3Fe2S4 i n  t h e s e  c e l l s  and 
t h e  complete  absence  of FeS2 shows t h a t ,  under h i g h  u t i l i z a t i o n  c o n d i t i o n s ,  
t h e  convers ion  of Li3Fe2S4 t o F e S 2  i s  h i n d e r e d .  

c .  Formation o f  KFeSZ i n  KC1-Rich E l e c t r o l y t e  

The c y c l i c  voltammetry s t u d i e s  d i s c u s s e d  e a r l i e r  i n d i c a t e d  
t h a t  a po tass ium- i ron-su l fu r  phase  was formed d u r i n g  t h e  r e a c t i o n s  l e a d i n g  
from LigFe2S4 t o  FeS2 i n  KC1-rich e l e c t r o l y t e ,  and i t  was proposed t h a t  t h e  
phase  was KFeS2. To check t h i s  h y p o t h e s i s ,  a LiAl (2 A-hr)/LiCl-KC1/FeS2 
(4 A-hr) c e l l  u s i n g  a n  e l e c t r o l y t e  s a t u r a t e d  a t  410°C w i t h  K C 1  was o p e r a t e d  
a t  430°C. Fol lowing break- in  c y c l i n g  (14 c y c l e s ) ,  t h e  c e l l  o p e r a t i o n  was 
s topped  halfway through t h e  charge  of i t s  h i g h e r  v o l t a g e  p l a t e a u  ( a t  a  
v o l t a g e  of 1 . 9 1  V). 

* 
X-ray a n a l y s i s  showed t h a t  FeS2 and KFeS2 were p r e s e n t  a s  

major  phases  i n  t h e  p o s i t i v e  e l e c t r o d e .  M e t a l l o g r a p h i c  a n a l y s i s  showed t h a t  
FelVxS and Li3Fe2S4 were a l s o  pyresent, b u t  a s  minor phases .  S ince  KFeS2 had 
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n o t  been i d e n t i f i e d  i n  e a r l i e r  m e t a l l o g r a p h i c  t e s t s ,  i t  cou ld  n o t  a t  f i r s t  be  
i d e n t i f i e d  by m e t a l l o g r a p h i c  t echn iques .  It was a p p a r e n t ,  however, t h a t  t h e  
dominant phase  ( a  p i n k  phase)  w a s  n o t  Li3Fe2S4, Fel-xS, o r  FeS2. To i d e n t i f y  
t h i s  dominant phase  by meta l lography ,  we p repared  ~t under  c o n t r o l l e d  condi-  
t io i l s  . 

M i x t u r e s  o f  Li2S and FeS2 i n  t h r e e  d i f f e r e n t  e l e c t r o l y t e  com- 
p o s i t i o n s  were r e a c t e d  a t  525'C under  c o n d i t i o n s  thaL produce e x t e n s i v e  
amounts o f  Li3FeZS4 i n  e u t e c t i c  sa l t .  The f i r s t  m i x t u r e  con ta ined  LiC1-KC1 
e u t e c t i c  s a l t ,  t h e  second c o n t a i n e d  LiCl  s a t u r a t e d  w i t h  K C 1 ,  and t h e  t h i r d  
c o n t a i n e d  K C 1  s a t u r a t e d  w i t h  LiC1. M e t a l l o g r a p h i c  examinat ion of t h e  r e a c t i o n  
p r o d u c t s  showed t h a t  t h e  f i r s t  and t h i r d  p r o d u c t s  c o n t a i n e d  Li3Fe2S4, and t h a t  
t h e  second m i x t u r e  c o n t a i n e d  t h e  new phase  i n  a d d i t i o n  t o  LigFe2S4. The new 
phase  was v e r y  s i m i l a r  i n  morphology t o  Li3Fe2Sb, b u t  d i f f e r e d  from it  i n  
c o l o r  ( p i n k  i n s t e a d  of c o l o r l e s s )  and i n  a n i s o t r o p y  ( l e s s  a n i s o t r o p i c ) .  The 
p r o d u c t s  o f  t h e  t h r e e  r e a c t i o n s  were l eached  w l t h  w a t e r  t o  d i s s o l v e  t h e  LiC1, 
K C 1  and Li3Fe2S4. The r e s i d u e s  were  t h e n  examined by X-ray d i f f r a c t i o n  and 
by meta l lography .  The X-ray d i f f r a c t i o n  examinat ion showed t h a t  KFeS2 was 
p r e s e n t  i n  t h e  r e s i d u e  from t h e  secund r e a c t i o n  p r o d u c t ,  b u t  n o t  i n  t h e  r c s i -  
d u e s  o f  t h e  f i r s t  o r  t h i r d .  The m e t a l l o g r a p h i c  examinat ion showed t h a t  t h e  
p i n k  phase  was p r e s e n t  i n  t h e  second r e s i d u e  b u t  n o t  i n  t h e  o t h e r  r e s i d u e s .  
Thus t h e  p i n k  phase  was e s t a b l i s h e d  a s  KFeS2, and i t  was i d e n t i f i e d  a s  t h e  
dominant phase  i n  t h e  above c e l l  t e s t .  With t h e  m e t a l l o g r a p h i c  p r o p e r t i e s  of 
t h i s  phase  more f i r m l y  e s t a b l i s h e d ,  i t  cou ld  t h e n  b e  i d e n t i f i e d  a s  a  t r a c e  
c o n s t i t u e n t  ( i n  admix ture  w i t h  t h e  c o l o r l e s s  phase  Li3Fe2S4) i n  many of t h e  
ear l ier  FeS2 e l e c t r o d e s  t h a t  had been o p e r a t e d  i n  e l e c t r o l y c e  of e u t e c t i c  
compos i t ion .  The r o l e  of KFeS2 i n  t h e  charge  r e a c t i o n s  of FeS2 e l e c t r o d e s  
w i l l  b e  e x p l o r e d  i n  f u t u r e  exper iments .  

4 .  The Form of Coba l t  i n  FeS7-CoS7 E l e c t r o d e s  
(A. E. M a r t i n )  

Although CoS2 h a s  been employed a s  a n  a d d i t i v e  f o r  FeS2 e l e c t r o d e s  
f o r  some t ime ,  t h e  i d e n t i t y  of t h e  c o b a l r - c o n r a i n i n g  phases  h a s  l l u L  bees 
e s t a b l i s h e d .  The Co-S phase  diagram of M. Hansen and K. h d e r k o 3  shows t h a t  
Co, CogSg, C O ~ - ~ S ,  CogS~+.and CoS2 can e x i s t  a t  c e l l  o p e r a t i n g  t e m p e r a t u r e s .  I n  
a d d i t i o n ,  Co, Col-,S, and CoS2 a r e  known t o  be c a p a b l e  of forming s o l i d  so lu -  
t i o n s  w i t h  t h e i r  i r o n  a n a l o g s .  Exper iments  were  conducted t o  s e a r c h  f o r  o t h e r  
i n t e r a c t i o n s .  

No m e t a l l o g r a p h i c  ev idence  f o r  t h e  fo rmat ion  of Li-Co-S phases  was 
d e t e c t e d  when Li2S ,  Cogs8 and C O , _ ~ S  were mel ted t o g e t h e r .  Mel t ing  of Li2S,  
FeS and ,Cogs8 (5 :4 :1  mole r a t i o )  produced Li2FeS2, Li2S and Cogs8. Var ious  
m i x t u r e s  of L i2S  wit11 Cogs8, C O ~ - ~ S ,  Cogs4 and C O S ~  i n  e l e c t r o l y r c  a t  c e l l  
o p e r a t i n g  t e m p e r a t u r e s  y i e l d e d  no ev idence  of Li-Co-S p h a s e s ,  and no r e a c -  
t i o n s  were observed i n  a  m i x t u r e  of Li2FeS2, CosS8, Col-,S and e l e c t r o l y t e  
a t  c e l l  o p e r a t i n g  t e m p e r a t u r e s .  The above tests i n d i c a t e  t h a t  no c o b a l t  
a n a l o g s  o f  Li2FeS2, LigFe2S4,  o r  J phase  (LiK6Fe24S26C1) e x i s t .  Coba l t  does  
n o t  a p p e a r  t o  b e  i n c l u d e d  i n  t h e s e  i r o n  compounds t o  any s i g n i f i c a n t  e x t e f i t .  
Thus i r o n  and c o b a l t  s u l f i d e s  i n  FeS2 c e l l s  appear  t o  f o l l o w  independent  
d i scharge-charge  p a t h s ;  c o b a l t  i s  o n l y  p r e s e n t  a s  b i n a r y  c o b a l t - s u l f u r  com- 
pounds. 



The o r i g i n a l  purpose  of add ing  c o b a l t  s u l f i d e  (ANL-75-1, p.  29) was 
t o  improve t h e  e l e c t r o n i c  conduc t ion  of FeS2 through t h e  fo rmat ion  of s o l i d  
s o l u t i o n s  of i r o n - c o b a l t  d i s u l f i d e s ,  which a r e  m e t a l l i c  conduc tors .  The 
above exper iments  s u g g e s t  t h a t  s o l i d  s o l u t i o n  fo rmat ion  o f  t h i s  t y p e  is  n o t  
l i k e l y  t o  occur  i n  an  FeS2 c e l l  t o  a s i g n i f i c a n t  e x t e n t .  T h e r e f o r e ,  a  
r eassessment  of t h e  e f f e c t s  of t h i s  a d d i t i v e  on c e l l  performance shou ld  be  
under taken .  

B.  P r o p e r t i e s  of Metal  Monosulfide E l e c t r o d e s  

I n  t h i s  e f f o r t ,  c e l l  t e s t s  were conducted t o  d e f i n e  t h e  l i m i t s  of J phase 
(LiK6Fe24S26C1) f o r m a t i o n ,  which h a s  been shown t o  have an  a d v e r s e  e f f e c t  on 
e l e c t r o d e  k i n e t i c s  (ANL-77-35, p.  5 7 ) .  I n  a d d i t i o n ,  o u t - o f - c e l l  t e s t s  were 
done t o  d e f i n e  t h e  chemical  c o n d i t i o n s  t h a t  l e a d  t o  t h e  fo rmat ion  of J phase .  
I n  e x p l o r a t o r y  s t u d i e s ,  t h e  u s e  of e i t h e r  NiS o r  FeSe i n  FeS e l e c t r o d e s  was 
examined. 

1. The FeS E l e c t r o d e  

a. The Formation of J Phase  i n  FeS E l e c t r o d e s  
( Z .  Tomczuk, S. K. P r e t o ,  A. E. Mar t in )  

Slow s c a n  c y c l i c  voltammetry of FeS u s .  LiAl  i n  LiC1-KC1 
e u t e c t i c  a t  430°C showed t h a t  t h e  charge  c u r v e  f o r  t h i s  e l e c t r o d e  c o n s i s t e d  
of two peaks  of n e a r l y  e q u a l  s i z e  (ANL-77-35, p. 5 7 ) .  In t h i s  s t u d y ,  t h e  
charge  r e a c t i o n s  were b e l i e v e d  t o  be :  

The J phase  (LiK6Fe24S26C1) was thought  t o  occur  a s  an  i n t e r m e d i a t e  phase  dur-  
i n g  t h e  second r e a c t i o n  and t o  c o n v e r t  t o  FeS by t h e  end of t h e  second reac -  
t i o n  peak (1.42 V). However, c e l l  d a t a  p r e s e n t e d  e a r l i e r  (ANL-75-1, p. 103)  
i n d i c a t e d  t h a t  t h e  J-phase t r a n s i t i o n  t o  FeS a t  430°C d i d  n o t  occur  below 
1 .60  V. 

I n  o r d e r  t o  de te rmine  whether  o r  n o t  a h i g h  p o t e n t i a l  is  
r e q u i r e d  f n r  cnnvers ion  of J phase  t o  FeS, two a d d i t i o n a l  LiAl ( 1  A-hr)/ 
LiC1-KCl/FeS (2 A-hr) c e l l s  were o p e r a t e d  a t  400-410°C. These c e l l s  were 
c y c l e d  a t  a c u r r e n t  d e n s i t y  o f  1 2  mA/cm2 between 1 . 0  and 1 . 6  V. Opera t ion  
of t h e  f i r s t  c e l l  was t e r m i n a t e d  d u r i n g  a  12 m ~ / c m ~  c h a r g e  a t  1 .50  V ,  and t h e  
p o s i t i v e  e l e c t r o d e  was r a p i d l y  removed. The second c e l l  was charged a t  
1 2  m ~ / c m ~ .  t o  1 .50  V,  and was t h e n  t r i c k l e - c h a r g e d  f o r  f o u r  days  a t  a  c o n s t a n t  
v o l t a g e  of 1 .50  V and a  c u r r e n t  d e n s i t y  of about  0.4 mA/cm2 (probab ly  t h e  
s e l f - d i s c h a r g e  r a t e  a t  1 . 5 0  V). At t h e  end of t h i s  p e r i o d ,  t h e ' e l e c t r o l y t e  
was s o l i d i f i e d  w h i l e  t h e  c e l l  v o l t a g e  was main ta ined  a t  1 .50  V.  

M e t a l l o g r a p h i c  examinat ion showed t h a t  J phase  was dominant i n  
b o t h  of t h e  e l e c t r o d e s .  I n  f a c t ,  t h e  second c e l l  y i e l d e d  t h e  most c r y s t a l l i n e  
J phase  observed t o  d a t e  i n  l a b o r a t o r y  c e l l s .  X-ray r e s u l t s *  conf i rmed t h e  
m e t a l l o g r a p h i c  examinat ion.  An FeS working e l e c t r o d e  i n  a  voltammetry c e l l  
was a l s o  t r i c k l e - c h a r g e d  p o t e n t i o s t a t i c a l l y  a t  1 . 5 0  V and 400°C f o r  4 days .  
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M e t a l l o g r a p h i c  examina t ion  a g a i n  showed t h a t  J phase  was p r e s e n t .  These 
t e s t s  i n d i c a t e  t h a t  J phase  r e q u i r e s  a  h i g h  p o t e n t i a l  f o r  convers ion  t o  FeS, 
and J phase  is  ' the r e a c t i o n  p roduc t  of t h e  second charge  peak i n  t h e  FeS 
voltammogram. 

b.  Chemical C o n d i t i o n s  f o r  t h e  Forr ia t ion o f  J Phase 
(A. E.  Mar t in )  

I n  t h e  absence  of J phase ,  t h e  phases  of an FeS e l e c t r o d e *  
c o n s i s t  of (1 )  m i x t u r e s  of Li2S,  Li2FeS2,  and Fe d u r i n g  t h e  f i r s t  h a l f  of 
c h a r g e  ( o r  c o n v e r s e l y  t h e  second h a l f  of d i s c h a r g e )  and (2)  m i x t u r e s  of FeS, 
Li2FeS2, and Fe d u r i n g  t h e  second h a l f  of charge  ( o r  c o n v e r s e l y  t h e  f i r s t  
h a l f  of d i s c h a r g e ) .  The two m i x t u r e s  p robab ly  r e a c t  w i t h  e l e c t r o l y t e  t o  form 
J phase  a c c o r d i n g  t o  t h e  f o l l o w i n g  r e a c t i o n s :  

( f i r s t  m.ixture) 6KC1 + Fe + 23LizFeS2 -> J + 5LiC1 + 20L12S (1) 

(second m i x t u r e )  6KC1 + Fe + 20FeS + 3Li2FeS2 -t J + 5LiC1 (2) 

Brclfmfflary t e s t s  i ~ ~ d i c a t e d  t h a t  t h e s e  two r e a c t i o n s  s t r o n g l y  
depend on t e m p e r a t u r e  and e l - e c t r o l y t e  composi t ion (ANL-77-17, p. 42 and 
Ref .  4 ) .  Thus we d e c i d e d  t o  de te rmine  t h e  maximum tempera tu re  a t  which J 
phase  forms i n  m i x t u r e s  1 o r  2  and e l e c t r o l y t e  of v a r i o u s  compos i t ions .  I n  
t h e  exper iment  a  m i x t u r e  o f  Li2S ( o r  FeS) ,  Li2FeS2, and Fe was h e a t e d  f o r  16 
h r  a t  a c o n s t a n t  t e m p e r a t u r e  i n  one of t h e  f o l l o w i n g  e l e c t r o l y t e s :  58 rnol % 
LiC1-42 rnol % K C 1  ( e u t e c t i c ) ,  49 rnol % LiC1-36 rnol % KC1-15 rnol % NaC1, t h e  
LiC1-KC1 e u t e c t i c  s a t u r a t e d  w i t h  LiC1, and t h e  LiC1-KC1-NaC1 e l e c t r o l y t e  
s a t u r a t e d  w i t h  LiC1. A f t e r  h e a t i n g ,  t h e  r e a c t i o n  p r o d u c t s  were metal-lograph- 
i c a l l y  examined t o  d e t e r m i n e  whether  J phase  had formed. I f  J phase  had 
formed, then  t h e  t e m p e r a t u r e  was s l i g h t l y  i n c r e a s e d ;  i f  J phase  had n o t  
formed, then  t h e  t e m p e r a t u r e  was s l i g h t l y  decreased .  E v e n t u a l l y ,  t h e s e  tests 
d e f i n e d  a  t empera tu re ,  T, a t  which J phase  formed and a s l i g h t l y  h i g h e r  
t e m p e r a t u r e  a t  which J phase  d i d  n o t  form (T + AT). The 111ilxim11m tpmpprature  
of J phase  f o r m a t i o n ,  T,,,, was Ll~us d e f i n e d  a s  (T + 0%'/2) f AT/2 .  

The r e s u l t s ,  g iven in Table  VIII-3 ,    how t h a t  t h e  a d d i t i o l ~  u1 
L i C l  s i g n i f i c a n t l y  d e c r e a s e d  Tmax. With m i x t u r e  2 ,  f o r  example, Tmax w a s  
623OC wi.t.h LiC1-KC1 e u t e c t i c ,  b u t  o n l y  481°C wiL11 t h e  e u t e c t i c  e l e c t r o l y t e  
s a t u r a t e d  w i t h  LiC1. Thus, u s e  of a  T>iCL-rich el s c , t r n l  y t e  i n  FeS c e l l c  chould 
r e s u l t  i n  s u b s t a n t i a l  improvements i n  performance.  A d d i t i o n s  of NaCl t o  
LiC1-KC1 e u t e c t i c  caused o n l y  s l i g h t  der . reases  ( 2 0 ° C )  i n  T,,, f o r  m i x t u r e  1  
and no  d e c r e a s e  i n  Tma, f o r  m i x t u r e  2.  

R e a c t i o n s  (1 )  and (2) a r e  b o t h  impnrta.nt  i n  FeS electrodes, 
b u t  o n l y  r e a c t i o n  (1) can l e a d  t o  J phase  i n  s t o i c h i o m e t r i c  FeS2 e l e c t r o d e s  
( s e e  F i g .  VIII -1) .  The t e m p e r a t u r e s  f o r  s u p p r e s s i n g  J phase  fo rmat ion  v i a  
r e a c t i o n  (1) a r e  q u i t e  low, a s  can b e  s e e n  by examining t h e  f i r s t  column of 
T a b l e  VIII-3.  T h i s  is  t h e  r e a s o n  t h a t  J phase  i s  l e s s  of a  problem i n  FeS2 
e l e c t r o d e s  t h a n  i n  FeS e l e c t r o d e s .  

A d d i t i o n a l  t e s t s  were conducted t o  check t h e  r e v e r s i b i l i t y  of 
r e a c t i o n s  (1) and (2)  i n  e u t e c t i c  e l e c t r o l y t e .  F i r s t ,  J phase  was formed by 

- - -  * 
A phase  diagram of t h e  Li-Fe-S sys tem i s  g i v e n  i n  F ig .  V I I I - 1 .  



Table  VIII-3.  Maximum Temperature f o r  Formation o f  
J Phase i n  FeS E l e c t r o d e s  

E l e c t r o l y t e  Mixture  ( l ) a  Mixture  ( 2 )  
b  

58 mol Z LiC1-42 mol % K C 1  ( e u t e c t i c )  455 f 4  623 + 7  

49 mol % LiC1-36 mol % KC1-15 mol % NaCl 435 + 5  623 t 7  

LiC1-KC1 e u t e c t i c  s a t u r a t e d  w i t h  L iCl  419 + 2  481 t 5  

LiC1-KC1-NaC1 (above m i x t u r e )  s a t u r a t e d  413 + 5  477 + 9  
w i t h  LiCl  

' ~ i x t u r e  o f  Li2S,  Li2FeS2, and Fe w i t h  e l e c t r o l y t e .  

b ~ i x t u r e  of FeS, Li2FeS2, and Fe w i t h  e l e c t r o l y t e .  

h e a t i n g  m i x t u r e  1 and e u t e c t i c  e l e c t r o l y t e  a t  445°C and m i x t u r e  2 and e u t e c t i c  
e l e c t r o l y t e  a t  600°C. P o r t i o n s  of t h e s e  samples were t h e n  r e h e a t e d  f o r  4 1  t o  
88 h r  and a  s i m i l a r  p rocedure  t o  t h a t  d e s c r i b e d  above was done t o  d e t e r m i n e  
t h e  t empera tu re  a t  which 3 phase  decomposes. These t e s t s  showed t h a t  J phase  
decomposed a t  465 + 7°C i n  t h e  r e h e a t e d  m i x t u r e  1 and a t  624 + 4°C i n  t h e  
r e h e a t e d  mix ture  2 .  The good agreement between t h e s e  t e m p e r a t u r e s  and t h o s e  
i n  t h e  f i r s t  row of Tab le  VIII-3  demonstra ted t h e  r e v e r s i b i l i t y  of r e a c t i o n s  
(1) and ( 2 ) .  

c .  E f f e c t s  of E l e c t r o l y t e  Composit ion and C e l l  Temperature on 
FeS C e l l  Performance 
(Ching-Kai HO,"  K .  E. ~ n d e r s o n , t  D. R. V i s s e r s )  

A f t e r  t h e  above o u t - o f - c e l l  t e s t s  were completed,  we d e c i d e d  
t o  s t u d y  t h e  e f f e c t s  o f  e l e c t r o l y t e  composi t ion and c e l l  t e m p e r a t u r e  on t h e  
p o s i t i v e  e l e c t r o d e  u t i l i z a t i o n  of s m a l l - s c a l e  LiAl/FeS c e l l s .  The tests were 
conducted on LiAl (10 A-hr)/FeS (6 .5  A-hr) c e l l s  t h a t  had LiC1-KC1 e l e c t r o -  
l y t e s  hav ing  LiCl  c o n c e n t r a t i o n s  of e i t h e r  53,  58  ( e u t e c t i c ) ,  63,  o r  67 rnol % 
LiC1. A l l  of t h e s e  c e l l s  were o p e r a t e d  a t  450 and 500°C and a t  c u r r e n t  den- 
s i t ies  of 50 and 100 r n ~ / c m ~  ( e l e c t r o d e  a r e a ,  15 .6  cm2). 

