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PREFACE 

The program on high-temperature secondary b a t t e r i e s  a t  Argonne Nat iona l  
Labora tory  is c a r r i e d  ou t  p r i n c i p a l l y  i n  t h e  Chemical Engineering Div i s ion ,  
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 iven  by t h e  M a t e r i a l s  Science 
Div i s ion  and, f r o m t i m e  t o  t ime,  by o t h e r  Argonne d i v i s i o n s .  The ind iv idua l '  
e f f o r t s  of many s c i e n t i s t s ,  eng inee r s ,  and t e c h n i c i a n s  a r e  e s s e n t i a l  t o  t h e  
succes s  of t h e  program, and r ecogn i t i on  of t h e s e  e f f o r t s  i s  r e f l e c t e d  by t h e  
i n d i v i d u a l  c o n t r i b u t i o n s  c i t e d  throughout t h e  r e p o r t .  
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ABSTRACT 

This  r e p o r t  d e s c r i b e s  t h e  r e sea rch ,  development, and management 
a c t i v i t i e s  of t h e  program a t  Argonne Nat iona l  Laboratory (ANL) on 
lithium-aluminum/metal s u l f i d e  b a t t e r i e s  dur ing  t h e  per iod  October- 
December 1976. 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  propuls ion  and f o r  s t a t i o n a r y  energy s t o r a g e  a p p l i c a t i o n s .  
The p re sen t  b a t t e r y  c e l l s ,  which o p e r a t e  a t  400-450°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 sma t i c  des ign  wi th  a c e n t r a l  p o s i t i v e  e l ec -  
t r o d e  of FeS o r  FeS2, two f a c i n g  nega t ive  e l e c t r o d e s  of l i th ium-  
aluminum a l l o y ,  and an e l e c t r o l y t e  of molten LiC1-KC1. 

A major o b j e c t i v e  of t h i s  program i s  t o  t r a n s f e r  t h e  technology 
t o  i n d u s t r y  a s ' i t  i s  'developed, w i th  t h e  u l t i m a t e  goa l  of a  compet- 
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  commercial product ion of  
lithium-aluminum/metal s u l f i d e  b a t t e r i e s .  Technology t r a n s f e r  i s  
be ing  implemented by s e v e r a l  means, i nc lud ing  t h e  a s ~ ~ g n m e n t  of 
i n d u s t r i a l  p a r t i c i p a n t s  t o  ANL l a b o r a t o r i e s  f o r  v a r i o u s  pe r iods  of 
t ime and t h e  subcon t r ac t ing  of development and f a b r i c a t i o n  work on 
c e l l s ,  c e l l  components and b a t t e r y  t e s t i n g  equipment t o  i n d u s t r i a l  
f i rms .  

T e s t i n g  and eva lua t ion  of i n d u s t r i a l l y  f a b r i c a t e d  c e l l s  i s  con- 
t i n u i n g .  During t h i s  pe r iod ,  Li-Al/FeS and ~ i - A l / F e s ~  c e l l s  from 
Eagle-Picher I n d u s t r i e s  have been t e s t e d ,  and t e s t s  of  ~ i - A l / F e S  
c e l l s  from Gould Inc.  have been i n i t i a t e d .  The c e l l s  a r e  t e s t e d  
i n d i v i d u a l l y  and i n  p a r a l l e l  and s e r i e s  b a t t e r y  con f igu ra t ions .  
These t e s t s  provide  informat ion  on t h e  e f f e c t s  of c e l l  des ign  mod- 
i f i c a t i o n s  and a l t e r n a t i v e  m a t e r i a l s .  Improved e l e c t r o d e  and c e l l  
des igns  a r e  be ing  developed and t e s t e d  a t  ANL, and t h e  more prom- 
i s i n g  des igns  a r e  incorpora ted  i n  t h e  i n d u s t r i a l l y  f a b r i c a t e d  c e l l s .  
Among t h e  concepts  r e c e i v i n g  major a t t e n t i o n  a r e  carbon-bonded 
p o s i t i v e  e l e c t r o d e s ,  scaled-up s t a t i o n a r y  energy s t o r a g e  c e l l  
des igns ,  a d d i t i v e s  t o  extend e l e c t r o d e  l i f e t i m e ,  and a l t e r n a t i v e  
e l e c t r o d e  s e p a r a t o r s .  

The m a t e r i a l s  development e f f o r t s  i nc lude  t h e  development 
of a  new l igh twe igh t  e l e c t r i c a l  feedthrough;  i n v e s t i g a t i o n s  of 
new s e p a r a t o r  m a t e r i a l s  ( e . g . ,  Y2O3 powder, Y2O3 f e l t ,  and porous, 
r i g i d  ceramics) ;  co r ros ion  t e s t s  of m a t e r i a l s  f o r  c e l l  components;. 
and pos tope?a t ive  examinat ions of c e l l s .  The c e l l  chemistry 
s t u d i e s  were d i r e c t e d  t o  d i scha rge  mechanisms of FeS e l e c t r o d e s ,  
emf measurements of t h e  LiA1/FeS2 couple a t  v a r i o u s  s t a t e s  of d i s -  
charge ,  and s t u d i e s  of o t h e r  t r a n s i t i o n - m e t a l  s u l f i d e s  a s  pos i t i ve -  
e l e c t r o d e  m a t e r i a l s .  The advanced .ba t t e ry  e f f o r t  mainly concerned 
t h e  use  of calcium a l l o y s  f o r  t h e  n e g a t i v e  e l e c t r o d e  and t r a n s i -  
t i o n  meta l  s u l f i d e s  o r  oxides  [or t h e  p o s i t i v e  e l e c t r o d e .  



SUMMARY 

Commercial Development 

The o b j e c t i v e  of  t h e  commercial development e f f o r t  i s  t o  assist i n  t h e  
e s t ab l i shmen t  o f  a  compet i t ive ,  s e l f - s u s t a i n i n g  i n d u s t r y  capable of producing 
a supply  o f  l i t h iumlme ta l  s u l f i d e  b a t t e r i e s  t h a t  w i l l  meet n a t i o n a l  needs. 
A commercial development p l an  t h a t  c o n s i s t s  of  a  market s tudy ,  an a n a l y s i s  
of b a t t e r y  c o s t  as a f u n c t i o n  of  product ion  r a t e ,  a manufacturing p l an ,  a  
f i n a n c i a l  p l an ,  arid an  a n a l y s i s  of competing technologies  has  been i n i t i a t e d .  

C a l c u l a t i o n s  were made t h a t  r e l a t e d  t h e  e f f i c i e n c y  of b a t t e r y  f o r  two 
types  of  automobiles (compact and family)  t o  t h e  mi l e s  d r iven  pe r  yea r  and 
t h e  amount of h e a t  l o s s  through t h e  b a t t e r y  i n s u l a t i o n  dur ing  t h e  year .  The 
r e s u l t s  l e d  t o  t h e  fo l lowing  conclusi,ons: (1) t h e  energy e f f i c - - - i ~ n c i e s  of 
bo th  LaLLrries are very  s e n s i t i v e  t o  t h e  miles d r iven  p e r  y e a r  and t h e  b a ~ l e r y  
h e a t  l o s s ;  ( 2 )  t h e  cost of maintaini.ng the  b o t t c r y  tcnipt~aLure can Be reduced 
t o  z e r o  f o r  automobiles t h a t  a r e  d r iven  %6000-10,000 km per  yea r  i f  t h e  l a t -  
teries a r c  w c l l  insulated; and (3) h e a t  l o s s  rates of 75-100 W f o r  a  30 kW-hr 
compact c a r