The t e s t  r e s u l t s ,  g iven  i n  Tab le  VIII-4 ,  show t h a t  t h e  p o s i t i v e -  
e l e c t r o d e  u t i l i z a t i o n  i n c r e a s e s  w i t h  i n c r e a s i n g  L i C l  c o n c e n t r a t i o n  and /or  c e l l  
t empera tu re .  S a t i s f a c t o r y  e l e c t r o d e  u t i l i z a t i o n  is  ach ieved  i n  c e l l s  u s i n g  a  
l i t h i u m  c h l o r i d e  c o n c e n t r a t i o n  o f  67 rnol % and' a  c e l l  t e m p e r a t u r e  of 450°C. 

2 .  The FeS-NiS E l e c t r o d e  
(Z. Tnmezuk, S. I<. P r e t o ,  A.  E. Mar t in )  

Because of t h e  r e c e n t  i n t e r e s t  i n  t h e  n i c k e l  d i s u l f i d e  e l e c t r o d e ,  
e i t h e r  a l o n e  o r  i n  admixture  w i t h  FeS2 ( s e e  S e c t i o n  VII I .A .2) ,  t h e  p r o p e r t i e s  

>t 
Res iden t  A s s o c i a t e  from I n s t i t u t e  of Nuclear  Energy Research,  Taiwan, 
Republ ic  of China.  
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T a b l e  VIII-4 .  U t i l i z a t i o n  of P o s i t i v e  E l e c t r o d e  
i n  LiAl/LiCl-KCl/FeS C e l l s  

L i C l  
C o n c e n t r a t i o n ,  Temp. , 

Curren t  D e n s i t y ,  
m ~ /  cm2 

FeS E l e c t r o d e  
U t i l i z a t i o n ,  

mol % " C- Charge Discharge  % 

a 
E u t e c t i c  composir ion.  

o f  a monosu l f ide  m i x t u r e  were a l s o  of p o t e n t i a l  i n t e r e s t .  T h p r p f o r e ,  a few 
e x p e r i m e n t s  of a n  e x p l o r a t o r y  n a t u r e  were conducted w i t h  FeS-NiS e l e c t r o d e s .  

Two LiAl (2 A-hr)/LiC1-KC1/Feu~5NiuO~S(1 A-hr) c e l l s  were o p e r a t e d  
t o  d e t e r m i n e  t h e  e f f e c t  of NiS a d d i t i o n s  on FeS c e l l  performance (NiS and FeS 
were  f u s e d  t o g e t h e r  p r i o r  t o  u s e  i n  t h e  c e l l s ) .  Opera t ion  of one of t h e s e  
c e l l s  was s topped  d u r i n g  i t s  f i r s t  d i s c h a r g e .  M e t a l l o g r a p h i c  examinat ion and 
X-ray d i f f r a c t i o n *  showed t h a t  a phase  s i m i l a r  t o  J phase  (LiK6Fe24S26C1), 
p r o b a b l y  w i t h  n i c k e l  s u b s t i t u t e d  f o r  a  p o r t i o n  of t h e  i r o n ,  had formed. This 
m a t e r i a l  can t h u s  be  r e p r e s e n t e d  as Li.K6Fe24-yNiyS26C1. 

The second c e l l  was o p e r a t e d  f o r  46 c y c l e s  a t  460°C. The e l e c t r o d e  
u t i l i z a t i o n  w a s  o n l y  60%, b u t  it  was c o n s t a n t  f o r  d i s c h a r g e  t i m e s  r a n g i n g  
from 3 t o  9 h r .  Opera t ion  of t h i s  c e l l  was s topped a t  f u l l  charge  (1.74 V); 
examina t ions  a g a i n  i n d i c a t e d  t h a t  t h e  above n i c k e l - s u b s t i t u t e d  J phase  was 
p r e s e n t .  

I n  a voltammetry exper iment ,  an equimolar  FeS-NiS e l e c t r o d e  (75 
mA-hr c a p a c i t y )  y i e l d e d  two, we l l - reso lved  charge  and d i s c h a r g e  peaks  
( b e g i n n i n g  a t  1 . 3 4  V and 1 . 4 0  V) t h a t  were n e a r l y  e q u a l  i n  c a p a c i t y .  The 

* 
Conducted by B. S. T a n i ,  A n a l y t i c a l  Chemistry L a b o r a t o r y ,  ANL. 



reactions appeared to be more reversible than those found with FeS alone 
(ANL-77-35, p. 57), but the utilization of the electrode was again only 60%. 

To determine llow the thermal stability of LiKgFe24-y MiyS26C1 compares 
with that of LiK6Fe24S26C1, we conducted out-of-cell experiments. Three 
Fe-Ni-S compositions were prepared by melting FeS and NiS mixtures at llOO°C 
(the resulting alloys were ground to fine powders). These compositions were 
Feo,gNio.lS, Feo,gNi0,2S, and Fe0,7Ni0,3S. The Fe-Ni-S powders were then 
mixed with 50 mol % Fe-Ni powder, Li2FeS2 powder, and LiC1-KC1 eutectic salt, 
and were heated for 16 hr at 582OC. This same procedure was repeated at 625 
and 713OC. Me.tallographic examination showed that a nickel-substituted J 
phase formed in all cases except when the Fe0.9Niu.1S was uLllized in the 
713'~ test. These tests showed that appreciable quantities of nickel ( e . g . ,  
20 mol % in the mixed sulfide) lead to a nickel-substituted J phase that hAs 
higher thermal stability than the nickel-free J phase, which does not form 
above 623OC (see Table VIII-3). 

From these experiments it was concluded that, in the development of 
an Fe-Ni-S electrode, a relatively poor utilization and a form of J phase may 
be difficult to avoid. 

3. Iron Selenide Electrodes 
(Z. Tomczuk) 

In an exploratory study, cell tests of Fe-Se-S electrodes were con- 
ducted to determine whether or not the phases in iron-selenium electrodes are 
analogs of those in iron-sulfur electrodes. 

A LiAl (2 A-hr)/LiCl-KCl/FeSe (1 A-hr) cell was operated at 433OC 
for 18 cycles; the best utilization was about 60%. The cell voltage was about 
50 mV higher than that of a Li-Al/FeS cell, but the behavior of the FeSe cell 
was identical to that of FeS cells in other respects. Near the end of a 
charge, a short, high-voltage plateau occurred at about 1.8 V in the FeSe 
cell; in FeS cells this plateau is attributed to conversion of J phase 
(LiK6Fe24S26C1) to FeS. Operation of the cell was terminated after a 4-hr 
trickle charge to a cutoff voltage of 1.45 V. The phase found by X-ray 
examination* was similar to J phase. The selenium compound had a cubic 
lattice parameter of 10.86 1, wheieas t h a t  of the sulfur compound was 10.36 
The selenium compound, like J phase, was insoluble in water. 

In addition, a LiAl (2 A-hr)/LiCl-KC1/FeSo.5Seo05(1 A-hr) was 
tested. The cell was operated for 24 cycles at temperatures up to 443OC; the 
best utilization was 70%. Cell operation was stopped at 1.67 V during charge, 
and the positive electrode material was submitted for X-ray examination." As 
before, a material structurally similar to J phase was found. Its lattice 
parameter, 10.5 1, was halfway between that observed with sulfur and with 
selenium. Thus, selenium substitutes for sulfur in J phase. 

* 
Conducted by B. S. Tani, Analytical Chemistry Laboratory, ANL. 



C .  P r o p e r t i e s  of Nega t ive  E l e c t r o d e s  
(D. R. V i s s e r s ,  K. E.  ~ n d e r s o n " )  

S t u d i e s  are b e i n g  conducted on a d d i t i v e s  t o  t h e  Li-A1 n e g a t i v e  e l e c t r o d e  
t h a t  may r e s u i t  i n  s u s t a i n e d  h i g h  c a p a c i t i e s  durir ig extende.d c y c l i n g .  The. 
d e c r e a s i n g  c a p a c i t y  p r e s e n t l y  observed i n  Li-A1 e l e c t r o d e s  may be  due ,  i n  
p a r t ,  t o  morpholog ica l  changes  o f  t h e  a c t i v e  m a t e r i a l  o v e r  a  p e r i o d  of t ime.  
The p r e s e n t  s t u d i e s  a r e  focused  on t h e  u s e  o f  varj.011~ m e t a l l i c  a d d i t i v e s  t o  
t h e  b i n a r y  Li-A1 a l l o y  as a means of c o n t r o l l i n g  o r  modifying t h e s e  morpho- 
l o g i c a l  changes .  The a d d i t i v e s  under  i n v e s t i g a t i o n  i n c l u d e  indium, l e a d ,  
t i n ,  copper ,  z i n c ,  magnesium, antimony, and s i l v e r .  

A l i q u i d - l i t h i u m  e l e c t r o d e  was chosen as t h e  c o u n t e r  e l e c t r o d e  f o r  t h e s e  
s t u d i e s  because  i t  becomes o n l y  s l i g h t l y  p o l a r i z e d  d u r i n g  c y c l i n g ,  even a t  
r ~ l  atively h i g h  c u r r e n t  d e n s i t i e s  (0 .10 A/cm2). Thus, t h e  Li-A1 a l l o y  e l e c -  
trode. comple te ly  l i m i t e d  t h e  c e l l  c a p a c i f y ,  and Llle l i t h i u m  e l e c t r o d e  s e r v e d  
b o t h  as a c o u n t e r  and r e f e r e n c e  e l e c t r o d e .  The l i t h i u m  was c o n t a i n e d  in a 
Type 347 s t a i n l e s s  s t e e l  F e l t m e t a l  s u p p o r t  s i z e d  LO g i v e  an  a r e a  of %20 cm2. 

The Li-A1-M (M = m e t a l  a d d i t i v e )  e l e c t r o d e s  were p repared  by m e l t i n g  
m l x t u r e s  of t h e  d e s i r e d  compos i t ion  a t  about  800-900°C i n  t a n t a l u m  c r u c i b l e s .  
The a l l o y  was grniind t o  a powder and loaded  i n t o  a  porous i r o n  d i s k ,  which 
w a s . e n c l o s e d  i n  a 325-mesh s t a i n l e s s  s t e e l  s c r e e n  basker t u  co i i t a in  t h e  
p a r t i c u l a t e  m a t e r i a l .  The e l e c t r o d e s  were approx imate ly  0.8-cm t h i c k  and 
had s u r f a c e  a r e a s  of %15.6 cm2. The c e l l s  were assembled w i t h  t h e  e l e c t r o d e s  
mounted h o r i z o n t a l l y  i n  a  hous ing  of Type 304 s t a i n l e s s  s t e e l .  The i n t e r -  
e l e c t r o d e  s p a c i n g  w a s  %0.6 cm; a  Be0 s p a c e r  s e r v e d  a s  t h e  e l e c t r o d e  s e p a r a t o r .  
The e l e c t r o l y t e  was LiCl-KC1 e u t e c t i c .  

I n  g e n e r a l ,  t h e  f o l l o w i n g  c u t o f f  p o t e n t i a l s  were used d u r i n g  c e l l  cyc l ing :  
0.15 V d u r i n g  Li-A1 e l e c t r o d e  c h a r g e  and 0.70 V d u r i n g  Li-A1 e l e c t r o d e  d i s -  
c h a r g e  (a11 cu to f f  p o t e n t i a l s  c i t e d  a r e  IR-free  vol t .age  us. l i t h i u m ) .  The 
c a p a c i t y  d e n s i t y  o f  f h e  e l e c l ~ o d e  a t  c o n s t a n t  ciirreni.. was used ns a  maasure 
o f  electrochemical perlurnlauce.  Capac i ty -dens i ty  measurements were c a r r i e d  
n u t  a t  c u r r e n t  d e n s i t i e s  o f  0.05 t o  0.10 A/cm2 d u r i n g  charge  and 0.05 t o  0.30 
A/cm2 d u r i n g  d i s c h a r g e .  The e f f e c t  of t h e  a d d i t i v e  on t h e  c a p a c i t y  r e t e n t i o n  
o f  t h e  e l e c t r o d e  was a s s e s s e d  by measur ing t h e  r a t e  of c a p a c i t y - d e n s i t y  
d e c l i n e  a t  0.05 A/cm2 d u r i n g  c y c l i n g .  

The d a t a  from t h e s e  s t u d i e s  a r e  summarized i n  T a b l e  VIII-5.  Indium 
a p p e a r s  t o  be  t h e  o n l y  a d d i t i v e  which markedly improves che c a p a c i t y  r e t e n t i o n  
c h a r a c t e r i s t i c  of t h e  e l e c t r o d e .  It a l s o  ( a t  t h e  1 wt % l e v e l )  improves t h e  
e l e c t r o d e  u t i l i z a t i o n  a t  t h e  h i g h e r  charge c u r r e n t  d e n s i t y .  Zinc had a 
s imilar  b e n e f i c i a l  r l k e c t  on u ~ i l i x b i ~ i ~ i ~ ,  h u t  hod l i t t l e  e f f e c t  on c a p a c i t y  
r e t e n t i o n .  

* 
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Table  VIII-5.  U t i l i z a t i o n  and Capac i ty  R e t e n t i o n  of LiAl 
E l e c t r o d e s  w i t h  A d d i t i v e s  

Charge 
Cur ren t  a  Capac i ty  U t i l i z a t i o n  a t  Discharge  Cur ren t  Dens i ty  
Density, ~ e c l  ine,b 

A d d i t i v e  mA/cm2 50 mA/crn2 100 mA/cm2 200 m/i/cm2 300 mfI/cF2 %/(Cycle 

None 

a P e r c e n t  of t h e o r e t i c a l  l i t h i u m  c a p a c i t y .  Data o b t a i n e d  d u r i n g  f i r s t  50 
c y c l e s .  

b ~ e a s u r e d  a t  50 mA/cm2charge and d i s c h a r g e  c u r r e n t  d e n s i t i e s  a f t e r  200 c y c l e s  
u n l e s s  o p e r a t i o n  of t h e  c e l l  was t e r m i n a t e d  e a r l i e r .  
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1X. ADVANCED BATTERY RESEARCH 
(M. F. Roche) 

The o b j e c t i v e  of t l i i s  work i s  t o  deve lop  secondary c e l l s  t h a t  u s e  
i n e x p e n s i v e ,  abundant m a t e r i a l s .  The e x p e r i m e n t a l  work r a n g e s  from c y c l i c  
voltammetry s t u d i e s  and p r e l i m i n a r y  c e l l  tests th rough  t h e  c o n s t r u c t i o n  and 
o p e r a t i o n  of e n g i n e e r i n g - s c a l e  c e l l s  f o r  t h e  most promising systems.  During 
t h e  p a s t  y e a r ,  s t u d i e s  were conducted of c e l l s  hav ing  e i t h e r  ca lc ium a l l o y  
o r  magnesium a l l o y  n e g a t i v e  e l e c t r o d e s  and mol ten-sa l t  e l e c t r o l y t e s .  Recent ly ,  
owing t o  t h e  h i g h e r  performance of t h e  c e l l s  w i t h  ca lc ium n e g a t i v e  e l e c t r o d e s ,  
we dec ided  t o  abandon r e s e a r c h  on c e l l s  w i t h  magnesium n e g a t i v e  e l e c t r o d e s .  
The e f f o r t s  i n  t h e  n e x t  y e a r  w i l l  b e  focused on deve lop ing  a ca lc ium/meta l  
s u l f i d e  c e l l  t h a t  h a s  a performance e q u i v a l e n t  t o  t h e  Mark I11 g o a l s  presented 
i n  Tab le  1-1 and a m a t e r i a l s  c o s t  of $10-15/kW-hr i n  mass p roduc t ion .  

A. Calcium/Metal  S u l f i d e  C e l l s  

1. Engineer ing-Scale  C e l l  T e s t s  
(L. E .  Ross, P. F. ~ s h m a n * ,  M. F. Roche) 

S ince  t h e  beg inn ing  of 1976, f o u r t e e n  e n g i n e e r i n g - s c a l e  calc ium/  
m e t a l  s u l f i d e  c e l l s  have been f a b r i c a t e d  and o p e r a t e d .  These c e l l s ,  which 
were f a b r i c a t e d  w i t h  v a r i o u s  ca lc ium a l l o y s ,  mol ten s a l t s ,  and m e t a l  s u l f i d e s ,  
had t h e o r e t i c a l  c a p a c i t i e s  of up t o  100 A-hr. The performance d a t a  o b t a i n e d  
from t h e  o p e r a t i o n  of t h e s e  c e l l s  he lped  t o  gu ide  t h e  fundamental  r e s e a r c h  
t h a t  was c a r r i e d  on i n  p a r a l l e l  w i t h  t h e  e n g i n e e r i n g  s t u d i e s .  These c e l l  
t e s t s  and t h e  r e c e n t  r e s e a r c h  have i n d i c a t e d  t h a t  ca lc ium/meta l  s u l f i d e  c e l l s  
can u l t i m a t e l y  a c h i e v e  h i g h  performance.  

During t h i s  year ,  a s e a l e d ,  p r i s m a t i c  ( 1 3 . 5 x 1 3 . 5  x 2 . 5  cm) ca lc ium/  
m e t a l  s u l f i d e  c e l l  ( t h e o r e t i c a l  c a p a c i t y ,  70 A-hr) was f a b r i c a t e d  i n  t h e  
uncharged s t a t e .  The two n e g a t i v e  e l e c t r o d e s  (0.4-cm t h i c k )  c o n t a i n e d  Mg2Si 
powder. When t h e  c e l l  i s  charged,  t h e  Mg2Si powder becomes a m i x t u r e  of 
Ca-Mg-Si phases  having an o v e r a l l  s t o i c h i o m e t r y  of approx imate ly  CalS5Mg2Si. 
These e l e c t r o d e s  employed i r o n  ~ e t i m e t t  a s  t h e  c u r r e n t  c o l l e c t o r  and 325-mesh 
s ta . i .n less  s t e e l  s c r e e n s  a s  t h e  p a r t i c l e  r e t a i n e r .  The uncharged p o s i t i v e  
e l e c t r o d e  (0.8-cm t h i c k )  con ta ined  ca lc ium s u l f i d e  and Ni3S2 (added a s  a 
m i x t u r e  of Nj and NiS),  which becoiues NiS2  when t h e  c e l l  is  charged.  T h i s  
e l e c t r o d e  c o n t a i n e d  a c u r r e n t  c o l l e c t o r  of carbon f  i b e r s f  and molybdenum 
s h e e t ,  a  p a r t i c l e  r e t a i n e r  of z i r c o n i a  c l o t h ,  and a s e p a r a t o r  of BN f a b r i c .  

The e l e c t r o l y t e  used i n  t h i s  c e l l  was 54 mol % LiC1-39 mol % K C 1  
and 7 mol % CaC12 (mp, 350°C) and t h e  c e l l  o p e r a t i n g  t empera tu re  was 450°C. 
However, i t  h a s  been l e a r n e d  i n  r e c e n t  exper iments  t h a t  p o s i t i v e - e l e c t r o d e  
r e a c t i n n s  are inhibited i n  t h i s  e l e c t r o l y t e ,  and a new e l e c t r o l y t e ,  which 
w i l l  b e  d i s c u s s e d  l a t e r ,  h a s  been found t h a t  a v o i d s  t h i s  problem. T h i s  new 
e l e c t r o l y t e .  w i l l  b e  employed i n  f u t u r e  e n g i n c e r i n g - s c a l e  tests. 

>i 
I n d u s t r i a l  C e l l  and B a t t e r y  T e s t i n g  Group. 

t~ produc t  of Dunlop, L t d . ,  Coventry,  England. 

b o r t a f i l  5 (Great  Lakes Carbon Corp., E l i z a b e t h t o n ,  N. J .)  was 7 .2  v o l  % of 
t h e  e l e c t r o d e  s o l i d s .  



The c e l l  performance f o r  17.0 c y c l e s  of o p e r a t i o n  i s  g iven  i n  F ig .  
I X - 1 .  The s p e c i f i c  energy  was i n i t i a l l y  abou t  42 W-hr/kg a t  t h e  6-hr r a t e  
(50% u t i l i z a t i o n ) .  Near c y c l e  65, t h e  c e l l  was coo led  t o  room t e m p e r a t u r e ,  
and a d d i t i o n a l  CaC12 was added t o  r a i s e  t h e  CaC12 c o n c e n t r a t i o n  t o  9 . 1  mol %. 
The i n t e n t  was tu d e t e r m i n e  t h c  e f f e c t  of a h i g h e r  CaC12 c o n c e n t r a t i o n  on 
s p e c i f i c  energy ,  b u t  t h i s  p rocedure  l e d  t o  an  a c c e l e r a t e d  d e c l i n e  i n  cou- 
lombic  e f f i c i e n c y .  Beyond c y c l e  90,  t h e  charge-cu tof f  v o l t a g e  was d e c r e a s e d  
from 2 . 4  t o  2 . 3  V ( t h e  d i s c h a r g e - c u t o f f  v o l t a g e  was 1 . 0  V ) ,  t h e r e b y  r e s u l t i n g  
i n  a d e c r e a s e  o f  s p e c i f i c  energy  from %35 t o  %31 W-hr/kg a t  t h e  6-hr r a t e .  
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Fig .  I X - 1 .  Performance of Ca(Mg2Si) /NiS2 C e l l  

The cel.1 o p e r a t i o n  was s topped a t  c y c l e  120 because  t h e  coulombic 
e f f i c i e n c y  had dropped t o  an  u n a c c e p t a b l e  l e v e l .  The s o u r c e  of t h e  s h o r t  
c i r c u i t  cou ld  n o t  be  determined i n  pust-cest exuminat ions .  * The  p o s t - t e s t  
examina t ions  d i d  r e v e a l ,  however, t h a t  r e a c t i o n  d i s t r i b u t i o n s  were d i f f e r e n t  
i n  t h e  n e g a t i v e  and t h e  p o s i t i v e  e l e c t r o d e s .  The back p o r t i o n s  of t h e  n.ega- 
t i v e  e l e c t r o d e s  (i.e., r e g i o n s  f u r t h e s t  from t h e  p o s i t i v e  e l e c t r o d e )  con ta ined  
l a r g e r ,  p o o r l y  r e a c t e d  Mg2Si p a r t i c l e s  w h i l e  t h e  f r o n t  p o r t i o n s  c o n t a i n e d  a  
much f i n e r ,  w e l l - r e a c . ~ e d  m a t e r i a l  ('b2-pn1 diameter). I n  a d d i t i o n  t o  NiS2, t h e  
p o s i t i v e  e l e c t r o d e  c o n t a i n e d  i s l a n d s  of NiS p l u s  CaS, and d i d  n o t  e x h i b i t  
d i s t i n c t  f ron t - to -back  r e a c t i o n  zones .  

N e i t h e r  t h e  s p e c i f i c  energy  n o r  t h e  c y c l e  l i f e  of t h e  c e l l  
approached t h e  p r e s e n t  g o a l s  o t  t h e  program (160 W-hr/kg and ZOO0 cyc les ) .  
However, c o n s i d e r i n g  t h e  p r e l i m i n a r y  n a t u r e  of t h e  t es t ,  t h e  c e l l  o p e r a t e d  

* 
M e t a l l o g r a p h i c  examina t ion  conducted by F. C. Mrazek, M a t e r i a l s  Development 
Group. 



w e l l .  It i s  a n t i c i p a t e d  t h a t  t h e  program g o a l s  w i l l  be  ach ieved  th rough  
i n c r e a s e d  a c t i v e  m a t e r i a l  l o a d i n g s  ( o n l y  20 wt % was used i n  t h e  above c e l l ) ,  
improved e l e c t r o d e  and e l e c t r o l y t e  compos i t ions ,  and improved c e l l  d e s i g n .  

2 .  E l e c t r o l y t e  Dcvelopment 
(L. E. Ross , '  C.  C.  Sy, S. R. F r e t o )  

Although t h e  e l e c t r o l y t e  used i n  t h e  above cel.1, LiC1-KC1-CaC12, 
h a s  a r e l a t i v e l y  low m e l t i n g  p o i n t  (%350°C), i t  i s  expens ive  because  of i t s  
h i g h  c o n c e n t r a t i o n  of LiC1. T h e r e f o r e ,  a l t e r n a t i v e  e l e c t r o l y t e s  a r e  under  
i n v e s t i g a t i o n .  S a l t s  t h a t  are r e l a t i v e l y  i n e x p e n s i v e  and compat ib le  w i t h  
t h e  c e l l  e l e c l r u d e s  are t h c  c h l o r i d ~ s ,  f l u o r i d e s ,  and bromides of sodium, 
po tass ium,  c a l c i u m  and barium. However, m i x t u r e s  of t h e s e  s a l t s  have a  
r e l a t i v e l y  h i g h  m e l t i n g  p o i n t .  To o b t a i n  a  low m e l t i n g  p o i n t ,  it i s  neces -  
s a r y  t o  i n c l u d e  some l i t h i u m  s a l t s .  The g o a l  of t h i s  r e s e a r c h  i s  t o  o b t a i n  
an  a c c e p t a b l e  e l e c t r o l y t e  c o n t a i n i n g  no more t h a n  10-15 rnol % l i t h i u m  and 
hav ing  a m e l t i n g  p o i n t  under  400°C. At p r e s e n t ,  m i x t u r e s  c o n t a i n i n g  c h l o r -  
i d e s  and f l u o r i d e s  a r e  b e i n g  s t u d i e d .  (The a d d i t i o n  of bromides i s  n o t  
expec ted  t o  d rop  m e l t i n g  p o i n t s  more t h a n  5-10°C, and bromides may c a u s e  
overcharge  problems i n  t h e  p o s i t i v e  e l e c t r o d e s . )  

The m e l t i n g  p o i n t s  of t h e  mol ten s a l t s  were found by measur ing 
t h e i r  s o l i d i f i c a t i o n  t empera tu re  a s  t h e y  c o o l e d .  P r e v i o u s l y  r e p o r t e d  m e l t i n g  
p o i n t s 1  and t h o s e  determined i n  t h i s  s t u d y  a r e  l i s t e d  i n  Tab le  I X - 1  i n  o r d e r  
of d e c r e a s i n g  m e l t i n g  p o i n t .  The s a l t  i n  Tab le  I X - 1  t h a t  a p p e a r s  t o  be  most 
promising i s  t h e  second m i x t u r e  from t h e  bot tom (mp, 390°C), which c o n t a i n s  
about  h a l f  a s  much l i t h i u m  as t h e  p r e v i o u s l y  used 54 rnol % LiC1-39 rnol % K C 1  
and 7  rnol % CaC12. The 8 . 5  rnol % LiC1-30.0 rnol % NaC1-47.0 rnol % CaC12-14.5 
rnol % B a C 1 2  and t h e  3 .5  rnol % LiF-35.0 rnol % NaC1-47.0 mol % CaC12-14.5 rnol % 
BaC12 s a l t s  a r e , a l s o  of i n t e r e s t  because  of t h e i r  v e r y  low l i t h i u m - i o n  con- 
t e n t s .  More m i x t u r e s  i n  t h e  neighborhood of t h e s e  compos i t ions  w i l l  be  pre-  
pared t o  s e e k  a m i x t u r e  t h a t  m e l t s  a t  under  4 0 0 0 ~  and h a s  a low l i t h i u m - i o n  
c o n t e n t .  

Tab le  IX-1 .  Mel t ing  P o i n t s  of E l e c t r o l y t e s  

E l e c t r o l y t e  Composit ions,  mol Z Mel t ing  P o i n t ,  O C  

L  i F  LiCl  NaCl  KC^ CaC12 B a C 1 2  ~ e ~ o r t e d l  T h i s  Study 



3. Cycl ic  Voltalnmetry of FeS7 and NiS7 i n  Calcium-Cell E l e c t r o l y t e s  
(S. K. P re to )  

The e l ec t rochemis t ry  of FeS2 and NiS2 e l e c t r o d e s  i n  va r ious  calcium- 
c e l l  electrolytes i s  being i n v e s t i g a t e d  by slow-scan c y c l i c  voltammetry. The 
o b j e c t i v e  of t h e  s tudy  i s  t o  i d e n t i f y  e l e c t r o d e  and e l e c t r o l y t e  compositions 
t h a t  have accep tab le  performance c h a r a c t e r i s t i c s .  A s i m i l a r  s tudy  of t h e  
FeS2 and NiS2 e l e c t r b d e s  i n  t h c  l i t h ium-ce l l  e l e c t r o l y t e  (LiC1-KC1) i s  des- 
c r i b e d  i n  Sec t .  VIII.A.2. That s tudy  provided t h e  b a s e l i n e  information f o r  
t h i s  s e r i e s  of experiments .  

In  t h i s  s tudy ,  t h e  voltammetry c e l l  contained a  FeS2 o r  NiS2 working 
e l e c t r o d e  ( ~ 1 0 0  mg of t h e  metal  d i s u l f i d e  i n  carbon foam wi th in  a  5-cm2 molyb- 
denum housing) .  The counter  e l e c t r o d e  and r e fe rence  e l e c t r o d e  contained CaA14 
p l u s  A 1  mixtures .  Two d i f f e r e n t  e l e c t r o l y t e s  were used: 54 mol % LiC1-39 
m ~ l  X TZC1-7 rnc r l  X CaC12 and 29 ~ u l  ;I;, %It:i-'ill m c r l  PI Mac1 35 n ~ u l  X CaCI2-l6 m 0 1 X  
BaC12. 'The working e l e c t r o d e s  were cycled repea ted ly  over 1.0-2.0 V vs.CaA12; 
a  low scan r a t e  (0.02 mV/s) insured  good r e s o l u t i o n  of t h e  c u r r e n t  p~.al<,s. 

The voltammograms of t h e  FeS2 and NiS2 e l e c t r o d e s  us ing  t h e  above 
e l e c t r o l y t e s  a r e  shown i n  Figs.  IX,-2 and -3, r e s p e c t i v e l y .  (Charge r e a c t i o n  
peaks a r e  above t h e  v o l t a g e  a x i s ,  and d ischarge  peaks a r e  b e L ~ w  Ghio axis . )  
In  g c r l e ~ a l ,  che Current  peaks were l a r g e r  and b e t t e r  reso lved  i n  t h e  LiC1- 
NaC1-CaC12-BaC12 e l e c t r o l y t e .  I n  both e l e c t r o l y t e s ,  t h e  %1.8-V r e a c t i o n s  of 
FeS2 and NiS2 e x h i b i t  poor e lec t rochemica l  r e v e r s i b i l i t y .  The vol tage-  

Fig. IX-2. Cycl ic  Voltammograms f o r  FeS2 Elec t rodes  



f\ 
I \ A J \' 

POTENTIAL,  V v s  Ca AI, ! 8 \ 

LiCI-  KCI-CaCI, ( 4 3 0  OC) 
--- - LiCI -  NaCI-  CaCl,- BaCl, ( 4 6 0 ° C )  

Fig. 1x4. Cyclic Voltammograms for NiS2 Electrodes 

intercept difference (see Section VIII.A.2) is $0.09 V for FeS2 and $0.06 V 
for NiS2. However, these voltage differences may be the result of minor 
(relatively harmless) overpotentials for the calcium-ion reactions rather 
than a problem of a more serious nature [ e . g . ,  the marked differences on 
charge and discharge that exist for FeS2 electrodes in LiC1-KC1 electrolyte 
(Figs. VIII-2 and - 3 ) l .  If this is the case, then performance and lifetime 
of a calcium/FeS2 or NiS2 cell should not beseriously affected by the revers- 
ibility problem. The cause of the poor reversibility and (if necessary) 
methods of eliminating it w f 1 . l  be sought in future experiments. 

As discussed in Section VIII.A.2, reaction emfs can be estimated 
from voltammograms by averaging the voltage-axis intercepts of charge and 
discharge peaks. The values o b t a i n e d  in this manner for the FeS2 and NiS2 
electrodes using the LiC1-NaC1-CaC12-BaC12 electrolyte are listed in Table 
IX-2. These emfs differ slightly from those given in Table VIII-1 for the 

Table IX-2. ~eaction Emfs for FeS2 and NiS2 Electrodes 

React ion Emf, V (us. CaA14 at 460°C) 

FeS2 + Fel.-xS 

FeS +- Fe 

NiS2 + Nil-xS 

NiS + Ni7S6 

Ni7S6 + Ni3S2 

Ni3S2 + Ni 



r e a c t i o n s  of tlle same e l e c t r o d e s  wi th  l i t h i u m  ions .  This  i s  because of t he  
d i f f e r e n c e s  i n  r e f e r e n c e  e l e c t r o d e s  (CaA14 in s t ead  of L i d )  and t h e  d i f f e r -  
ences  i n  t h e  s u l f i d e  phase t h a t  forms along wi th  t h e  t r ans i t i on -me ta l  s u l f i d e s  
(CaS i n s t e a d  of Li2S) .  A comparison of t h e  emfs i n  Table IX-2 wi th  va lues  
c a l c u l a t e d  Irom independent thermodynamic d a t a  is  of i n t e r e s t ,  but  t h i s  com- 
pa r i son  cannot be made a t  p resent  because t h e  f r e e  energy of formation of 
CaA14 i s  unknown. This  f r e e  energy w i l l  be  measured i n  f u t u r e  experiments.  

4. Negative E lec t rode  Dev- 
(L. E .  Koss) 

The Ca-Mg-Si t e r n a r y  compound c u r r e n t l y  used i n  calcium/metal su l -  
f i d e  c e l l s  i s  formed by charg ing  Mg2Si i n  t h e  presence of a  molten-sal t  e lec-  
t r o l y t e  t h a t  c o n t a i n s  calcium ions .  The phases t h a t  form under t h e s e  condi- 
t i o n s  a r e  unknown, bu t  t hey 'have  an ove ra l l  s tn ich iomctry  of dpp~ux ima te ly  
Gal sP4g231, o r  a c a p a c i t y  of ahniit 1 A-hr of calcium per  gram of Mg2Si. 
Previous  s t u d i e s  showed t h i s  e l c c t r o d e  approached t h e  performance of t h e  
LiAl e l e c t r o d e  (ANL-77-35, p. 53) .  However, the Ca(Mg2Si) e l c c t r o d e  114s two 
p r o p e r t i e s  t h a t  might cause s h o r t  c < , r c u i L s  dur ing  long-term cyc l ing .  

(1) I f  t h e  c e l l  is  discharged t o  low p o t e n t i a l s ,  t h e  magnesium 
i n  Mg2Si may form magnesium i0n.s  and cubocquenltly may 
d e p o s i t  a s  magnesium metal  i n  t h e  c e l l  s epa ra to r .  

(2) During cyc l ing ,  Mg2Si forms 2-pm-dia p a r t i c l e s  which may 
escape from t h e  nega t ive  e l e c t r o d e .  

Therefore ,  we i n i t i a t e d  a sea rch  f o r  alternative a l l o y s  f o r  u se  i n  t h e  nega- 
t i v e  e l ec t rode .  During t h i s  yea r ,  Ca-Si ,  Ca-Al-Zn, and Ca-Pb e l e c t r o d e s  were 
i n v e s ~ l g a r e d .  

The Ca-Si c l e ~ . t r s d e  was employed i n  e a r l i e r  s t u d i e s  (ANL-76-8, 
p. B-138), and co r ros ion  of c u r r e n t  c o l l e c t o r s  by t h e  discharge. prodiict ,  
s i l i c o n ,  was n o t e d .  IIowrcvcr, t h i s  electrode cont inues  t o  be of i n t e r e s t  
because of i t s  h igh  t h e o r e t i c a l  capac i ty  (3.82 A-hr/g S i ) .  I n  t h e  p re sen t  
s tudy ,  t h e  Ca-Si e l e c t r o d e  (5-cm2 a r e a  and 0.5-cm t h i c k )  was cycled between 
t h e  compositions Ca2Si (charged) and CaSi2 (d ischarged) .  Under t h e s e  condi- 
t i o n s ,  s i l i c o n  i s  no t  produced i n  t h e  d i sc l~a rged  e l e c t r o d e ;  t h i s  i s  expected 
t o  reduce i t s  co r ros iveness  toward t h e  i r o n  c u r r e n t  c o l l e c t o r s .  The theo- 
r e t i c a l  capac i ty  of t h e  e l e c t r o d e  t e s t e d  under t h e s e  cyc l ing  cond i t i ons  was 
3.75 A-hr o r  0.75 A-hr/cm2. The e l e c t r o d e  contained no d i s t r i b u t e d  c u r r e n t  
c o l l e c t o r ;  t he  CaSi2 was simply packed i n t o  a  screen-covered i r o n  housing. 

The el.ec.trode was cycled al: 445°C between cu tof f  vo l t ages  o f -0 .41  V 
(charge)  and +O. 25 V (d ischarge)  ve r sus  a  l a r g e  ( a r e a ,  15 cm2; t h e o r e t i c a l  
c a p a c i t y ,  10 A-hr) CaA14 counter  e l e c t r o d e .  The e l e c t r o l y t e  was 29 mol % 
LiC1-20 mu1 X NaC1-35 mol % CaC12-16 mol % BaC12. With a  charge cu r r en t  
d e n s i t y  of 20 mA/cm2, t h e  achieved capac i ty  d e n s i t y  was 0.37 ~ - h r / c r n ~  a t  
60 and 80 mA/cm2 d i scha rges  and 0.31 ~ - h r / c r n ~  a t  100 mA/cm2 d ischarges .  
These measurements show t h e  Ca-Si e l e c t r o d e  has  accep tab le  performance 
c h a r a c t e r i s t i c s  f o r  e l e c t r i c - v e h i c l e  c e l l s .  

Tes t s  of Li-A1-Zn e l e c t r o d c s  showed t h a t  t h e i r  performance was 
s u p e r i o r  t o  t h a t  of Li-A1 e l e c t r o d e s  (Sec. VI I I .C . l ) .  Consequently, cell 



t e s t s  were conducted t o  compare t h e  performance of Ca-A1 and Ca-Al-Zn e l e c -  
t r o d e s .  F i r s t ,  a  Ca-A1 e l e c t r o d e  ( a r e a ,  5  cm2; t h e o r e t i c a l  c a p a c i t y ,  2  A-hr) 
was cyc led  a t  430°C 71s. a Ca-A1 e l e c t r o d e  ( a r e a ,  1 5  cm2; t h e o r e t i c a l  c a p a c i t y ,  
6  A-hr). The e l e c t r o l y t e  was LiC1-KC1 ( e u t e c t i c )  p l u s  7-9 rnol % CaC12. A 
s i m i l a r  t e s t  was t h e n  conducted w i t h  a  Ca-Al-Zn e l e c t r o d e ;  t h e  weight  r a t i o  
of A l  t o  Zn was 9 t o  1. With c u t o f f  v o l t a g e s  of k0.4 V and a  c u r r e n t  d e n s i t y  
of 20 mfI/cm2, t h e  u t i l i z a t i o n  of b o t h  2  A-hr e l e c t r o d e s  was o n l y  30%. Thus, 
z i n c  had no e f f e c t  on t h e  u t i l i z a t i o n  of t h e  A 1  e l e c t r o d e .  

A Ca-Pb e l e c t r o d e ,  which h a s  a  t h e o r e t i c a l  c a p a c i t y  of 0.648 A-hr 
p e r  gram of  CaPb3 (assuming t h e  e l e c t r o d e  is  cyc led  between t h e  compos i t ions  
ca3pb and CaPb3), was t e s r e d  I r l  Llie same manner as t h e  Ca-Al-Zn e l e c t r o d e .  
The u t i l i z a t i o n  of t h i s  e l e c t r o d e  was 60% a t  a c u r r e n t  d e n s i t y  of 36 m ~ / c m ~ .  
T h i s  e l e c t r o d e  does  n o t  appear  t o  be  s a t i s f a c t o r y  f o r  u s e  i n  high-energy- 
d e n s i t y  c e l l s  because  of i t s  r e l a t i v e l y  low t h e o r e t i c a l  c a p a c i t y .  However, 
i t s  good u t i l i z a t i o n  and h i g h  d e n s i t y  i n d i c a t e  t h a t  i t  may be  u s e f u l  f o r  
s t a t i o n a r y - e n e r g y - s t o r a g e  a p p l i c a t i o n s .  

Of t h e  n e g a t i v e  e l e c t r o d e s  t e s t e d  t o  d a t e ,  t h e  Ca2Si e l e c t r o d e  and 
t h e  Cal.5(Mg2Si) e l e c t r o d e  have e x h i b i t e d  a c c e p t a b l e  performance f o r  e l e c t r i c -  
v e h i c l e  a p p l i c a t i o n s .  Both of t h e s e  e l e c t r o d e s  w i l l  be  employed i n  f u t u r e  
e n g i n e e r i n g - s c a l e  tests i n  o r d e r  t o  compare t h e i r  c y c l e  l i f e .  

8. Magnesiu~i~ Al loy/Metal  S u l f i d e  ( O r  Oxide) C e l l s  
(C. C.  Sy and Z .  Tomczuk) 

The i n v e s t i g a t i o n  of c e l l s  hav ing  magnesium n e g a t i v e  e l e c t r o d e s  was 
prompted by t h e  promising p r o p e r t i e s  of magnesium, i.e., low e q u i v a l e n t  
we igh t ,  h i g h  m e l t i n g  p o i n t ,  h i g h  abundance,  and low c o s t .  The f o r m a t i o n  of 
d e n d r i t e s  on t h e  magnesium e l e c t r o d e  of t h e s e  c e l l s  h a s  been a  p e r s i s t e n t  
problem (ANL-77-75, p. 60) w i t h  t h i s  t y p e  of c e l l .  T h i s  problem was n o t  
addressed  i n  t h e  c u r r e n t  s t u d y ,  which was concerned w i t h  t h e  p r o p e r t i e s  of 
p o s i t i v e  e l e c t r o d e s  f o r  magnesium c e l l s .  The magnesium a l l o y s  employed a s  
n e g a t i v e  e l e c t r o d e s ,  i n  s p i t e  of d e n d r i t e  problems, were Mg2A13 and Mg2Cu. 
The c a p a c i t y  of t h e  n e g a t i v e  e l e c t r o d e s  v a r i e d  from 5  t o  20 A-hr, and t h e  
magnesium a l l o y s  were' c o n t a i n e d  i n  a  7-mm t h i c k  d i s k  of i r o n  Ret imet  i n  a 
c y l i n d r i  r.al i r o n  hous ing  ( a r e a ,  20 cm2) . 

The compounds TiS2, NiS2, N i O ,  and FeO were chosen a s  t h e  p o s i t i v e  e l e c -  
t r o d e s  because  t h e y  a r e  s o l i d s  a t  c e l l  t e m p e r a t u r e s  and have low f r e e  e n e r g i e s  
of fo rmat ion  ( y i e l d i n g  h i g h  c e l l  v o l t a g e s ) .  The p o s i t i v e  e l e c t r o d e s  c o n s i s t e d  
of 1 t o  5  A-hr nf a c t i v e  material i n  t h e  form of a  p e l l e t  o r  a  f i n e  powder, 
which was c o n t a i n e d  i n  an  11-cm2 g r a p h i t e  cup o r  i n  a  5- t o  10-cmZ molybdenum 
hous ing .  The exposed a r e a s  of t h e s e  e l e c t r o d e s  were covered by e i t h e r  a  
porous  carbon d i s k  o r  f i n e  s c r e e n s  and z i r c o n i a  c l o t h .  The i n t e r - e l e c t r o d e  
cpsc ing  was %I. cm; t h i s  l a r g e  s p a c i n g  p reven ted  s h o r t  c i r c u i t s  due t o  den- 
d r i t e  growth.  

Two e l e c t r o l y t e s  were i n i t i a l l y  used i n  t h e  t e s t  c e l l s :  38 rnol % LiC1- 
46 rnol % KC1-16 rnol % MgC12 (mp, 336OC) and 30 rnol % NaC1-20 rnol % KC1-50 m o l %  
MgC12 (mp, 396OC). 

The Mg2A13/TiS2 c e l l s  were o p e r a t e d  i n  b o t h  e l e c t r o l y t e s .  A s  can be  s e e n  
i n  Tab le  I X - 3 ,  t h e  c e l l  c o n t a i n i n g  NaC1-KC1-MgC1.2 e l e c t r o l y t e  ach ieved  a  



Table  IX-3. Performance of ( 3 . 3  A-hr) Mg2A13/TiS2 ( 3  A-hr) Cells 

Cur ren t  D e n s i t y ,  U t i l i ~ a t i o n , ~  Temperature ,  
E l e c t r o l y t e  d / c r n 2  % O C 

a Assuming t h e  r e a c t i o n  Mg2A13 + TiS2 +- 2MgTi2S4 + 3A1 o w u r r e d .  

h i g h e r  e l e c t r o d e  u t i l i z a t i o n  a t  low c u r r e n t  d e n s i t y  (5 r n ~ / c n l ~ )  t h a n  t h e  c e l l  
c o n t a i r i i n g  LiCl-KC1-MgC12 e l e c t r o l y t e ,  b u t  a t  a  h i g h  c u r r e n t  d e n s i t y  (18 and 
26 mA/cm2) t h e  situati-rlln was r e v e r s e d .  

Although t h e  u t i l i z a t i o n  of t h e  Mg2A13/LiC1-KC1-MgC12/TiS2 c e l l  was good 
( 4 3 %  a t  26 m ~ / c m ~ ) ,  t h e  l i t h i u m  i o n s  were  p a r t i c i p a t i n g  i n  t h e  c e l l  r e a c t i o n  
by forming LiTiS2 i n  t h e  p o s i t i v e  e l e c t r o d e .  T h i s  u n d e s i r a b l e  r e a c t i o n  
a l t e r s  t h e  e l e c t r o l y t e  compos i t ion  d u r i n g  c e l l  o p e r a t i o n  and can c a u s e  t h e  
s a l t  t o  s o l i d i f y .  Consequent ly ,  t h i s  t y p e  of c e l l  i s  i m p r a c t i c a l .  

F i g u r e s  IX-4 and -5 show t h e  t y p i c a l  u t i l i z a t i o n  v s . v o l t a g e  c u r v e s  f o r  
Mg2A13/TiS2 c e l l s  o p e r a t e d  i n  t h e s e  two e l e c t r o l y t e s .  'l'he d o p i n g  d i s c h a r g e  

UTILIZATION, .O/o OF THEORETICAL 

F i g .  IX-4. T y p i c a l  Discharge  Curves f o r  
Mg2A13/~aC1-KC1-MgC12/TiS2 C e l l  a t  42Z°C 



UTILIZATION, O/o OF THEORETICAL 

Fig .  IX-5. T y p i c a l  Discharge  Curves f o r  
Mg2A13 /LiCl-KC1-MgC12/TiS2 C e l l  a t  ' 4 1 0 " ~  

c u r v e s  o b t a i n e d  u s i n g  e i t h e r  e l e c t r o l y t e  i n d i c a t e  t h a t  t h e  r e a c t i o n  mecha- 
nism c o n s i s t e d  of t h e  fo rmat ion  of a n  i n t e r c a l a t e d  d i s c h a r g e  p roduc t  i n  t h e  
TiS2 e l e c t r o d e .  

The performance c h a r a c t e r i s t i c s  o f  t h e  f i v e  magnesium c e l l s  t e s t e d  
d u r i n g  t h i s  p e r i o d  a r e  summarized i n  T a b l e  IX-4. The Mg2A13/NiS2 c e l l  d i d  
n o t  a c h i e v e  adequa te  e l e c t r o d e  u t i l i z a t i o n  ( o n l y  17% a t  27 mA/cm). 

Tab le  IX-4. Summary of t h e  Performance C h a r a c t e r i s t i c s  of 
Magnesium Al loy /Meta l  S u l f i d e  and Oxide C e l l s  

Open-Circuit  Cur ren t  
Temp., Vol tage  a t  D e n s i t y ,  U t i l i z a t i o n ,  

C e l l  E l e c t r o l y t e  "C F u l l  Charge, V mA/cm2 % 



The performance of t h e  MgCu2/Fe-MgO c e l l  ( s t a r t e d  i n  t h e  uncharged s t a t e )  
was u n s a t i s f a c t o r y  because  t h e  i r o n  formed a s o l u b l e  compound, FeC12, a t  1 . 4  V 
r a t h e r  t h a n  t h e  d e s i r e d  i n s o l u b l e  compound, FeO, a t  1 . 5  V.  Black p a r t i c l e s  
were  found i n  t h e  m e l t  and X-ray d i f f r a c t i o n  a n a l y s i s k  showed t h a t  t h e s e  
p a r t i c l e s  were a - i r o n .  

The MgCu2/Ni-MgO c e l l  ( s t a r t e d  i n  t h e  uncharged, s t a t e )  y i e l d e d  a  v e r y  
low e l e c t r o d e  u t i l i z a t i o n  of 5.6% a t  a  c u r r e n t  d e n s i t y  of 20 m,A/cm2 and had 
a coulombic e f f i c i e n c y  o f  o n l y  80.7%. Thus, t h i s  c e l l  was a l s o  u n s a t i s f a c t o r y .  

G e n e r a l l y ,  t h e  c e l l s  e x h i b i t e d  r a p i d l y  d e c l i n i n g  c a p a c i t y  w i t h  i n c r e a s i n g  
c u r r e n t  d e n s i t y .  One p o s s i b l e  callse of t h i s  c a p a c i t y  d e c l i n e  was t h e  s low 
d i f f u s i o n  of magnesium th rough  t h e  s o l i d  phases  of t h e  n e g a t i v e  e l e c t r o d e .  
The performance of t h e s e  c e l l s  was n o t  markedly improved by i n c r e a s i n g  t h e  
o p e r a t i n g  t empera tu re .  

The fo rmat ion  o f  d e n d r i t e s  on t h e  n e g a t i v e  e l e c t r o d e s  and t h e  unaccept-  
a b l y  low u t i l i z a t i o n  of t h e  p o s i t i v e  electrodes are  t h e  majur  problems L:llaL 

need t o  be  s o l v e d  b e f o r e  secondary c e l l s  us i r ig  magnesium as t h e  n e g a t i v e  
e l e c t r o d e  m a t e r i a l  a r e  s u c c e s s f u l l y  developed.  The p r o p e r t i e s  of o t h e r  t y p e s  
of p o s i t i v e  e l e c t r o d e s ,  such  a s  metal. h a l i d e s ,  may a l s o  be  of i n t e r e s t  i n  
f u t u r e  i n v e s t i g a t i o n s .  

* 
Conducted by B. S. T a n i ,  A n a l y t i c a l  Chemistry Labora to ry  (ANL). 
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Appendix A. Cou ld  Perforaance Data cn X-Series Cetls. 

Positive Electrode Current Separator Package >ell Resistaxe Specific Energf. Whlkg 
Theor. Disch. Half Collector (Combined) Opzat ing (m f? l  Final Utilization. (%I 

Cell Cap (Ah) Thick. (in.) (Thickness1 Negatiue Fac? Thick. Electrolyte @ 50% Disch. Frozen @ Current Density Cycle Life Ill 
No. Wt. (Kg1 (Porosity) Additives Density Electrode Fiber Density (W/O LiCIl t = C. t = 1 5 ~  I s?,l 20 40 60 80 Cyc le  Hours 

Gll-03- 168.65 0.192 . 3  wlo  Fe Fe ):-Met H.P. Powcer with EN ILiW-KC11 LiCI-KO 4.5 5.4 76 1729 700 66 5 1  41 -- - -  
03 (2.46) 140.3%) ' 1.2 LVIO Cu Fe Sheet Electrolye Clolh Cups Eutectic 79.8 61.3 50.0 L.T. 
Baseline 1.005") 8.13 w lo  -iAl IDi;) Zr02 Wrap (44.19) 

1.83glAh 17.3 w lo  - iAl  ICh) 10.131": 
106 mglzrn 

.... .... .... X.1 190.6 0.197 -15 w,'o Fe Fe X-Met H.P. Pc.wo?r h i t h  EN 'LiC XC I )  LiCI-KC 
(2.44) (37.3) (2)  2.5 w lo  Co Fe S e e t  Electrolyt: Clot1 C ~ p j  Eutectic: 

(2) 5 vlo C (.015") 5.3 w lo  L i l l  (3 isI  ZrO: Wrap 144.19) 
1.18 g!Ah 18.5 w:o L iA l  (Chl 10.101") 

106 nglcrn 

X-2 184.6 0.1 67 -15 w lo  Fe Fe &Met As :<-I 
(2.301 (29.01 (1)  2.5 w lo  Co Fe Sheet 

(.31 5 b/0 c (.01 5.") 
1.28 g iAh  

X .3 119.8 0.; 14 13 w lo  Fe Fe Sheet H.P. Powdrr ,with As X-1 
12.071 (33.11 (2) 5 v ~ l o  Co (.02Zm! Electrolyte 

131 5 vlo C w l b s s  bar 4.56 w/o L A l  (Girl 
1 .OO 3IAh 20 w lo  L i k l  (01) 

. . . . . .  - ........ (1 (60 
' P.M. 

LiCI-KC1 3.5 4.6 35.0 73.4 50.7 39.4 ---. 
Eutectic 72.6 52.2 41 .I 
(44.191 

LiCI-KC1 (4)  3 E  (4) 4.. 2.5 63.8 53.8 43.8 ---. 
Eutectic 87.5 76.2 64.1 

(44.19) 

.... .... . . . . . . . . . . . .  X 4  124.9 0.125 13 wlcn Fe Fe Sheet H.P. Powdar \with 8 N  (L~CI-KCI) LiCI.KCI 1100 50.7 8 189 
12.03) (37.2) 1 3  5 w lo  Cu 1.02Y'I Electrolyte Cloth Cups Eutectic 66.5 

( 5 )  5 v/o C w1bu;s bar 5.3 rvlo LiAI (Dis) Carbon Felt (44.191 
1.05 $Ah 18.5 w13 L iA l  ~Chj Wrap (.080';) 

106 mg lan  

X-5 107.4 0.1 17 10 w lo  Fe Fe Sheet H.P. Powda with As X 4  
11.861 (43.21 121 5 w l o  Cu 1.023") Elec:rol,/te 

(3). 5 v;o C wlburs bar 5.3 w lo  LiAl  ICIS) 
1.23 glAh 18.4 w lo  L:-41 ICh: 

(1 I P.M. = Post Monem (Dissection & analysis after c?ll failrre) 
P.O. = Post Opeative (Voluntary ternination followed by d srection & anslysisl 
L.T. = Transfer For Life Testing 

(21 % o: Active Fe 

-... .... LiCI-KC1 
Eutectic 
(44.19) 

13) % cf  (4ctive M = Minus Salt1 
(4) Da:a @ 80% Chaced 
(5) Da a @ 88'36 C h a ~ e d  
161 Fo -a l l  r?g ons o~ l s i de  local z r j  shorts 
(71 Pouosity (By De.ign) 
18) Mesure.3 f r o n  Di;secled C ~ l l i  
(91 Owrating Tenpantur? = 5 . j ~  

(contd) 



Appendix A .  (con td )  

Pait ive Electrode Current Separator Package Cell Resistance :Specific Energy, Whlkg 
. Theot. Disch. Half Collector (Combined) Operating ( m a 1  Final Utilization, (%I 

Cell Cap (Ah) Thici. (in.) (Th'icknessl Negative Face Thick. Electrolyte @ 50% Disch. Frozen @ Current Density Cycle Life (1 1 
No. VJt. (Kg) (Porosity) Additives Density Electrode Fiber Density IwloLiCII t = o  t=15sec ( a 1  20 40 60 80 Cycles Hours 

10 wlo Fe 
Flash Cu 
Plater1 on 
C.C. 
(31 5 vlo C 

10 wlo Fe 
121 5 wlo Co 
(31 1.5 vlo C 

Fe Sheet H.P. Powder with 
(.023"l Electrolyte 
wlbuss k r  5.3 wlo LiAl (Disl 
1.05 glAh 18.4 wlo LaAI (Chl 

Fe Sheet Machined Ingot 
(.023"l 4.56 wlo LiAl (Disl 
wlbuss bar 18 wlo LiAI (Chl 
1 . l  1 glA.1 

LiCI-KC1 (41 3.3 141 3.9 900 65.0 54.0 43.4 ---- 
Eurectic 82.1 69.8 58.5 
(44.191 

EN (LiCI-KCII LiCI-KC1 4.4 5.3 .... 53.8 38.1 22.3 -- - -  11-1!2 279 
Cloth Cups Eutectic 71.0 51.6 30.9 P.O. 
Pre-wetted (31.19) 
Carbon Felt 
(.O8O0l , 
106 mglcm 

X -8 132.0 0.1 23 10 wlo Fe Fe Sheet. H.P. Powder with EN (LiCI-KC11 LiCI-KC1 .... .... 100 .... .... .... .... (112 (60 

(2.021 (38.7) (21 5 wlo Co (.023"l Electrolvte Cloth Cups Eurectic P.M. 
wlbuss tar 4.56 wlo LiAI (Disl No Retainer (44.191 
1.04 glA3 18 wlo LiAl (Chl (.030" Com- 

pressed) , 
106 mglcm 

X-8A 132.0 0.133 10 wlo Fe Fe Sheet H.P. Powder with BN (LiCI-KC11 L CI-KC1 3.2 3.9 102 50 41 32 -.-- 3 1 
(2.08) 134.2%) (21 5 wlo Co 1.023") Electrolyte Cloth Cups Eutectic 62.5 50.0 39.5 

wlbuss tar 4.56 wlo LiAI (Disl No Retainer ~L4.191 
1.04 glPh 18 wlo LiAl (Ch) (.045"l , 

106 mglcm 

X-9 129.2 0.1 29 10 wlo Fe Fe Sheet As X-8A 
(2.021 (37.1%) (21 5 wlo Co (.023"l 

131 5 vlo C wlbuss bar 
1 .Ol g lml  

X-10 130.0 0.1 36 10 w;o Fe Fe Sheet H.P. Powder w ~ t h  
(2.17) (38.31 (21 5 wlo Co 1.023") Electrolyte 

(31 5 vlo C wlbuss bar 8.18 wlo LiAI (Disl 
1 .OO glPh 17.9 wlo LiAl (Chl 

X-1 1 1 27.8 0.140 10 wlo Fe Ni Sheep Alcoa Extruded 
(2.01 I (37.51 (21 5 wlo Co (.013"l Slabs 

(31 5 vlo C wlbuss Jar 5.25 wlo LiAI (Disl 
0.88 91'411 20.2 wlo LiAI IChl 

EN (LiCI.KCIl 
Cloth Cups 
No Retainer 
(.050"1 
106 mglcm 

BN Felt Cups 
(LiCI-KCII 
No Retainer 
~0.100"l , 
60 mglcm 

EN Felt Cups 
(LiCI.KCIl 
Zr02 
(0.131"l , 
69 mglcm 

LiCI-KC1 3.3 3.8 .... 69 59 50 .--- 17-112 250 
Eutectic 85.3 72.0 59.2 
(44.191 

LiCI.KCI 3.9 5.1 6 295 4.0 49.8 41.1 .-.- --.. 
Eutectic 67.8 63.7 P.hl. , 
(44.19) 

LiCI-KC1 4.9 7.6 4.4 (30 .... .-.. .... 4 
Eutectic (39 P.M 
(44.191 

( c o n t d )  



Appendix A .  Ccontd)~ 
. . - ,  

Positive Electrode 
Disch. Half 
Thick. (in.) 
(Porosity) Additives 

Currznt Separator Package 
Collector (Combined) 
(Thickness) Negatib e Face Thick. 
dens it^ Electrcde Fiber Density 

Cell Resistance Specific Energy. Whlkg 
Operating l:rnfi: Final 'Utilization, (%I 
@ 50% Disch. Frozen @Current Density Cycle Life (1) 
t = 0 t = 15 sec I RI 20 40 60 80 Cycles Hours 

Theor. 
Cap (Ah) 
Wt. (Kg) 

Cell 
No. 

Ni Shet  H.P. Powd?r EN (LiCI-KC11 
(.013"l No Salt Cloth Cups 
wlb~ss bar 8.18 WIO LiPI (Did Zr02 Sheets 
0.77g;Ah 17.67 vile LiS (Cii) (0, lOl"I  

106 nglcrn 

0.8 i .1 520 90 58 52 --.. 4 3 1150 
88.1 -- - -  54.9 P.M. 

Gll l -2 
Multi- 
plate 

0.185 10 wlo Fe 
(41 5%)  (2) 5 cvlo Co 

(3)  5 vlo C 

LiCI-KC1 
Eutectic 
(44.19) 

. . . . . . . . . . . . . . . .  (51 2.67 Z.3 4.3 1-112 127 
P.M. 

0.200 50 wlo Fe 
(36.6%) (2) 5 wlo Co 

13) 5 vlo C 

Ni Che?t 
1.01Z"I 
wlbrrjZ bar 
0.60 3lAh 

H.P. Poadsr 
No Salt 
8.16 wlo l :Al :Dis* 
17.79 vilo i L i l  (CRI 

EN Felt (LiCI- 
KC11 Cups 
Zr02 Sheets 
10.201 "I 
51 m..3/crr2 
EN 1LiCI.KCI) 
Cloth Cups 
ZrOz Sheers 
10.1Cl"~ 
70 mglcm2 
EN Felt 
I LiCI-KCII 
Zr02 Sheets 
1.040") , 
60 rnglcm 

LiCI-KC1 
Eutecric 
(44.191 

3.0 3.5 )I x l o S  79 66 53 ---- 32.2 1200 

92.3 80.5 66.5 P.O. 
0.210 130 w;o Fe 
133.0) 121 5 wlo Co 

(3! 5 vlo C 

Ni Steet 
1.01 3 !  
w1bu;s bar 
0.62 >/Ah 

H.P. Powder 
No Salt 
8.18 wl3 LiAl 'Ois 
17.65 wlo L iAI  (3 I 

LiCI-KC1 
Euctectic 
144.191 

Ni Sheet 
(.Ol 3.') 
w1bu:s bar 
0.69 g/.Sh 

H.P. Powder 
No Salt 
8.18 wlo CAI  lDir i  
17.27 wlo -iAl 1C.-I 

2.78 3.29 0.5 94.3 89.6 67.7 -- - -  31 744 
5x10 100 100 81.7 P.M. 
(6) 

100 wlo Fe 
121 5 wlo Co 
(31 3 v i o C  

Ni Sheet LiAl Cast S:abr BN Felt 
(.013"l 6 wl3 L~A l . lD id  (LiCI-KCII 
0.72 glAh 19.0 wlo L Al ICh: Zr02 Sheets 

(.040"l 
126 mglcm 

............ .... 3.65 4.43 86.5 3 308 
87.8 P.M. 

100 wlo F e 
(2) 5 wlo Co 
(30 3 vlo C 

Ni Sheet LiAl Can S'abs EN Felt 
(.013'l 6 w!o LiAl LDis! (LiCI-KCli 
wlbusj bar 19.5 w/o LiAl 13H) Zr02 Sheeta 
0.47 ~ 1 A h  (.052"l (81 

54 mglcrn2 

Ni Sheet LiAl Cast Sabs Y203  Felr 
(.013") 6 wlo Li41 D.5: 1.050") 18) 

0.74 glAh 17.5 wlc Li41 (Chl 157 q l c m 2  

............ 3.4 4.2 3.5 111.1 5.112 439 
5x106 87.6 P.M. 
161 

. . . . . . . . . . . . . . . .  0.6 , 112 65 

5x10 P.M. 
(6) 

10 W/O Fe 
121 5 w!o Co 
131 6 vlo C 

Ni S t ~ e :  H.P. Povide EN Felt 
(.013'1 NoSalt (LiCI-<CIl 
0.64 3 fkh  8 wln LiAl Disl 1.050") 181 

17.5 . d o  L I I  (Ch) 61 mg!cm2 

Y 2 0 3  
40.1 mglcn= 

. . . . . . . . . . . . . . . .  .... ... 0.5 , (1;2 10 

5x10 P.M. 
(6) 

(con td)  
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Cell 
No. 

X-27 

X-28 

X-29 

X-30 

X-31 

X.31A 

X-32 

Theor. 
Cap IAhl  
Wt. (Kg) 

183.43 
(1.9991 

181.17 
(2.09) 

185.81 
(2.054) 

190.24 
(2.001) 

174.1 1 

(2.22) 

182.03 
(2.099) 

179.62 
(2.1 71 

Positive Electrode 
Disch. Half 
Thick. (in.) 
IPorosityl Additives 

0.197 ' 0  wlo Fe 
(38.0) 131 vlo Cr 
(7) '31 vlo C 

0.195 I 0  wlo Fe 
(38.0: 121 3 vlo Ni 
(71 .31 3 vlo C 

0.198 I 0  wlo Fe 
(38.0- 13) 3 vlo V 
(7) 13) 3 vlo C 

0.222 10 wlo Fe 
(38.01 43) 3 vlo Mo 
171 '(3) 3 vlo C 

0.225 100 wlo Fe 
(35.01 (31 3 vlo C 
(71 

0.231 100 wlo Fe 
(35.C~) 13) 3 vlo C 
(7) 

0.200 50 wlo Fe 
137.C1) 13) 3 vio C 
171 

Current 
Collector 
(Thickness) Negative 
Densitv Electrode 

Ni Sheet LiAl Cast Slabs 
(.013"l 6 wlo LiAl (Dis) 
0.65 glAh 17.5 wlo LiAl ICh) 

Ni Sheet 
I .Ol 3") 
wlbuss bar 

Ni Sheet 
(.013'7 
0.64 glAh 

Ni Sheet 
(.013") 
0.63 glAh 

LiAl Cast Slzbs 
6 wlo LiAl (Did 
17.5 wlo LiAl (Chl 

H.P. Powder 
No Salt 
8 wlo LiAl (Disl 
17.5 wlo LiAl (Ch) 

LiAl Cast Slabs 
6 wlo LiAl (Ois) 
17.5 .N/O LiAl (Ch) 

Ni Sheet LiAl Cast Slabs 
(.013") 8 wlo LiAl (Dis) 

0.69 g/Ah 17 w!o LiAl (Ch) 

Ni Sheet LiAl Cast Slabs 
(.013") 8 wlo LiAl IDis) 

0.66 g/Ah 20.5 W/O Li.41 (Chi 

Ni Sheet LiAl Cast Slabs 
1 )  8 wlo LiAl (Dis) 
0.67 glAh 17 wlo LiA' (Ch) 

Separator Package 
(Combinedl 
Face Thick. 
Fiber Densitv 

BN Felt 
(LiCI.KCI) 
(.062") (8) 
55 rnglcrnZ 

y203 
40.6 rnglcrn2 
BN Felt 

'f203. 

(LiCI-KCII 
1.040") 
BN Fclc 
( LiCI-KCI) 
ZrOz 
(.040") (8) 
67 rnglcrn2 
BN Felt 
(LiCI-KCI) 
(.080") (8) 

y203 
48 rnglcrn2 

BN Felt 
( LiCI-KCI) 
ZrOZ 
(.075") (8) 
67 rnglcrn2 

BN Felt 
(LiCI-KCI) 
Zr02 
(.075") 18) 
86 rnglcrn2 
BN Felt 
(LiCI-KCI) 
Zr02 
(.055") (81 
78 mglcrn2 

Electrolyte 
(wlo LiCIl 

LiCI-KC1 
(50.0) 

LiCI-KC1 
(50.0) 

LiCl -KC1 
(50.0) 

Cell Resistance Specific Energy, Whlkg 
Operating l m n )  Final Ltilization, (%I  
@ 50% Disch. Frozen @Current Density Cycle Life (1) 
t = o t = 15sec ( al 20 40 60 80 Cycles Hours 

............ .... .... 0.5 , ( 1  82 

5x10 P.M. 
(6) 

............ 2.8 3.8 0.6 , 2.112 149 
5x10 P.M. 
16) 

. . . ............ 3.15 4.04 0.0 1.112 170 
P.M. 

P 
U3 

0.6 , . . . . . . . . . . . .  0 10 U3 

5x10 P.M. 
(6) 

1 .O , 79.0 53.6 45.3 ---- 9 336 
5x10 80.0 60.2 48.1 P.M. 
(6) 

0.0 . . . . . . . . . . . . . . . .  (112 36 
P.M. 

0.95 . ............... (112 55 

P.M. 

( c o n t d )  
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Theor. 
Cell Cap (Ah1 
No. Wt. (Kg) 

Positive Eleci rode Current 
Disch. Half Collector 
Thick. (in.) (Thickness! 
(Porosity1 Ud i t i ves  Density 

0.200 25 w l o  Fe N i  Sheet 
138.01 (3) 3 vr3 C (.013"1 
(71 0.65 glAh 

0.21 1 50 w lo  Fe NI Sheet 
137.01 13) 1 .5~10  Co (.013") 
(7) (31 3 v t 3  C 0.68 g/Ah 

0.236 100 wl.3 Fe Ni Sheet 
135.01 (33 3 v m  C (.013") 
(71 133 1 v b  Cc 0.69 9lA;l 

(25 6.7 w l o  Co 

Negatiwa 
Elecrrole 

L iA l  Ca3t S'abs 
8 w lo  L A l  '!Dis) 
17 d o  ILiM (Chl 

L iA l  Ingot 3ust 
N o  Salt 
8 WID LiA l  ;Did 
17 -10 Libd lChl 

Sawed Powder 
(201100 M e h )  
No Salt 
8 w lo  L iA l  IDis) 
17.5 w lo  L;AI (Ch! 

Sepamtor Package 
( C o d i n e d )  
Face Thick. 
Fiber Density 

EN F d t  
(LiCI KCI) 
Zr02 
1.045") (81 
82 my/crr2 
Carborundum 
EN F?lt 
(.025.') (81 
46.5 rnglcrn2 
4.19 LiAICI, 

Carb~rundum 
EN F?lt 
#D 124 
1.040 ') 
58 rng/cm2 
One Side 
38 rngicm2 

Electroly :e 
lw lo  LiCO 

LiCl-KC1 
(53.3) 

LiCI-KC1 
(53.3) 

LiCI.KCI 
(49.31 

Cell Aesistance Specific Energy. Whlkg 
Oper~t ing  ( r n f i )  Final Utilization, (%I 
@ 50% Disch. Frozen @ Current Density 
t = O  t = 1 5 , ; ~  ( a 1  20 40 60 80 

Cycle Life (1  1 
Cycles Hours 

1 42 
P.M. 

(112 65 
P.M. 

)13 )528 ' 

L.T. N 
0 
0 
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Appendix B. Rockwell International Performance Cata on.REYC-Series Cells 

Honeycomb s t ruc tu re  (contd) 

Observations 

Poor charge acceptance by 
UC FeSi . Short ing a t  
upper pfateau o f  negative 
electrode. 

Buckl ing breakage o f  bond 
between negative e lec-  
trode and copper cu r ren t  
co l l ec to r .  

No swel l ing.  I n a b i l i t y  t o  
f u l l y  charge negative 
e lect rode due t o  short iny. 

Porous n icke l  ruptured. 

Good h igh r a t e  perform- 
ance. Coulombic e f f i c i e n c y  
continued to  dec l ine w i t h  
l i f e .  

Decline i n  coulombi c 
ef f ic iency.  Large reduc- 
t i o n  i n  capacity w i t h  
cyc l i ng  t rates above 
60 d / c m  $ 
t l igh ly  po lar ized shor t -  
i n g  on .charge. U t i l i z a -  
t i o n  and average voltage 
decl ined r a p i d l y  as cur- 
ren t  densi t . ~  was increased. 

Dead shor t .  L i  was e lec-  
trochemical l y  introduced 
i n t o  the c e l l .  

(fl-cn12) 

3 

4 

2.4 

1.07-1.B 

2.3 

2.7-2.5. 

2.5 

Coulortt ic 
Ef f ic iency 

88-45 

92 . 

96-54 

96 

100 

99-XI 

98-%? 

99 

(No./h) 

218/2500 

10/200 

228/2100 

11/200 

141/1800 

55/1000 

162/2000 

8/150 

Capacity 
(Ah) 

172 

155 

156 

151 

161 

154 

U t i l i -  

(% a t  30 
d/cm2) 

76-22 

69 

54-20 

79 

88 

83- 45 

79-43 

79 

separator 

AlN 
60 nli 1 

"2O3 
F e l t  

AlN 

AlN 

AlN 

AlN 

A1 N 

A1N 

R:&- 

1 

2 

3 

4 

5 

6 

7 

8 

Object i  yes 

Test o f  EV c e l l  
b s e d  on cmrrent 
s tate-of - the a r t  
L, i  technology 

Edaluate deal face 
r i b  s t ruc tu re  as + 
e lect rode concept 

Tsst o f  inward 
bgck l ing case 
d.ss i gn 

Evaluate r'rbs 
s3aced a t  iarger  
i n t e r v a l s  

Evaluate Nr screen 
as a s t rcnger  
p r l r t i c l e  re ta ine r  

h a 1  uate s.:ructure 
i q t e g r i t y  ef d i f -  
fi lsion-bcnded 
pmous N i  w i t h  
c loser  r i b  spacing 

Evaluate re in forced 
porous N i  m d  cen- 
t r a l  Cu comductor 

E'valuate i p r r t i a l  
cilarge negative 
electrode 

fnergy 
.-nsi t y  

(lm/kg) 

70 

70 

60 

60  

p o s i t i v e  
Electrode 

Ni HC* Structure 
Grounded t o  
Type 304 SS Case 

Ni Rib Structure 
(0.25 mn) Porous 
Ni P a r t i c l e  
Retainer 

Ni Rib Structure 
(0.25 nm) 3.2-mm 
Spacing. Porous 
Ni Brazed t o  Rib 
Structure 

Ni Rib Structure 
(0.5 mn) 6-mn 
Spacing. Porous 
Ni U i f fus ion -  
Donded t o  Rib 
Structure 

Ni Rib Structure 
(0.5 m) 3-MI 
Spacing, 100- 
Mesh Ni  Screen 
Di  f fusion-Bonded 
t o  Rib Structure 

Ni Rib Structure 
(0.2E mn) 3-mn 
Spacing. Porous 
Ni  0 i . f fus ion-  
Oonded 

Sp l i t -R ib  Struc- 
ture Reinforced 
Porous Ni'. 1-mn 
Cu C G ~ ~ U C ~ O ~  

Sp l i t -R ib  Struc- 
tu re  (0.25 mn) 
Reinforced Porous 
Ni, 1-mn Cu Con- 
ductor 

.tiegati Ve 
3ec t rode  

1C.10 HC 

1010 HC 
Grounded 
t e  Case 

430 HC 

430 HC 

430 HC 
0.25-mn 
Cu Conductor 

430 HC 
0.25-m 
Cu Conductor 

430 HC 
0.25-m 
Cu Conductor 

430 HC 
0.25-mn 
Cu Conductor 
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No. 
HEVC- 

9 

10 

11 

12 

13 

14 

I 5  

16 

p o s i t i v e  
Electrode 

0.48-cm Sp l i t -R ib  
w i t h  100-Mesh 
Screen P a r t i c l e  
Retainer, 0.25-mn 
Cu Conductor 

0.48-cm S p l i t  
Rib w i t h  100-Mesh 
Screen P a r t i c l e  
Retainer 0.25-mn 
Cu Conductor 

0 .48 -cmSp l i t -R ib0 .48cm 
w i t h  25 x 500- 
Mesh Screen 
P a r t i c l e  
Retainer. 
0.25-mn Cu Con- 
ductor 

0.48-cn~ S p l i t -  
She1 f Structure 
w i t h  Porous Ni  
P a r t i c l e  Retainer 
1-mn Cu Conductor 

0.3-mn Ni  Ribs 
w i t h  200-Mesh 
Screen P a r t i c l e  
Retainer a t  
3.2-mn Spacing 

0.3-mnNiRibs 
w i t h  ZOO-Mesh 
Screen P a r t i c l e  
Retainer a t  
3.2-mn Spacing 

0.3-mn Ni Ribs 
w i t h  200-Flesh 
Screen P a r t i c l e  
Retainer a t  
3.2-rm Spacing 

0.3-mnNiRibs 
w i t h  200-Mesh 
Screen P a r t i c l e  
Retainer a t  
3.2-mn Spacing 
14.3-mn e lect rode 
thickness 

Negative 
Electrode 

0.32 cm 
Cr-Coated 
1010 HC 
0.25-mn 
Cu Conductor 

0.32 cm 
Cr-Coated 
1010 HC 
0.25-mn 
Cu Conductor 

430 HC 
0.25-mn 
Cu Conductor 

0.32 mn 
Cr-Coated 
1010 HC 
0.1-mn Cu 
Conductor 

3.2 mn Cr- 
Coated 
1010 HC 
0.25-mn Cu 
Conductor 

3.2mn 
Cr-Coated 
1010 HC 
0.25-mn Cu 
Conductor 

3.2 mn 
Cr-Coated 
1010 HC 
0.25-mn ' 

Cu Conductor 

4.8mm 
430 tIC 
0.25-mn 
Cu Conductor 

EnerYY 
0ensi t y  
(Uhlkg) 

62 

69 

98 

95 

88 

101 

Separator 

A1 N 

A1 N 

A1 N 

A1 N 

A1N 

2O3 
F e l t  

Li4Si04- 
Li3P03 

A1 N 

ly 
(Ah) 

149 

151 

140 

147 

150 

- 

coulO"Lbic 
E f f i c iency  

( I )  

98 

98 

98 

98 

96 

79 

U t i l i -  
za t ion  

( %  a t  30 
nUcm2) 

82 

83 

75 

76 

83 

76 

Resistance 
(n-cm2) 

1.0 

1.7+2.6 

1.5 

2.2 

1.3 

1.6 

. 

Cycle 
(No./h) 

94/1350 

152/1600 

78/1350 

46/900 

14/300 

15/399 

- 

- 

objeCtiv2s 

Evaluate L i - r i c h  
e l e c t r o l y t e  
(55 wt % LiC1- . 
45 w.t X KCI) 

Eu tec t i c  composi- 
t i on .  L i th i coa  
e l e c t r o l y t e  contro l  
experiment f o r  
REVC-9 

Evaulate e lec t ro -  
chemical in t roduc-  
t i o n ' o f  L i  i n t o  
p a r t i a l l y  charged 
negative e lect rode 

Evaluate she l f -  
p o s i t i v e  s t ruc tu re  

Evaluate l i g h t -  
weight basel ine 
design. 100 Wh/kg 
goal. L i  Rich 
e l e c t r o l y t e  used. 

EvaluateYtO 
f e l t .  L i  r ~ d  
e l e c t r o l y t e  used. 

Evaluate l i g h t -  
weight powder 
separator. L i  r i c h  
e l e c t r o l y t e  used. 

Evaluate a c e l l  
w i t h  electrodes 
50% th i cke r .  L i  
r i c h  e l e c t r o l y t e  
used. 

Observations 

Good h igh  r a t e  pe r fo r -  
mance. 73% u t i l i z a t i o n  
a t  75 rnA/cmZ. Decl ined 
i n  coulombic e f f i c i e n c y  
w i t h  time. 

56% u t i l i z a t i o n  a t  75 
d/cm2. Acc iden ta l l y  
charged a t  h igh  cu r ren t  
(200 A) caused negative 
e lect rode t o  be inopera- 
b le .  Up t o  150 cycles 
c e l l  operated p e r f e c t l y .  

Only small amunt  o f  L i  
csuld .be introduced 
before c e l l  shorted. 

Decl ine i n  u t i l i z a t i o n .  

Short ing occurred. 
Breakage o f  weld be- 
tween r i b  s t ruc tu re  and 
c2p. 

Rib s t ructure- to-cap 
weld f a i l u r e .  

Fa i lu re  dur ing c e l l  
s t a r t e d  up. Rib s t ruc-  
t ~ r e - t o - w e l d  cap f a i l u r e  
dbe t o  s u l f u r  sensi t iza-  
t i o n  o f  n i cke l  weld. 

Fa i lu re  dur ing c e l l  
s t a r t e d  up. Pos i t i ve  
e lect rode cap broken 
f ree.  Weld cracks due t o  
s ~ l  fu r  contaminat.i.on. 
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APPENDIX C. ANL Ferformance Data on Eagle-Picher and Gould Cells. 

Max. Life Chara-teristics 
Perf~rmance 
@ Injicgted Initial X Decline ine 

lste5 Rates, hr ~ f f , . , ~  2 A-hr F-hr 

Cell Descriptiona A-hr W-hr Diacl-.. Charge A-?rr W h r  Daysd cyclesd Capaci.:y Energy Eff. Eff. Remarks 
- 

1A5, Li-AlIFeS-Cues, 51.7 54.9 10 10 9. 90 14 43 15 18 45 36 EP thin-electrode cell. Restarted 
C, 78178, 13.5 x 15.6 49.4 59.0 4 4 to test LiC1-rich electrolyte. 
x 2.3 cm, 1.35 kg 48.4 55.2 2.5 2.5 Decline in coulombic efficiency 

after 30 cycles. Terminated. 

1B4, Li-AlIFeS-Cu;S, 84 93 10 10 8E 57 733 1273 
C, 1461149, 13.5 > 
15.6 x 3.8 cm, 2.0 kg 

2B8, Li-AlIFeSe-CcS2, 118 159 11.8 11.8 995 82 378 533 
C, 1491149, 13.5 x 117 157 9.0 9.0 
15.6 x 3.8 cm, 1.9 kg 

I-3-B-1, Li-AliFeSCupS, 101 131 10 10 99 EL 527 ,396 
c, 1701127, 13.5 x 88 108 5.5 5.9 
15.6 x 3.8 cm, 2.035 kg 76 92 3.E 3.8 

I-3-B-2, Li-Al/FeS-Cups, 85 104 8.5 8.5 39 82 290 505 
C, 1931145, 13.5 x 
15.6 x 3.8 cm (shimed 
=ell), 1.72 kg 

I-3-C-1, Li-AlIFeS-Cu2S, 62 76 
C, 1931145, 13.5 x 
14.5 x 3.8 cm (shimmed 
cell), 1.72 kg 

1-3-C-2, Li-AlIFeS-3u2S, 97 112 10 10 98 8L 292 527 
C, 1931145, 13.5 x 15.6 
x 3.8 cm (shimmed cell), 
1.79 kg 

35 35 32 EP thick-electrode cell. Pre-riously 
in series with 1B6 as battery. 1339 
total cycles.. Total operating time 
2 yrs 18 days. Tested at 500°C 
(121 cycles). Terminated. 

41 16 !3 Start-up and operation with cell 
blanketed in Kaowool insulation, 
exposed to air. 

55 45 ~7 EP cell, with slightly thinner 
positive and slightly denser 
negative. Testing terminated. 

20 23 28 Previously terminated after quali- 
fication testing (42 days, 48 
cycles). Restarted to study cell 
operation at 500°C. Testing termin- 
ated. 

6 14 15 Cell pr'eviously tested for 52 days, 
51 cycles. Restarted to stud:? open- 
circuit voltage as function of 
discharge state at 450°C and 500°C. 
Terminated. Cell short-circuited. 

49 46 ' 48 EP cell. Constant current compared 
to constant voltage charge. Tested 
at up to 525'C. Terminated due to 
poor performance. 



APPENDIX C.  (contd)  

Max. L i f e  C h a r a c t e r i s t i c s .  
Performance 
@ I n d i c a t e d  I n i t i a l  X Decl ine  i n e  

 ate^ Rates ,  h r  Ef f . , c  X A-hr W-hr 
C e l l  ~ e s c r i p t i o n ~  A-hr W-hr Diech. Charge A-hr U-hr ~ a ~ s ~  cyclesd Capaci ty Energy Ef f .  E f f .  Remarks 

1-4-1, Li-A1/FeS2-CoS2, 108 151 11 11 99 83 39 42 31 33 25 44 EP ( t h i c k )  FeS2 c e l l  wi th  o f f s e t  
C, 1701156, 13 .5  X p o s i t i v e  t e rmina l  rod .  Terminated 
1 5 . 6  x 3 .8  cm, 2.18 kg due t o  d e c l i n i n g  performance. 

1-4-2, Li-A1/Fe3q-CoS2, 108 150 10.8 10.8 99 77 69 121 40 40 74 75 EP ( t h i c k )  FeS2 c e l l  with o f f s e r  
C, 1701156, 13.5 X 61 108 5 .4  5.4 p o s i t i v e  t e rmina l  rod.  Terminated 
15 .6  x 3.8 cm, 2.21 kg due t o  poor e f f i c i e n c y  and capa- i ty .  

14-3, Li/A1/FeS2-CoS2, 85 119 8 .5  8.5 99 75 55 9 1 2 2 28 4 8 EP ( t h i c k )  FeS? c e l l  wi th  o f f s e t  
C, 1701156, 13.5 x 76 102 5.0 5 .0  p o s i t i v e  t e rmina l  r3d.  Terminated 
15.6 x 3.6 cm, 2.16 kg because i t  would not  accep t  charge.  

I-6-A-1, Li-A1/FeSZ-CoSZ, 97 133 1 0  10 99 82 85 109 15 12 22 18 More compact EP FeS2 c e l l ,  wi th  
C, 1991156, 13 .5  x t h i n n e r ,  l e s s  porous e l e c t r o d e  
15.6 x 3.2 2m, 1.66 kg ( p o s i t i v e )  and 55 w t  X LiAl nega t ive  

' e l e c t r o d e .  S p e c i f i c  energy 72 N-hrl 
kg a t  4-hr r a t e ,  peak power 57 W/kg. 
Terminated, low coulombic e f f i c i e n c y  

I-6-A-2, Li-A1/FeS2-COS;, 97 133 
C, 1991156, 13.5 x 
15.6 x 3.2 cm, 1.66 kg 

I-6-B-1, Li-Al/FeS2-CoSp, 104 146 
C, 1991156 13.5 x 
15.6 x 3 .2  cm, 1 . 6 1  kg 

18  17 16 More compact EP FeS2 c e l l ,  wi th  
th inner ,  l e s s  porous e l e c t r o d e  
( p o s i t i v e ) ,  and 55 a t .  % LiAl nega- 
t i v e  e l e c t r o d e .  S p e c i f i c  energy of 
72 W-hr/kg a t  4-hr r a t e ,  peak ?ewer 
57 Wlkg. Terminated, low c o u l m b i c  
e f f i c i e n c y .  

37 25 28 More compact EP FeS2 c e l l ,  witi-. 
t h i n n e r ,  l e s s  porous e l e c t r o d e  
( p o s i t i v e ) ,  and 55 a t .  X nega t ive  
e l e c t r o d e .  Zr02 r e t a i n e r  c l o t h  re -  
moved from nega t ive  e l e c t r o d e .  
S p e c i f i c  energy of 75 W-hrlkg a t  
4-hr r a t e .  Termir.ated. 



APPEWTI)IX C. (contd)  

Max. L i f e  C h a r ~ c t e r i s t i c 3 .  
Performance 
@ I n d i c a t e d  I n i t i a l  X Dec l ine  i n e  

 at eb Ra tes ,  h r  3 f f .  ,"XI A-hr U-hr 

C e l l  ~ e s c r i p t l o n *  A - k  W-hr Diech. Charge A-he If-hr D I ~ ~ ~  cyclesd Capaci ty Energy Ef f .  Ef f .  ~ e k r k s  

I-6-B-2, Li-A1/F.?S2-CoS2, 102 146 10 10 5' 80 : 4  65 25 23 30 35 S imi la r  t o  I-6-B-1, except  Mo 
C, 1991156, 13.5 x sc reen  added t o  p o s i t i v e  e lec -  
15.6 x 3 .6  cm, 1 . 6 1  kg t rodes .  Performance s i m i l a r  t o  

I-6-B-1. Terminated. 

1-7-1, Li-A1/FeS2-CoS2, 99 120 
C, 2301222, 13 .5  x 
15.6 x 3 .8  cm, s l . 9 5  kg 

15.6 x 3.2 cm, 1.72 kg 

15.6 x 3.2 cm, 1.73 kg 

I-8-B-5, Li-A1/FeS2-CoS2, 110 152 
C, 2001156, 13.5 r 
15.6 x 3.8 cin (shimmed c e l l ) ,  
1 .66 kg 

I-8-C-9, Li-Al/FeS2-CoSZ, 110 162 
C, 2001156, 13.5 x 
15.6 x 3.2 cm, 1.65 kg 

I-8-C-10, Li-Al/FeS2-coS;, 99 137 
C. 200/156, 13.5 x 
15.6 x 3.2 cm, 1 .63  kg 

3 36 35 Compact EP one-piece p o s i t i v e  shimmed 
c e l l .  F l e x i b l e  Mo connect ion.  Test-  
ed f o r  4 cyc les  i n  glove box a t  446°C 
Terminated due t o  poor coulombic 
e f f i c i e n c y .  

10 5 5 EP c e l l .  Test  of BIJ f e l t .  Terminat- 
ed a f t e r  q u a l i f i c a t i o n  t e s t .  Separ- 
a t o r  we t t ing  problem. 

0 7 5 EP c e l l .  Test  of BN f e l t .  S p e c i f i c  
energy of 70 W-hrlkg a t  4 h r - r a t e .  
Terminated a f t e r  developing s h o r t  
c i r c u i t .  

60 74 7 3  EP c e l l  b u i l t  t o  s tudy BN f e l t  separ-  
a t o r .  Terminated, poor coulornbic 
e f f i c i e n c y .  

0 0 0 EP c e l l .  Test  of BN f e l t .  Terminat- 
ed due t o  s h o r t  c i r c u i t .  

0 50 5C EP c e l l  b u i l t  t o  t e s t  BN f e l t .  Poor 
e f f i c i e n c y  on i n i t i a l  c y c l e s .  
Terminated. 

(contd) 



APPENDIX C. (contd)  

Max. L i f e  C h a r a c t e r i s t i c s .  
Performance 
B I n d i c a t e d  I n i t i a l  X Decl ine  ine  

Ilateb Rates ,  h r  ~ f f  . ,c  % A-hr W-hr 
a 

C e l l  D e e c r i p t i o n  A-hr W-hr Diech. Charge A-hr W-hr  aye^ cyclesd Capaci ty Energy Ef f .  E f f .  Remarks . 
- 

I-8-D-13, Li-A1/FeS2-CoSZ, 115 164 11.6 1 1 . 6  99 83 58 72 17 19 0 0 EP c e l l  with a d d i t i o n a l  No c e n t r a l  
C. 1701156 13 .5  x p l a t e .  Terminated; poor c o u l o ~ b i c  
15.6 :< 3.8 cm, 1 .95  kg e f f i c i e n c y  . 

I-8-E-16, Li-A1/FeS2-CoS2, 101  148 20 20 99 84 25 2 2 4 4 58 62 EP c e l l  with Ca ta lys t  Research c a s t  
C, 10.51156, 13.5 x 80 109 8 8 nega t ive .  Terminated, poor 
15.6 K 3 .8  cm, cou lo~ .b ic  e f f i c i e n c y  . 
(shh-ned c e l l )  1 . 9  kg 

I-8-F-17, Li-A1/FeS2-CoS2, 58 39 5.8 5.8 99 85 64 251 29 33 0 25 EP c e l l  f o r  s tudy of c a p a c i t y  
C, 170171, 13.5 x 1oadir.g r a t i o .  Terminated. 
15.6 x 3 .8  cm, 1.74 kg 

I-8-G19, Li-A1/FeS2- CoS2, 62 95 6.2 6.2 96 78 32 85 17 18 '  0 0 EP c e l l  t o  s tudy capac i ty  load ing  
C, 751156, 13.5 X r a t i o .  Terminated; poor capac i ty  
15.6 x 3.8 cm, 1.79 kg a f t e r  temperature :on t ro l l e r  mal- 

func t ion .  

I-8-C-20. Li-A1/FeS2-CoS2, 40 61 4 4 97.5 78 61 129 0 5 . 1  0 14 Cycling r e s t r i c t e d  t o  25% of F E S ~  
C, 751150, 13.5 x capac i ty  t o  check l i f e t i m e  e f f e c t s .  
15 .6  x 3.6 cm. 1.87 .kg C e l l  em standby,  c y c l e r  needed f o r  

o ther  t e s t .  

I-8-H-027, Li-A1/FeS2-C>S2, 76.0 109.0 7 8 
C, 1L81117, 15 .5  x 
14.8 x 2.2 cm, 1.23 kg 

I-8-H-040, Li-hllFeS2-CoS2, 73 100  6 18  >99 84 >I53  >I74 14 
C, 148/11?, 1 3 . 5  x 
1.56 x 2.3 cm, 1 .20  kg 

23 18 16 EP c e l l .  A s i m i l a r  c e l l  examined 
a t  EP showed p a r t i c l e  l o s s  from t h e  
e l e c t r o d e s  during e l e c t r o l y t e  f i l l -  
ing .  Terminated, low coulombic 
e f f i c i e n c y  . 

14 0 6 EP c e l l  which w i l l  be used t o  t e s t  
t h e  e f f e c t  of low-temperature oper- 
a t i o n  on c e l l  l i f e t i m e .  

(contd)  



APPENDIX C. (contd) 

Max. L i f e  C h a r a c t e r i s t i c s  
Perfsrmance 
@ I n j i c a t e d  I n i t i a l  % Decl ine  i n e  

h t e b  R a t e s ,  h r  E f f . , =  '2 A-hr W-'hr 

C e l l  ~ e s c r i p t i o n ~  A-hr Whr Disch.  Charge A-hr W-hr ~ a ~ s ~  cyclesd' C a p a c i w  Energy Eff .  Eff. Remarks 

I-8-H-041, Li-A1/FeS2-CoS2, 101 150 1 0  10 5'9 76 42 54 41 40 37 4 3  EP Type I-8-H c e l l  r e b u i l t  with Y203 
'c, 1431117, 13.5 x f e l t  r e t a i n e r s  added t o  both e l e c -  
15.6 :< 2.3 cm, 1.2: kg t rodes .  Termfnated. 

0  0 0 0 I-ELK-032, Li-A1/FrS2-CoS2, 0 0 0 0 0 0 2 EP c e l l .  A s i m i l a r  c e l l  examined 

C, 2891220, 13 .5  x a t  EP showed p a r t i c l e  l o s s  from 

15.6 x 3.8 cm, 1.8; kg e l e c t r o d e s  dur ing  e l e c t r o l y t e  f i l l -  
ing .  Low frozen r e s i s t a n c e .  C e l l  
s h o r t - c i r c u i t e d  on f i r s t  cyc le .  

I-8-K-033, L ~ - A ~ / F E S ~ - C O S ~ ,  0 0 
C, 2891220, 13.5 x 
15.6 3.8 cm, 1.87 kg 

I-8-L-034, Li-A1/Fe32-CoS2, 151 214 
C ,  2891220, 13.5 x 
15.6 x 3 .8  cm, 1.71 kg 

1-9-3, Li-A1/FeS2-CoS2, 59 9 1  
C, 1061156 13.5 x 
15.6 x 2 .61  cm, 1.38 kg 

G-03-002, Li-AlIFeS-Cu2S, 78 92 
U ,  233!168, 14.0 x 
23.5 x 3.2 cm, 2.73 kg 

6-04-001, Li-A11FeS;-CoS2, 89 142 
U, 95. 14.02 X 

21.0 x 3.6 cm, 2.8 kg 

11 0 O EP c e l l .  A s i m i l a r  c e l l  examined 
a t  EP showed p a r t i c l e  l o s s  from 
e l e c t r o d e s  dur ing  e l e c t r o l y t e  f i l l -  
ing .  Low frozen r e s i s t a n c e .  C e l l  
s h o r t - c i r c u i t e d  on f i r s t  cyc le .  

38 40 36 EP c e l l .  One of c e l l s  s u b j e c t  t o  
p a r t i c l e  l o s s  during s a l t  f i l l i n g .  
C e l l  q u a l i f i c a t i o n  t e s t e d .  S p e c i f i c  
energy, 90 W-hrlkg a t  4-hr r a t e .  
Decl ine i n  capac i ty .  Terminated. 

17 26 2 0  F i r s t  upper-plateau c e l l  b u i l t  by 
EP, S ? e c i f i c  energy of 60 W-hrlkg 
a t  4-hr r a t e  and 52 Wlkg peak power. 
Terminated. 

37 29 30 Gould's f i r s t  b a s e l i n e  c e l l .  Cal- 
cium added t o  nega t ive  e l e c t r o d e .  
Terminated. 

8  6 5 Gould FeS2 upper-plareau c e l l .  Qual- 
' i f i c a t i o n  t e s t e d .  Ce l l  on s tandby.  

(contd)  



AF'PENDIX C. (contd) 

Max. Life Characteristics. 
Performance 
@ Indicated Initial X Decline ine 

3ateb Rates, hr Eff.,c 2 A-hr W-hr 
Cell ~escription* A-hr W-hr Disch. Charge A-hr W-hr ~ a y s ~  cyclesd Capacity Energy Eff. Eff. Remarks 

G-04-002, Li-Al,'FeS2-CoS2, 116 191 10 10 98 86 2 0 25 2 4 1 2 Gould ~pper~plateau cell. Quali- 
U, 139, 14.02 x fication tested. Cell on standby. 
21.0 x 3.6 cm. 2.45 kg 

G-04-003, Li-A1/FeS2-CoS-, i3 103 $ 12 >99 78 >I30 >202 20 2 2 10 14 Gould F€S2 upper-plateau cell. 
U, 96, 14.02 x Undergoing life test. 
21.0 x 3.E cm, 2.08 kg 

G-04-003A, Li-A1/FeS2-CoS2, 81 128 5.5 5.5 98 82 12 24 1 1 0 0 Gould upper-plateau sell. Cell 
U, 96, 14.03 x 91 112 1.8 5.5 short-circuited at end of qualifi- 
21.0 x 3.6 cm, 2.02 .kg cation zest. 

G-04-004, Li-A1/FeS2 115 187 11 11 99 88 29 37 10 12 2 4 Gould F=S2 upper-plateau cell. Qual- 
U, 139, 15.02 x ificathn tested. Cell on standby. 
21.0 x 3.6 cm, 2.38 kg 

604-005, Li-A1/FeS2-CoS2, 69 114 7 7 92 80 17 39 3 3 6 5 Gould upper-plateau cell, loss oE 
U, 96, 14.02 x efficiency near end of qualification 
21.0 x 3.8 cm, 2.05 kg test. Cell terminated. 

G-04-006, Li-A1/FeS2-CoS2, 113 186 10 10 95 86 19 2 6 12 14 0 3 Gould FeS2 upper-plateau cell. Qual- 
U, 140114.02 x ification testing completed. Cell on 
21.0 x 3.8 cm, 2.33 kg standb?. 

G-04-006X, Li-A1/FeS2-&S2, 113 149 6.6 19 100 71 26 53 7 7 80 0 14 Gould 7eS2 upper-plateau cell. 
L-, 140, 14.02 x Onderving life test. Terminated. 
21.0 x 3.8 cm, 2.33 kg 

604-007. Li-A1/FeS2-Cc.S2, 66 104 6 6 96 82 20 44 7.5 8.5 4 4 Gould Te+ upper-plateau cell. Qual- 
U, 78, 14.02 x ification test completed. Cell on 
21.0 x 3.6 cm, 1.90 kg standty. 

(contd) 
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Max. ~ i f e  Characteristlca 
Performance 
@ indicated Initial X DecIixe ine 

nateb Rates, hr Eff.,C X A-hr W-hr 

Cell ~ e s c r i ~ t  lona A-hr W-hr Diach. Charge A-hr W-hr ~ a y s ~  cyclesd Capacity Energy E f f .  E f f .  ~e&ks 

G-04-008, Li-A1/FeS2-CcS2, -- -- -- -- -- -- -- -- -- -- -- -- Gould FeS2 upper-plateau ceIl. 
U, 112, 14.02 x ' Cell short-circuited on breakin. 
21.0 x 3.6 cm, 2.14 kg 

G-04-008A, Li-A1/FeS2-CoS2, 125 188 12 12 97 ;7 31 130 12 13 11 LO Could FeS2 upper-plateau cell. 
C, 2111158, 14.0'2 x Terminated, cell short-circuited. 
21.0 x 3.2 cm, 2.488 kg 

604-009, Li-A1/FeS2-CoS2, 153 244 15 15 98 81 4L 3 7 14 14 8 7 Gould FeS2 upper-plateau cell. 
U, 160, 14.02 x Qualification test completed. 
21.0 x 3.6 cm, 2.82 kg Cell on standby. 

G04-009A, L ~ - A ~ / F Q S ~ ,  162 252 11 11 96 811 23 23 0 0 0 0 Gould upper-plateau cell. Matrix 
U, 180, 14.02 x 21.0 testing completed; cell on stand- 
x 3.6 cm, 2.83 kg by. 

1G-04-010, Li-A1/FeS2-CoS2, 161 254 16 16 100 85 17 17 0 0 0 d Gould upper-plateau cell. Test- 
U, 180, 14.02 x ing completed; cell on standby. 
11.0 x 3.8 cm, 2.77 kg 

G04-011A, Li-A1/FeS2-CoS;, 82 127 5.5 6 89 73 19 3 3 18 13 i8 E Gould upper-plateau cell. Termin- 
U, 96.1, 14.02 x ated due to poor efficiency. 
21.0 x 3.8 cm. 2.18 kg 

10 10 99 82 19 26 0 604-012, Li-A1/FeS2-CoS2, 100 160 12 0 0 Gould upper-plateau cell. Termin- 
U, 139, 14.02 x ated after matrix qualtfication 
21.0 x 3.6 cm, 2.5 kg test to make room for next cell. 

G-04-013, Li-A1/FeS2-CoS2. 107 153 5.5 11 97 74 157 214 48 50 62 62 Gould upper-plateau cell. 
U, 180, 14.02 x Terminated. 
21.0 x 3.6 cm, 2.85 kg 

(c ontd) 
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Max. Life Characteristics. 
Performance 
@ Indicated Initial ' X Decline ine 

ILateb Rates, hr ~ f f . , ~  '% A-hr W-hr 

Cell ~ e s c r i ~ t i o n ~  A-hr W-hr Diech. Charge A-hr W-hr baysd cyclesd Capacity Energy Eff. Eff. Remerks 

604-013A, Li-A1/FeS2-CoS2, 134 203 9 11 99 80 16 19 0 0 0 0 Gould F3S2 upper-plateau cell. 
U, 180, 14.02 x Terminated after qualification 
21.0 x 3.5 cm, 2.92 kg. test to. make room for next cell. 

604-0;3B, Li-Ai/FeS2-CoS2, 150 229 10 10 100 81 31 47 19 80 84 84 Gould upper-plateau cell termina- 
U, 180. 14.02 x ted due to short circuit. 
21.0 x 3.6 cm, 2.92 kg 

604-0.14, Li-A1/FeS2-CoS2. 125 188 8 8 99 80 14 19 0 0 0 0 Gould upper-plateau cell. Testing 
U, 155, 14.02 x completed. Cell on standby. 
21.0 x 3.8 cm, 2.55 .kg 

G-04-C14A. Li-A1/FeS2, 134 
U. 107, 1L.02 x 
21:O r 3.6 cm, 2.55 kg 

G-04-014B, Li-A1/FeS2-CoS2, 111 
U, 146, 14.02 x 
21.0 = 3.5 cm, 2.5 kg 

G-04-015, Li-Al/FeS2-CoE2, 110 
U, 141, 14.02 q 108 
21.0 4 3.8 cm, 2.44 .kg 

G-04416, Li-A1/FeS2-CoS2, 150 
U, l@O, 14.02 x 
21.0 x 3.8 cm, 2.86 kg 

604-017, L ~ - A ~ / F ~ S ~ - C O S ~ ,  86 
U, 96, 14.02 x 85 
21.0 x 3.8 cm, 2.12 kg 

C-04-019A, Li-A1/FeS2-CoS2, 129 
U, 130, 14.02 x 

21.0 x 3 . e  cm, 2.8 kg 

- - - - Gould ?eS2 upper-plateau cell. 
failed during early cycles due to 
cycler malfunction. 

0 0 0 0 Gould .~pper-plateau cell. Short- 
circuited. 

0 Gould FeS2 upper-plateau cell. 
Cell totally discharged when 
power failed during qualification 
testicg. Terminated. 

5 Gould FeS upper-plateau cell. 
Short-circuited near end of 
qualification test. Cell 
termixated. 

0 Gould upper-plateau cell. Quali- 
fication testing finished. Cell 
on standby. 

0 GoulC upper-plateau cell. Poor 
efficiency initially. Cell 
short-circuited. 

(contd) 



APPENDIX C. (contd) 

Max. Life Charaeteriszics.. 
Performance 
@ 1r.dicated Initial X Dec1ir.e ine 

6ateb Rates, hr ~ f f . , ~  Z -4-hr W-hr 

Cell ~escript iona A-hr W-hr Diech. Charge A-hr U-hr ~ a ~ s ~  cyclesd Capacity Energy :Eff. Eff. Remarks 

G-04-020A, Li-A1/FeS2-CoSZ, 160 257 16 16 98 85 2 0 15 0 0 0 0 Gould FeS2 upper-plateau cell. 
U, 180, 14.02 X Initial break-in cycles. Cell 
21.0 x 3.6 cm, 2.70 kg overcharged by equipment failure; 

terminated. 

G-04-021, Li-AlIFeS2-CoS2, 113 149 6.6 19 100 71 2 6 53 77 80 0 14 Gould FeS2 upper-plateau cell. 
U, 164, 14:02 Capacity low, and resistance high. 
21.0 x 3.8 cm, 2.57 kg Terminated. 

G04-021A, Li-A1/FeS2-CoS2, 91 101 6 6 100 72 6 5 0 0 0 0 Gould FeS2 upper-plateau cell. 
U, 168, 14.02 x Terminated due to unstable resistance 
21.0 x 3.6 cm, 2.84 kg 

G-04-022, Li-A1/FeS2, 130 195 12 12 >99. 76 18 20 0 0 0 0 Gould upper-plateau cell. Quali- 
0, 150, 14.02 x fication tested. Cell on standby. 
21.0 x 3.6 cm, 2.83 kg 

604-0228, Li-A1/FeS2-CoS2, -- -- -- -- 
L:, 160, 14.02 x 
21.0 x 3.8 cm, 2.65 kg 

604-023, Li-A1/FeS2-CoS2, 77 112 5 5 
U, 100, 14.02 x 
21.0 x 3.6 cm, 2.45 kg 

G-04-023D, Li-A1!FeS2-CoS2, 63 9E. 4 4 92 75 2 2 4 6 11 
U, 96, 14.02 x 
21.0 x 3.8 cm, 1.96 kg 

604-024, Li-A1/FeS2-CoS2, li5 187 8 8 96 75 40 50 20 
U, 140, 14.02 x 
21.0 x 3.8 cm, 2.44 i g  

604-024D, Li-Al/FeS:-CoS2, -- -- -- -- -- -- -- -- 
U, 136, 14.02 x 
21.0 x 3.6 cm, 2.30 kg 

-- - -- Gould FeS2 upper-plateau cell. 
Cycling results erratic; cell has 
high resistance >30 mR; terminated. 

0 3 0 Gould FeS2 upper-plateau cell. 
Testing completed. Cell on standby. 

11 5 10 Gould FeS2 upper-plateau cell 
Terminated. Cell on standby. 

23 E 6 Gould FeS2 upper-plateau cell. 
Qualification tested. Terminated. 

-- -. - Gould FeS2 upper-plateau cell. Cell 
short-circuited on breakin. 



APPENDIX C. (contd) 

Max. Life Cha:acteristics. 
Perfxmance 
@ Iniicated Initial X Decline ine 

&reb Rates, hr Eff.,c X A-hr W-hr 

Cell ~eecription~ A-hr W-hr Diech. Charge A-hr W-hr ~ a y s ~  cyclesd Capacity Energy Eff. Eff. Remarks 
- 

G-04-025, Li-A1/FeS2-CoS2. 120 179 8 8 99 77 20 39 C 0 0 0 Gould FeS2 upper-plateau cell. 
U, 180, 14.02 x Matrix qualification testing 
21.0 x 3.8 cm, 2.83 kg completed. Cell on standby. 

G04-025A, Li-A1/FeS2-CoS?. 68 110 4.5 4.5 98 81 41 102 9 13 4 4 Gould FeS2 upper-plateau cell. 
U, 114, 14.02 x Qualification testing completed. 
21.0 x 3.6 cm. 2.19 kg Cell on standby. 

G-04-029E, Li-A1/FeS2-CoS?. 100 138 6.7 6.7 98 70 13 28 9 7 0 0 Gould FeS2 upper-plateau cell. 
U, 180, 14.02 x Qualification test conpleted. 
21.0 x 3.6 cm. 2.82 kg Cell on standby. 

G-04-030, Li-A1/F'eS2-CoS2, 119 177 8 8 96 74 21 2: 8 8 0 0 Gould FeS2 upper-plateau cell. 
U, 140, 14.02 x Qualification test conpleted. 
21.0 x 3.8 cm, 2.53 kg Cell on standby. N 

P 
a ~ h ~  letters U and C are used m indicate uncharged and charged respectively. The capacity ~atio is the number of ampere-hours In the negative electrode 
over the nlmber of ampere-hours in the positive electrode. In some cases, only the capacity of the limiting electrode is given. 

b~ased on at leasc five cycles. 

'~ased on at least 10 cycles at the 5-hr discharge rate. 

d ~ h e  "greater than" symbols denme 'contincing operation. 

e~ercent decline from the roaxinm values ~t the 5-hr discharge, except where noted. 
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APPENDIX D. 

Post-Test.Examinations of Industrial Cells 



Appendiz 3 Post-Test  Examinations of  I r d u s t r i a l  C e l l s  

C e l l  
Number 

and ~~~e~ 

EP-14-2 
Li-A1/FeS2- 
cos  7. 

L i fe t ime  
Reason f o r  

Days Cy-les Terminat ion Comments 

1 9  2 5 Shor t  c i r c u i t  ' a i l c r e  l o c a t e d  i n  t h e  p o s i t i v e  e l e c t r o d e  feed through .  It was caused by con tamina t ion  of t h e  
Feedthrough w i t h  s a l t  dur ing  hand l ing  o r  e l e c t r o l y t e  f i l l i n g  o p e r a t i o n s .  L iCl  was added t o  
:his ce.11. 

748 1359 Poor coulombic Zhi; c e l l  was opera ted  longer  t h a r  any o t h e r  FeS c e l l .  The s h o r t  c i r c u i t  was caused by copper  
. e f f i c i e n c y  j e p 3 s i t i o n  a c r o s s  t h e  e n t i r e  t h i c k n e s s  of t h e  s e p a r a t o r  i n  some a r e a s .  A f t e r  more than  two y e a r s  

2f ~ p e r a t i o n ,  t h i s  c e l l  has  shown no ev idence  of r e a c t i o n  wi th  t h e  BN s e p a r a t o r .  

512 €29 Shor t  c i r c u i t  F a i l u r e  caused by t h e  p resence  of l a r g e  i r o n  and copper  d e p o s i t s  i n  t h e  s e p a r a t o r .  

377 533 Poor coulombic T t - k  sea led  c e l l  was opera ted  i n  ~ i r  without  a d v e r s e  e f f e c t s .  The d e c l i n i n g  coulombic 
& energy . e fE is iency  was a t t r i b u t e d  t o  e x t r ~ s i o n  of a c t i v e  m a t e r i a l  from t h e  top and bottom edges of t h e  
e f f i c i e n c y  7 o s i t i v e  e l e c t r o d e .  

224 517 Shor t  c i r c c i t  3 e s e r e  l o c a l i z e d  s w e l l i n g  of t h e  l e g a t i v e  e l e c t r o d e  compressed one a r e a  of t h e  BN s e p a r a t o r  
t o  approximately m e - t h i r d  of  its o r i g i n a l  t h i c k n e s s .  The remainder of t h e  s e p a r a t o r  con ta ined  
s i g n i f i c a n t  amounts of  copper w h k h  conple ted  t h e  s h o r t  c i r c u i t .  C e l l  was opera ted  a t  
t empera tu res  t o  525°C. 

N 
68 L2 1 Shor t  c i r c u i t  The p o s i t i v e  t e rmina l  was moved h-om t h e  c e n t e r  of t h e  c e l l  t o  a  p o s i t i o n  n e a r  one edge o f ' t h e  P 

m 
e l e c t r o d e ;  t h i s  des ign  r e s u l t e d  fn nonuniform u t i l i z a t i o n  of r h e  p o s i t i v e  e l e c t r o d e .  The s h o r t  
c i r c u i t  was caused by t h e  p o s i t i x e  honeycomb c u r r e n t  c o l l e c t o r  c u t t i n g  through t h e  e l e c t r o d e  
s e p a r a t o r .  

5  2 91 Dec l in ing  coulombic T:he p o s i t i v e  t e r m i n a l  des ignwas  she  s a n e  a s  used i n  EP-1-4-2, and a l s o  r e s u l t e d  i n  non-uniform 
e f f i c i e n c y  u t i l i z a t i o n  of t h e  p o s i t i v e  e l e c t r o d e .  C e l l  f a i l u r e  due t o  t h e  p o s i t i v e  honeycomb c u r r e n t  

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

75 930 Poor T k i s  c e l l  was opera ted  a s  p a r t  of  a  s i x - c e l l  b a t t e r y .  S p e c i f i c  cause of  s h o r t  c i r c u i t  n o t  
performance i d 2 n t i f i e d  showed numerous th inned  o u t  a r e a s  i n  t h e  BN s e p a r a t o r .  Also,  c e l l  was over  d i s -  

c h r g e d  t o  about  0 V. 

211 247 Shor t  c i r c u i t  F a i l u r e  caused by t h e  p o s i t i v e  honeyccmb c u r r e n t  c o l l e c t o r  c u t t i n g  through t h e  e l e c t r o d e  
s e p a r a t o r .  

227 764 Shor t  c i r c u i t  F a i l u r e  caused by p o s i t i v e  a c t i v a  m a t e r i a l  i n f i l t r a t i n g  a  s e c t i o n  of t h e  BY s e p a r a t o r  t h a t  was 
c u t  p a r t i a l l y  through by t h e  p o s i t i v e  honeycomb c u r r e n t  c o l l e c t o r .  T h i s  c e l l  was opera ted  

wi thou t  r e s t r a i n i n g  p l a t e s  d u r i q  i t s  l a s t  s e v e r a l  c y c l e s .  The expansion ~f t h e  n e g a t i v e  
e l e c t r o d e s  was a s  much a s  115%. 



Appendix D. (Cont 'd)  

C e l l  L i f e t i m e  
Number Reason f o r  

and ~ ~ p e ~  Days Cycles  Terminat ion Comments 

EP-15-7 
Li-A1/FeS2- 
cos 2 

EP-I6A-1 
Li-A1/FeS2- 
cos; 

EP-17-3 
Li-AllFeS 2- 
COSa 

EP-r8A-001 
Li-X1/FeS2- 
C0S2 

EP-I8A-002 
~ i - - 4 l / F e S ~ -  
cos  

EP-I8C-009 
Li-.41/FeS2- 
C0S2 

EP-I8B-005 
Li-Al/FeS 2- 
cos2 

Shor t  c i r c u i t  T h i s  c e l l  was opera ted  a s  p a r t  of  a s i x - c e l l  b a t t e r y .  The s h o r t  c i r m i t  caused by t h e  p o s i t i v e  
honeycomb c u r r e n t  c o l l e c t o r  c u t t i n g  through t h e  s e p a r a t o r .  Very high t empera tu res  were reached 
i n  the  shor ted  a r e a  a s  a  r e s u l t  o: con t icued  o p e r a t i o n  of t h e  b a t t e r y  a f t e r  t h e  c e l l  had s h o r t  
c i r c u i t e d .  Corrosion o f  c e l l  hardware i n  both t h e  p o s i t i v e  and n e g a t i v e  e l e c t r o d e s  was s e v e r e  
i n  t h e  shor ted  a r e a .  

P3or T h i s  c e l l  opera ted  a s  p a r t  of  a  s i x - c e l l  b a t t e r y .  The s h o r t  c i r c u i t  was caused by t h e  p o s i t i - ~ e  
performance honeycomb c u r r e n t  c o l l e c t o r  c u t t i x g  through t h e  s e p a r a t o r  and c o n t a c t i n g - t h e  n e g a t i v e  e l e c t r o d e .  

Poor coulombic The n e g a t i v e  e l e c t r o d e s  i n  t h i s  c e l l  u t i l i z e d  55 a t . %  LiA1. No d i f f u e n c e s  were noted i n  t h e  
e f f i c i e n c y  and low m i c r o s t r u c t u r e .  C e l l  f a i l u r e  caused by l a r g e  amounts of p o s i t i v e  a c t i v e  material(Li2S(Fe),Li2FeS2) 
c a p a c i t y  p r e s e n t  i n  t h e  e l e c t r o d e  s e p a r a t o r  (16 wt % S ) .  

Poor coulombic T h i s  c e l l  was i n t e r m i t t e n t l y  hea ted  t o  530°C i n  a n  a t t empt  t o  remove Li2S from t h e  s e p a r a t o r .  
e f f i c i e n c y  and The procedure d i d  no t  appear  t o  have any e f f e c t .  C e l l  f a i l u r e  was a t t r i b u t e d  t o  l a r g e  i r o n  d e p o s i t s  
low c a p a c i t y  i n  t h e  s e p a r a t o r .  The Li-A1 a l l o y  was 55 a t . %  L i .  

S h o r t  c i r c u i t  During o p e r a t i o n  t h e  u s u a l  upper p l a t e a u  v o l t a g e  f o r  an FeS2 c e l l  d i d  no t  occur .  Chemical 
a n a l y s i s  r evea led  an Fe:S r a t i o  of  approximately 1:l. It was concluded t h a t  t h i s  c e l l  was 
assembled us ing  FeS r a t h e r  than  FeS2. The s h o r t  c i r c u i t  was caused by Fe i n  t h e  s e p a r a t o r ,  
p resunab ly  from charg ing  t h e  FeS t o  a  charge cut-off  p o t e n t i a l  of 2 . 0  V. 

Shor t  c i r c u i t  F a i l u r e  caused by honeycomb c u t t i n g  through BN f a b r i c  s e p a r a t o r .  

Shor t  c i r c u i t  These t h r e e  c e l l s  u t i l i z e d  BN f e l t  a s  t h e  s e p a r a t o r  m a t e r i a l .  C e l l s  I-8-A-1 and I-8-A-2 had a 
co ld  r e s i s t a n c e  of 1 3 R a n d  3 R ,  r e s p e c t i v e l y ;  and meta l lograph ic  e x a n i n a t i o n  revea led  t h a t  t h e  
s h o r t  c i r c u i t  was not  too s e v e r e  because both p o s i t i v e  e l e c t r o d e s  cox ta ined  a  r e l a t i v e l y  h igh  
amounr of FeS2 (i.e., t h e  h i g h e s t  s t a t e  charge  phase) .  The s e p a r a t o r s  of t h e s e  two c e l l s  

Shorr  c i r c u i t  con ta ined  minor amounts of  Li2S and LizFeSp, w h i l e  c e l l  I-8-C-9 ( c o l d  r e s i s t a n c e ,  2  R had 
o n l y  Li2S + Fe. The s e p a r a t o r  of t h i s  l a s t  c e l l  con ta ined  a  minor aaount  of Li2S p l u s  bands 
of  ve ry  f i n e  m e t a l l i c  p a r t i c l e s ,  which a r e  be l i eved  t o  be t h e  cause of t h i s  more s e v e r e  

Shor t  c i r c u i t  
s h o r t  c i r c u i t .  

5 3  Shor t  c i r c u i t  T h i s  c e l l  t e s t e d  a  BN-felt s e p a r a t o r  wi th  a  r e t a i n i n g  s c r e e n  over  t h e  n e g a t i v e  e l e c t r o d e  
on ly .  Because of non-uniform expansion o f  t h e  n e g a t i v e  e l e c t r o d e  sane  a r e a s  of t h e  f e l t  
s e p a r a t o r  were s e v e r e l y  compressed. I n  one  a r e a ,  t h e  expansion rup tured  t h e  s c r e e n  and 
s e p a r a t o r .  Th i s  pe rmi t t ed  d i r e c t  c o n t a c t  between t h e  e l e c t r o d e s ,  and a  s h o r t  c i r c u i t  r e s u l t e d .  



Appendix D. (Cont'd) 

Cell  Lifetime 
Number 

and ~ ~ p e ~  Days Cycles 

EP-I8E-016 
Li-Al/FeS2- 
cos 2 

EP-I8F-017 
Li-Al/FeS2- 
cos 2 

EP-I8G-019 
Li-A1/FeS2- 
cos 2 

EP-MP5-003 
~ i - A l l  FeS 

Reason f o r  
Termination Comnents 

Poor coulombic Thls c e l l  tes ted  a BN f e l t  separator with r e t a k i n g  screens over both the  pos i t i ve  and 
ef f ic iency negative electrodes.  Screens over b o t ~  e lec t rodes  gave a more uniform compression of the  f e l t  

separ.atcr znd be t t e r  r e t en t ion  of pos i r ive  ac t iue  n a t e r i s l .  The decl ine  i n  coulombic 
e f f i c i e r c y  was due t o  the deposit ion of Li2S(Fe> across the thickness of t he  t h i n  BN f e l t  
separatcr . 

Declining Cell  fzi l luce caused by t h e  pos i t ive  hoieycomb c r r r en t  coPlector cu t t i ng  through t h e  e lec t rode  
coulombic separa tor  2nd short  c i r cu i t i ng  the e le- t rodes .  
e f f ic iency 

Short c i r c u i t  The Giort c i r c u i t  was caused by the  pos i t ive  hoxgcomt c l n e n t  co l l ec to r  cu t t i ng  the  
elecxrcde Eeparator and ccntacting the negative e l ec t rods .  

Short c i r c u i t  Short  c i r c u i t  was caused 'y t he  posit i- le honeycm3 c u r r e l t  co l l ec to r  cu t t i ng  the e l ec t rode  
separa tor  2nd contacting the  negative .?lectrode, 

End of t e s t  This = e l l  had a 2:l  negative-to-positive capacity r a t i o .  A s  expected, approximately half of 
the  negetiue e lec t rode  was unreacted. The reacted por t ion  had the  typ ica l  morphology. The 
r e l a t i v e l y  low capacity achieved by t h i s  c e l l  appeared t o  be due t o  incomplete wetting of 
the  ~ g a t i r e  electrodo. 

Low capacity This :el l  tes ted  a 1:2 negative-to-posrtive capas i ty  ra t io .  The negative e lec t rode  was 
almost completely u t i l i z e d ;  negative morphology, however, still indicated l e s s  u t i l i z a t i o n  
tovallis t he  rear  of the  e lec t rode .  

Short c i r c u i t  Fai lure  caused by contact  of t he  pos i t ive  curre* c o l l e c ~ o r  with the  negative e lec t rode  frame 
a t  thz top of t h e  c e l l .  This condition apparentl? was caused by the  upward expansion of t he  
pos i t ive  electrode.  

8 Equipment 
malfunction 

60 End of t e s t  

A f u n a c s  ml func t lon  resul ted  i n  some overheating of t h i s  c e l l .  Metallographic examination 
of tha pos i t i ve  e lec t rode  buss bar revealed inadsquate hanaycomb-to-buss bar welds and in- 
complete brazing of t he  copper terminal rod t o  t i e  s t a i n l e s s  s t e e l  terminal tube. 

Good nec'1anica1 alignment of a l l  nine e lec t rodes  was achie-led, and the  welds and braze i n  the 
pos l t ive  buss bar vere s a t i s f ac to ry .  Hicroscopi: examinatLon revealed no s ign i f i can t  d i f -  
ferer.:es i nmic rosc ruc tu re  between any of the  f o x  pos i t fve  e lec t rodes  which were predominantly 
J-phase. m e  center por t ions  of t he  negative e l ~ c t r o d e s  contained l a rge  agglomerated areas  
of A 1  whlch i s  indica t ive  of non-unifonm ut i l izazzon.  The e n t i r e  negative e lec t rode  and 
separate: e r e  de f i c i en t  i n  e l ec t ro ly t s .  This daficiency vas probably the  major cause of che 
lower utilization and high c e l l  res is tznce .  
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C e l l  L i f e  t i n e  
Number Reason f o r  

and ~ ~ p e ~  Days Cycles  Terminat ion Comments 

EP-W7-018 38 6 8 Dec l in ing  F a i l u r e  was caused by a  s h o r t  c i r c u i t  deve lop ing  i n  t h e  p o s i t i v e  Eeedthrough. Dec l in ing  
Li-Al/FeS- coulombic c a p a c i t y  may have been t h e  r e s u l t  of  agglomerat ion of t h e  nega t iv?  e l e c t r o d e .  T h i s  c e l l  
CuFeS2 e f f i c i e n c y  w d  e x h i b i t e d  much g r e a t e r  than  ncrmal c o r r o s i o n  i n  bo th  t h e  p o s i t i v e  and n e g a t i v e  e l e c t r o d e s .  

c a p a c i t y  

4 Shor t  c i r c u i t  During assembly t h r e e  e l e c t r o d e s  were f r a c t u r e d  i n  s e v e r a l  p l a c e s ,  w i t h  t h e  f r a c t u r e d  e l e c t r o d e s  
c u t t i n g  through t h e  r e t a i n i n g  s c r e e n s  and t h e  BN s e p a r a t o r  caus ing  t h e  s h o r t  c i r c u i t .  Some 
v o i d s  were found i n  t h e  copper rod t o  s t e e l  t u b e  b raze .  h e  BN s e p a r a t o r  and t h e  n e g a t i v e  
e l e c t r o d e  were bo th  d e f i c i e n t  i n  e l e c t r o l y t e .  

GIIX-7 9 11 Shor t  c i r c u i t  T h i s  c e l l  u t i l i z e d  a  s o l i d  plac-ue n e g a t i v e  e l e c t r o d e  which was s t i l l  predominantly a  s o l i d  p i e c e  
Li-A1/ FeS-Co a f t e r  11 c y c l e s .  Li thium c o n c e n t r a t i o n  was non-unifom. The s h o r t  c i r c u i t  wss l o c a t e d  i n  t h e  

p o s i t i v e  e l e c t r o d e  feedthrough.  

G04-014B 14 1 8  Shor t  c i r c u i t  F a i l u r e  caused by p o s i t i v e  a c t i v e  m a t e r i a l  ex t rud ing  around t h e  i x u l a t i n g  BN c l o t h  t h a t  
Li-Al/FeS2- su r rounds  t h e  p o s i t i v e  feedthrough.  
C0S2 

GO4415 21 25 Shor t  c i r c u i t  A c y c l e r  mal func t ion  caused an overd i scharge  of t h i s  c e l l ,  which d e p o s i t e d  aluminum a c r o s s  t h e  
Li-Al/FsS2- t h i c k n e s s  of t h e  s e p a r a t o r .  
CoS2 

604-029 0 0 Unable t o  s t a r t -  Because of a  manufacturing o v e r s i g h t ,  t h e  c e l l  was no t  f i l l e d  wit11 e l e c t r o l y t e  
Li-A1/FeS2- up c e l l  
CoS2 

a A l l  o f  t h e s e  c e l l s  a r e  f a b r i c a t e d  e i t h e r  by E q l e - P i c h e r  {EP) o r  Gould (G) and have h i c e l l  d e s i g n s  ( a  s i n g l e  p o s i t i v e  e l e c t r o d e  
w i t h  two f a c i n g  n e g a t i v e  d e c t r o d e s )  excep t  f o r  c e l l s  EP-W5-001, EP-MP5-003, EP-MP7-018, and EP-MP7-022 which have m u l t i p l a t e  des igns .  
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APPENDIX E. Performance Data on ANL C e l l s  

Max. L i f e  C h a r a c t e r i s t i c s .  
Performance 
@ Ind ' icated 1 r . i t i a l  X D e c l i n ~  i n e  

h t e b  Rates ,  h r  E f f . , C  Z A-hr W-hr 

Cell ~ e s c r i ~ t i c n ~  A-hr W-hr Diech. Charge A-ht W-hr uaWd cyc lesd  Capaci tp Energy 3 f f .  Efh. Remarks 

R-31, Li-A1/NiS2-C.3S2, 83  108 8 8 100 8 1  37€. 1025 30 40 30 4'2 Assembled semicharged wi th  hot- 
U ,  1591132, 13 .3  x 65 79 3.5 6.5 pressed NiS + Li2S p c s i t i v e .  
15.2 x 3 . 5  cm, 1 .88  kg Negative e l e c t r o d e  cf  pressed ~l 

wire  p a r t i a l l y  charged. 

R-32, ~ i - A l l N i S ~  U, 85 124 8 a 100 80 95 178 32 3 1  50 53 Four p la teau  NiS2 c e l l ,  assem- 
1651127, 13.3 x 6 5 79 3 .5  6 . 5  bled semicharged wi th  hot- 
15.2 % 3 .5  cm, 1.9C kg pressed NiS + Li2S p o s i t i v e .  

Negative e l e c t r o d e  oE pressed A 1  
w i r e ,  p a r t i a l l y  charged wi th  
L i  f o i l .  Terminated. 

P.-33, Li-A1/NiS2-FeS2, 7 5 96 
U ,  1591122, 13.3 x 
15 .2  x 3 .5  cm, 1 . 9 0  kg 

R-34, Li-Al/FeS-Cu2S, 
U ,  151!115, 13 .3  x 
15.2 3 .5  cm, 2.0 kg 

8-35. Li-A1/FeSx-N~S,- 117 177 1 5  1 6  95 8 1  4 3 50 44 
CoS,, U ,  1441120, 
13 .3  x 15.2 x 3 .5  ca ,  
2.2 kg 

30 20 30 Four p la teau  NiS2-FeS2 c e l l ,  
assembled semicharged wi th  hot- 
pressed NiFe + Li2S p s i t i v e .  
Negative e l e c t r o d e  of pressed A1 
w i r e ,  p a r t i a l l y  charged wi th  L i  
f o i l .  Heat- t reated carbon added 
t o  t h e  p o s i t i v e  e l e c t r o d e .  
Terminated. 

9 15 15 Uncharged FeS c e l l  wit:? 16 mol X 
Cu2S a d d i t i v e .  P o s i t i v e  has  
high-temperature carbon. Negative 
e l e c t r o d e  of pressed A1 wi re  par- 
t i a l l y  charged with LL f o i l .  
Cold-pressed p o s i t i v e .  Terminated. 

50 .s3 50 S imi la r  t o  R-30, except  carbon 
f i b e r  is added t o  p o s i t i v e .  
Terminated. 
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M=x. 
P e r f ~ r m a n c e  

b i t e  C h a r a c t e r i s t i c s .  

@ I n d i c a t e d  I n i t i a l  X Decl ine  i n e  
&reb Rates, h r  E f f . , C  '% A-hr W-hr 

Cell Descr ip t iona  A-hr W-hr Diech. Charge A-hr W-hr Daysd cyclesd Gapaci ty Energy E f f .  Ef f .  Remarks 

R-36, Li-AliNiS2-CoSg, 100 146 1 3 . 5  13.5 99 79 >253 >472 2 4  24 1 10 S imi la r  :o R-31, except high- 
U, 1801150, 13 .3  x 70 84 3.0 E..O temperature carbon added t o  
15.2 x 3 . 5  cm, 1 . 8  kg p o s i t i v e  e l e c t r o d e .  

R-37, LI-AlIFeS, U, 64 76 3 8 .5  99 78 176 430 1 5  20 24 23 Basel ine FeS c e l l  con ta in ing  no 
1801150, 13.3 x a d d i t i v e  i n  p o s i t i v e  e l e c t r o d e .  
15.2 x 3 .5  cm, 1 .8  kg Terminated . 
R-38, Li-AlIFeS, U, E3 103 4.5 12 96 82 94 172 23 25 21 22 S imi la r  t o  R-37 except LiC1-r ich 
160,'125, 13.2 x e l e c t r o ~ y t e  used.  Terminated. 
15.2 x 3 . 5  cm, 1 . 8  kg 

R-39, Li-Al/?eS, U, 7 6  95 8 10 95 84 21 23 18 17 0 0 S imi la r  t o  R-38 except ZrOz 

1291121, 13.3 X 
powder added t o  t h e  p o s i t i v e  

15 .2  x 3.3 ca ,  1 .73 kg e1ectro.de . Terminated. 

R-40, Li-AlIFeS-Cu2S 76.8 90.5 4 8 100 83 63 108 ? 2 25 22 26 S imi la r  t o  R-37 except  8 mol % 

U, 160!137, 13.3 x Cu2S added t o  p q s i t i v e  e l e c t r o d e  

1 5 . 2  x 3 . 5  cm, 1 .78  kg Terminated. 

R-41, Li-Al/FeS-CuzS, 76 100 3.3 8 . 8  >99 81 > l o 5  >220 23 30 0 8 FeS c e l l  wi th  BN f e l t  separa to r  

U, 180f103, 13.3 x t r e a t e Z  wi th  LiAlClt,. 

15.2 x 3 .5  cm, 1 . 7  kg 

R-42, ~i-hl!FeS-CuzS, 61 75 3 .0  6 . 0  92 75 > 9 3  > 216 i 8 0 4 S imi la r  t o  R-41 bu t  with LiAlCl% 

U ,  16Cl113, 13.3 x i n  p o s i t i v e  e l e c t r o d e .  

15 .2  r 3 .5  s m ,  1 . 7  kg 

T-1, Li-AlIFeS-CuzS, 2 2  26 4 8 85 74 23 48 50 50 35 31 FeS c e l l  with BN f e l t  s e p a r a t o r  
U, 35'27, 13.2 x t r e a t e d  wi th  LiA1C14. T e r m i n a t ~ d .  
12 .8  x 1 . 0 1  cm, 0.34 kg 

R-43, Li-Al/FeS, U, 
18011;4, 13.3 x 
15.2 = 3 .5  cm, 1 . 8  kg 

0 0 0 FeS c e l l  wi th  BN f e l t  separa to r  
( t r e a t e d  with L ~ A ~ C I ~ ) ,  LiC1-rich 
e l e c t r o l y t e  and high-temperature 
carbon . add i t ive .  Pos. c o n t a i n s  
Li.41Clb. 

(contd)  



Appendix E. (contd)  

Max. 
Performance 

L i f e  Charac:er is t ics .  

@ I n d i c a t e d  I n i t i a l  X Decl ine  i n e  
~ s t e ~  Rates ,  h r  Eff . , '  4 A-hr W-:~r 

C e l l  ~ e s c r i p t i o n ~  A-hr W-hr Disch. Charge A-hr W-hr ~ a ~ s ~  cyclesd Capacit: Energy C f f .  E f l .  

R-44, Li-AlIFeS, U ,  
1801133, 17.7 x 
15.2 x 3.5 cm, 1 . 8  kg 

M-G, Li-A1/FeS2-NiS-no-Fe. 
C, 1651267, 13.3 x 13 .3  
x 3.3 cm, 1 . 8  kg 

M-5. Li-AlIFeS-MiS-Fe, C , 
1391105. 13.3 x 14 .6  
x 2.8 cm, 1.62 kg 

M-6, Li-AllFeS-Cu2S, U, 111 335 11 1 5  100 82 44 64 
158!128, 13.9 x 13.6 75 8 1  4 11 
x 1.1 cm, 1 . 8  kg 68 78 2 8 

M-8, Li-AlIFeS, C, 
1551113, 13.3 x 13.5 
2.8 cm, 1.55 kg 

33 101 8 8 . 5  97 84 >112 > l a 0  
74 E.8 3.8 7.5 

(contd)  

0 0 FeS c e l l  with BN f e l t  s e p a r a t o r  
( t r e a t e d  wi th  LiA1C14), LiC1-rich 
e l e c t r o l y t e  and high-temperature 
carbon added t o  p o s i t i v e  
e l e c t r o d e .  

1 3  22 EP cold-pressed nega t ive  and ANL 
hot-pressed p o s i t i v e .  Y203 f e l t  
s e p a r a t o r l r e t a i n e r .  C e l l  r e s i s -  
t ance :  2.8-3.6 mR: s p e c i f i c  
energy: 70 W-hrlkg a t  t h e  2-hr 
r a t e .  Terminated. 

-3, 35 P o s i t i v e  e l e c t r o d e  was hot-pressed 
i n t o  c u r r e n t  c o l l e c t o r  of N i  a n i  Mo 
(no i r o n  p r e s e n t ) .  Hot-pressed reg- 
a t i v e  of 55 a t .  % Li-A1. Y203 f e l t  
s e p a r a t o r .  C e l l  r e s i s t a n c e :  
3.3-5.7 mR: s p e c i f i c  energy:  
59 W-hrlkg a t  7-hr r a t e .  Terminated. 

0 0 Hot-pressed e l e c t r o d e s .  Negative 
e l e c t r o d e  i s  55 a t .  % LiA1. Pre- 
wet BN f e l t  s e p a r a t o r l r e t a i n e r .  
Welded p o s i t i v e  t e rmina l .  C e l l  
r e s i s t a n c e :  3.9-4.9 mQ. Terminated. 

1 20 3ot-pressed nega t ive  and p o s i t i v e .  
7203 f e l t  s e p a r a t o r l r e t a i n e r .  C e l l  
r e s i s t a n c e  of 2.4 mR ar.d s p e c i f i c  
energy of 78 W-hrlkg a t  2-hr r a t e .  
Peak s p e c i f i c  power, 200 Wlkg. 
Terminated . 

0 0 3ot-pressed e l e c t r o d e s  and BN f e l t  
s e p a r a t o r l r e t a i n e r .  LiC1-rich e lec -  
y r o l y t e  (Anderson) used throughout .  
P o s i t i v e  theor .  cap.  d e n s i t y  of 
1 .41  ~ h r l c m ~ .  C e l l  r e s i s t a n c e ,  
3 .5  mR. 



Appendix E .  (contd)  

Plax. L i r e  C h a r a c t e r i s t i c s .  
Performance 
@ I n d i c a t e d  I n i t i a l  X DecI ine  i n e  

b t e b  Rates ,  h r  Ef f . , c  X A-hr W-hr 
Cell ~ e s c r i p t i o n ~  A-hr W-hr Diech. Charge A-hr W-hr ~ a y s ~  cyc lesd  Capac i ty  Energy Ef f .  E f f .  Remarks 
-- - 

M-9, Li-AlIFeS-CuZS, C, 76 92 4  8  99 85 132 240 2  5  25 0  0  Hot-pressed e l e c t r o d e s  and BN-felt 
1741143, 13 .3  13 .5  65.6 77.4 2  6.5 s e p a r a t o r l r e t a i n e r .  Wishbone 
x 2.8 cm, 1.52 kg pos i t ive - te rmina l  des ign .  High 

t h e o r e t i c a l  c a p a c i t y  d e n s i t y  
(1.62 A-ir lcm3).  C e l l  r e s i s t a n c e :  
3.4 mR.  Terminated. 

0  0  0  Hot-pressed e l e c t r o d e s  and BN-felz 
s e p a r a t o r l r e t a i n e r .  E l e c t r o l y t e ,  
LiC1-KC1 e u t e c t i c .  P o s i t i v e  
t h e o r .  cap.  d e n s i t y  of 1 .40  ~ - h r / c m ~ .  

M-10, Li-AlIFeS, C, 
1551115, 13.3 x 13 .5  x 
2.8 cm, 1 .56  kg 

M - 1 1 ,  Li-AliFeS, C, 
1741132, 13.3 x 13 .5  
x 2.8 cm, 1.52 kg 

M-12, L ~ - A ~ / F ~ S - C U ~ S ,  C, 67 80 3.3 6.8 98 83.6 >25 >46 12 
155i121, 13.3 x 
13 .5  x 2.8 cu:, 1.55 kg 

KK-12, Li-P.l;FeS2-CoS2- 9 3  126 8  1 0  98 8 1  35 4 5  0  
TiS2, C, 150:95, 13.3 x 
12.4 x 3 . 5  cm, 1 . 8  kg 

KK-1.3, Li-X1/NiS2-CoS2, 02, 120 177 10 12 99+ 82 171 315 12 
210/160, 13.3 X 13.6 1C10 140  4  1 0  
x 3.6 cm, 1 .7  kg 

0  0  0  Hot-pressed e l e c t r o d e s  and BN-felt 
s e ~ a r a t o r l r e t a i n e r .  LiC1-rich 
e l e c t r o l y t e  (Anderson). P o s i t i v e  
t h e o r .  s a p .  d e n s i t y  of 1 . 6 1  A-hr/cm3. 
C e l l  r e s i s t a n c e ,  3 .5 m n .  10 

10 
4 

1 0  6  6  Hot -p resed  e l e c t r o d e s  and BN-felt 
s e p a r a w r l r e t a i n e r .  LiC1-KC1 e u t e c t i c .  
P o s i t i v e  theor .  cap. d e n s i t y  of 
1 .40 ~ - h r / c m ~ .  C e l l  r e s i s t a n c e :  
3 .6  mR.  

0  0  0  Carbon-bonded p o s i t i v e  e l e c t r o d e  
w i t h ' f a c i a l  TiS2 l a y e r  (ANL); hot- 
pressed LiAl (EP) e l e c t r o d e s .  C e l l  
rebui l :  wi th  BN-felt s e p a r a t o r .  
Terminated--non-wet'ting BN f e l t .  

1 5  25 25 Carbon-bonded p o s i t i v e  and LiAl 
press& + A1 wi re  nega t ive .  
Welded Mo molybdenumcurrent 
c o l l e c t o r .  Y203 f e l t  s e p a r a t o r .  
S p e c i f i c  energy, 78 W-hr/kg a t  
4-hr r a t e .  Terminated a f t e r  over- 
charge.  

(contd)  



Appendix E .  (contd)  

Xax . 
Performance L i f e  C h a r a c t e r i s t i c s .  

@ I n d i c a t e d  I n i t i i l  X E e c I i l e  i n e  
Ilateb Ra tes ,  h r  E f f . , =  X 

A-hr U-hr 
Cell ~ e e c r i ~ t  lona A-ht W-hr Disch. Charge A-hr K h r  ~ a y s ~  cyclesd Capaci ty Energy E f f .  E f f .  Remarks 

KK-14, Li-Al/FeS-Cu2S, 102' 122 1 0  10 99 3 1  162 301 20 22 25 28 Carbon-bonded p o s i t i v e  and hot- 
C, 1601135, 13 .3  * 93. 107 9 pressed nega t ive  e l e c t r o d e .  BN-felt 
13 .3  x 3 . 1  cm. 1 .55  kg 79.5 82 2 8 separa to r .  C e l l  operated though 

four  thermal cyc les  and two c o r r e c t e d  
s h o r t  ' c i r c u i t s  i n  t h e  feedthrough.  
Terminated, longes t  BN-felt t e s t .  

KK-15, Li-AlIFeS, C, 101 128 1 0  10 99 89 >20 735 0 
1501113, 13.3 x 87 108 4.5 8 
13.3 x 2.8 cm, 1.54 kg 77.5 93.5 2 .5  7 

PW-8, Li-AlIFeS, 112 C. 63 78 12.6 12.6 99 86 280 687 0 
1901115, 13.65 x 35 39.7 2.3 4 . 7  
13.02 x 4.9 cm, 2.0 kg 

PW-9, Li-AlIFeS, 1:2 C, 94 114 18.4. 18.4 99 82 >301 >481 0 
2161144, 13.65 x 69 82.6 6.9 9.3 
13.02 x 4.2 cm, 1.94 kg 55.8 65.84 3.7 7.4 

PW-10, ~ i - A l I F e S ,  112 C,  49.7 60.6 5 6.7 99 8J  172 470 43 
1901131, 14.63 :< 
13.97 x 2.8 cm, 1 . 6  kg 

0 Carbon-bonded p o s i t i v e ,  hot-pressed 
nega t ive  e l e c t r o d e s ,  LiC1-rich e lec -  
t r o l y t e ,  BN-felt s e p a r a t o r .  
Resis tance;  2 .9  mR; s p e c i f i c  energy,  
70 W-hrlkg a t  4-hr r a t e .  

9 .0 MgO powder s e p a r a t o r ,  v i b r a t o r y  
loaded.  Screens & frames on 
p o s i t i v e  and nega t ive  e l e c t r o d e s .  
Use of M-series c e l l  des ign .  No 
FeS a d d i t i v e s .  Res i s tance ,  E-10 mi2 
Volun ta r i ly  terminated.  

0  Hot-Pressed MgO powder s e p a r a t o r .  
Screen and frames on nega t ive  e lec -  
t rodes .  M-series c e l l  des ign .  
Resis tance 8-10 mR. 

0 MgO powder s e p a r a t o r .  Vibra to ry  
loaded 2-mm t h i c k  s e p a r a t o r  l a y e r .  
M-series des ign .  Frames and s c r e e n s  
on nega t ive  and p o s i t i v e  e l e c t r o d e s .  
Resis tance 5-7 m n .  Temporarily 
terminated.  

(contd)  



Appendix E .  (contd)  

hax. L i f e  Characteristics. 
Performance 
@ l r d i c a t e d  I n i t i a l  X Decline.  i n e  

rateb Rates, h r  ~ f f . , ~  X A-hr W-hr 

CelL ~ e s c r i p t i c - n a  A-hz W-hr Disch. Charge A-hr W-hr ~ a ~ e ~  cyclesd Capaci ty Energy Ef f .  E f f .  Remarks 

PW-11, Li-P.l;FeS, 112 C, 76..5 89.3 8 .5  1 0  95 79 22 28 8 . 5  10.4 53 60 Vibratory loaded MgO powder (2-m 
190/15C, 13.97 x t h i c k ,  ?O v o l  % s a l t ) .  Powder c o s t ,  
14.63 > 2.9 cm, 1.59 kg 9 . 5 ~ 1 8 .  Resis tance i s  2.9-5 mR. 

Ce l l  s h o r t - c i r c u i t e d .  

PW-12, Li-Al/FeS, 112 C, 65 79.3 8 . 5  9 7 
1 0 S / 1 3 ~ ,  14.53 x 

13.97 = 2.69 cm, 1 . 6  kg 

PW-14 ,. ~ i - ~ i / F e S - c u ~ S ,  100 122 13  13  
112 C, 1771151, 2.94 X 

13.97 x 14.6 cm, 1 . 9  kg 

PW-16. Li-AlIFeS, 112 C, 106 129 12 14 
1731131, 14.63 x S I  96 4.2 11 
13.97 x 2.6.9 cm, 1 . 8  kg 6' 71 2.1 8.7 

8 23 23 Hot-pressed MgO powder s e p a r a t o r  
(21-mm t h i c k ,  70 v o l  % s a l r ) .  Powder 
c o s t  is 9.5cIU. Res i s tance  i s  
4.6-6.4 mR. 

3  3  0 0 MgO posder s e p a r a t o r .  S imi la r  i n  
design t o  PW-10. C e l l  s h o r t  
c i r c u i t e d  i n  e a r l y  s t a g e s  of c y c l i n g  
bu t  was r e p a i r e d .  Res i s tance  i s  
5  mil. 

0  0 0 MgO powder s e p a r a t o r .  Vibratory 
loaded (2-mm t h i c k )  s e p a r a t o r .  
Operat ing a t  1.55-charge v o l t a g e  
cu to f f .  I n t e r n a l  r e s i s t a n c e  4.9 t o  
6.5 mR. A f t e r  power bump. a  s h o r t  
c i r c u i t  developed. Terminated. 

0  0 C* Vibratory loaded XgO powder s e ~ a r a t o r .  
LiC1-rich e l e c t r o l y t e  (Anderson) used 
throughout c e l l .  P o s i t i v e  load ing  
d e n s i t y ,  1.1 ~ - h r / c m ~ .  I n t e r n e 1  
r e s i s t a n c e  i s  5  mR.  

(contd)  



Max. L i f e  C h a r a c z e r i s t i c s  
Performance 
@ I n d i c a t e d  I c i t i a l  X D e c l i n e  he 

R- - b .= .e Rates, h r  Ef f . , c  O A-hr W-Sr 
Cell ~ e s c r i p t i o n ~  A-hr W-hr Diech. Charge A - k  H-hr ~ a y s ~  cyclesd Capacic.: Energy I f f .  Ef9. Remarks 

PFC-3-01, Li-A1/FeS2-CoE2, 109 133 1 0  10 9 8  66 44 58 34 37 8 6  P e l l e t  c e l l  not  s e a l e d .  F i r s t  p e l l e t  
C ,  1501159, 13.5 x c e l l  b u l l t  with no c e n t e r  p l a t e  i n  
15.6 x 3 .8  cm, 1.92 kg p o s i t i v e .  C e l l  has  bigh r e s i s t a n c e  

thought t o  be due t o  broken Mo rod- 
e l e c t r o d e  weld. Terminated. 

PCM-2-01, Li-A1/FeS2-Mo, 85 108 5.5 8  95 70 50 92 1 0  10 14 18  P e l l e t  c e l l .  Test  FeS2-Mo elec-  
C, 156/164, 13 .5  x t rode  mix. Terminated, d e c l i n i n g  
13.5 x 3.75 cm, 2.7 kg coulombic e f f i c i e n c y .  

- a ~ e  l e t t e r s  U and C a r e  used t o  i n d i c a t e  uncharged and ckarged respec t ive ly .  The capac i ty  r a t i o  i s  t h e  n m b e r  OF amaere-hours i n  the  nega t ive  
e l e c t r o d e  over  t h e  number of ampere-hours i n  t h e  p o s i t i v e  e l e c t r o d e .  In  som2 c a s e s ,  only t h e  c a p s c i t y  of :he l i m i t i n g  e l e c t r o d e  is given. 

b ~ a s e d  on a t  l e a s t  f i v e  cyc les .  

'Based on a t  l e a s t  1 0  c y c l e s  a t  t h ~  5-hr d i scharge  r a t e .  

d ~ h e  "grea te r  than" symbols deno te  con t inu ing  ,opera t ion .  

e ~ e r c e n t  d e c l i n e  from t h e  maximum - n l u e s  a t  t h e  5-hr d i scharge ,  except  where noted.  
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Post-Test Examinations of ANL, Cells 



A ~ p e i d i x  F. Post-Test  Examinations of AN5 C e l l s  -- 
C e l l  L i f e t i m e  

Plumber Reason f o r  
and Typ'e Days Cycles  Terminat ion 

A- 4 119 188 Shor t  c i r c u i t  
Li-A1/FeS2- 
cos2 

Shor t  c i r c u i t  

Shor t  c i r c u i t  

Dec l in ing  
c a p a c i t y  

Shor t  c i r c u i t  

Shor t  c i r c u i t  

Shor t  c i r c u i t  

Shor t  c i r c u i t  

Shor t  c i r c u i t  

Comments 

The s h o r t  c i r c u i t  was a  reoccur ren-e  of a  problem w i t h  misalignment of  components t h a t  occur red  i n  
t h e  i n i t i a l  c e l l  assembly and a l l o ~ e d  c o n t a z t  betwean t h e  n e g a t i v e  and p o s i t i v e  e l e c t r o d e s .  The 
p o s i t i v e  and n e g a t i v e  e l e c t r o d e s  w x e  very m x u n i f o r n  i n  t h i c k n e s s  and probably c o n t r i b u t e d  t o  t h e  
recccur rence  of t h e  s h o r t  c i r c u i t .  

M t h o u g : ~  Li2S is  normally observed i n  s e p a r a r o r s  of l e S 2  c e l l s ,  no Li2S was observed i n  t h e  BN 
s e p a r a t o r  o f  t h e s e  two c e l l s .  The p o s i t i v e  e l e c t r o d e  con ta ined  a  l ayered- type  s t r u c t u r e  ( a  
p a r t i c l e - l i k e  s t r u c t u r e  normally o t s e r v e d  i n  FeS2 e l e c t r o d e s ) .  The s h o r t  c i r c u i t  i n  TiSp-1 was 
i s o l a t e d  t o  a s m a l l  a r e a  n e a r  t h e  m p  BN keeper ,  where a  th inned  a r e a  of  BN c l o t h  had been i n f i l -  
t r a t e d  wi th  a  l a r g e  amount of  m e t a l l i c  p a r t i c l e s .  The s h o r t  c i r c u i t  i n  TiSp-2 was a t t r i b u t e d  t o  
t t e  h.oneycomb c u r r e n t  c o l l e c t o r  of  t h e  p o s i t i v e  e l e c t r o d e  c u t t i n g  through t h e  BN s e p a r a t o r  n e a r  t h e  
b c t t m  edge of t h e  c e l l .  The n e g a t i v e  e l e c t r o d e s  ha3  a  s k e l e t a l - t y p e  m i c r o s t r u c t u r e .  The p o s i t i v e  
e l k c t r a d e  of TiSp-1 h a d . e x c e s s i v e  s v e l l i n g  (30-40%). 

Vezy l a r g e  (0 .2  mm) cub ic  c r y s t a l s  of  CaO wew obsery~et: throughout  t h e  BN s e p a r a t o r ,  and cons ider -  
abae  Zr02 f a b r i c  had been reduced t e  Zr3G. 3 e  conduc t ive  Zr02 c l o t h  was c o n t a c t i n g  b o t h  e l e c -  
t r s d e s ,  caus ing  a  p a r t i a l  s h o r t  c i r c u i t .  

Examination o f  t h e  upper p o r t i o n  of  t h e  c e l l  showed t h e  s h o r t  c i r c u i t  was caused by t h e  r u p t u r e  of  
t h e  H a s t e l l o y  B p i c t u r e  frames a t  tte b e n t  c c x e r s ;  t t i s  r u p t u r e  al lowed p o s i t i v e  e l e c t r o d e  N 
m a t e r i a l  t o  e x t r u d e  and make c o n t a c t  w i t h  t h e  n e g a t i v e  z l e c t r o d e .  The H a s t e l l o y  B shou ld  b e  W 
anreaxed  a f t e r  forming. h, 

C e l l  f a i l u r e  caused by t h e  absence of  s e p a r a t r r  j u s t  a h v e  t h e  bottom p i c t u r e  frame which per-  
mi tzed  p o s i t i v e  e l e c t r o d e  m a t e r i a l  t o  c o n t a c t  t 3 e  negalzve e l e c t r o d e .  A b a n d o f L i 2 S  was d e p o s i t e d  
i n  s e p a r a t o r .  The s e p a r a t o r  con ta ined  8.5 wt Z s u l f u r ;  n i c k e l  was n o t  observed.  S p h e r i c a l  Li-Al 
 articles n e a r  t n e  e l e c t r o d e  f a c e  i n d i c a t e d  l i t h i u m  e n ~ i c h m e n t .  

@I! f a i l u r e  caused by p o s i t i v e  e l e c e r o d e  m a t e r i a l  e x t e d i n g  p a s t  t h e  end of  t h e  BN f a b r i c  separa -  
t o r  axd c o n t a c t i n g  t h e  t o p  r e t a i n e r  frame ( a t  n e g a t i v e  p t e n t i a l ) .  A band o f  Li2S and Fe 
p s r ~ i c l e s  was d e p o s i t e d  i n  t h e  s e p a r a t o r ,  whirt.  a l s o  coa ta ined  16.7 wt X s u l f u r .  The n e g a t i v e  
e l e c t r o d e s  sho-de6 c o n s i d e r a b l e  expansion;  t h e  p c s i t i v e  e l e c t r o d e  was compressed. 

C e l l  f a i l u r e  caused by t h e  Zr02 c l o t h  of  t h e  p c s i t i v e  e l e c t r o d e  c o n t a c t i n g  t h e  frame a t  n e g a t i v e  
e l e c t r o d e  p o t e n t i a l .  The Zr02 becomes conduct% when r e a c t e d  w i t h  l i t h i u m .  The e l e c t r o l y t e  i n  
t h e  n e g a t i v e  e l e c t r o d e  was mos t ly  p r i n a r y  c r y s t a l s  of K31. 

The Lower meta l - to - su l fu r  r a t i o  i n  th:.s c e l l  reduced t h e  amount of Li2S normally d e p o s i t e d  i n  FeS2 
cell.; .  The s h o r t  c i r c u i t  was caused t y  e x t r u s i o n  of  ? o s i f i v e  e l e c t r o d e  m a t e r i a l ' t h r o u g h  a r u p t u r e  
i n  tEe s c r e e n  r e t a i n e r  and BN-fabric s e p a r a t o r  a e j a c e n t  t~ t h e  r e t a i n e r  frame. Th is  r u p t u r e  was 
p r . ~ b a b l y  caused by t h e  s e v e r e  s w e l l i n g  of  t h e  p o s i t i v e  e l a c t r o d e .  The e l e c t r o l y t e  i n  t h e  n e g a t i v e  
e l e c l r o e e  appeare t  t c  be  most ly pr imary c r y s t a l e :  of KC1. 



Cell Lifetime 
Number Reason for 
and Type Days Cycles Termination Comments 

M-4 172 
Li-A1/FeS2- 
NiS-Mo-Fe 
(HIS = 1.44) 

Loss of capacity Resistance of the as-received cell > 3  YX2. The cause of the declining capacity was not identified. 
This cell was operated t.3 evaluate the effects of a high-temperature carbon additive on cell per- 
formance. Chemical analysis showed 0.16 wt % carbon in the negative electrode. The current 
collectors showed excessive corrosion, which was attributed to cell operation at 5003C. 

End of test Room-temperature resistance of this cell was 3 Cl, indicating the existence of a partial short 
circuit. Metallographic examination and X-ray diffraction analysesa show that the molybdenum 
powder has participated in the cell cycling reactions. The Y203 saparator contained considerable 
metallic particulate and Y203S, with minor amount of Li2S. 

Declining 
performance 

Declining 
performance 

' These two cells were fabricated using the pellet method of forming electrodes. Cell PMC-1-01 con- 
tained FeSp, LigFe2S4, FeS, and MoSp in the positive electrode. m e  MoSp particles retained their 
original angular form, indicating that they did not enter into the cell reaction. Cell PMC-2-01 
contained FeS2, FeS, MoS2, with no evidence of the original molybdenum metal particles remaining. 
Both negative electrodes exhibited the typical Li-A1 structure, except for some agglomeration in 
Cell PMC-2-01. 

Poor The objective of this cell was to establish a NiS2 baseline for future additive studies. Lack of 
utilization electrolyte in the upper one-third of the positive electrode caused poor utilization; Li2S was 

de?osited in the separator. Also, unreacted aluminum wire was ob.;erved in the negative electrode. 10 
W 

Short circuit This cell was operated to evaluate the performance of a positive electrode with a sulfur-to-metal W 

ratio of 1.5 while cycling at the same charge-and discharge-cutoff voltages as an FeSp cell. A 
1.6 C2 resistance between electrodes (short circuit) was caused by the conductive ZrOp cloth con- 
tacting both electrodes. No Li2S was observed in the separator, but extensive corrosion of the 
Hastelloy B positive-current collectcr lowered the overall sulfur-to-metal ratio to an estimated 
value of 1.2. The positive electrode was severely compressed by the excessive expansion of the 
negative electrode. 

Short circuit. Examination showed that the short circuit was located in the lower Y203 insulator . ~ f  the feed- 
through. The chopped ZrOp fibers and carbon powder added to the positive electrode were well 
distributed. This cell used a LiC1-rich electrolyte. 

End of test Examination revealed that the positive electrode contained a mixture of CaS and Ni-S particles with 
a very dense layer of CaS at the front face of the electrode. The high density of this layer and 
its location probably caused a substantial reduction in cell performance by impeding ionic trans- 
port. The negative electrode contained primarily Mg2Si. 

Tani , Analytical Chemistry Laboratory, ANL. 
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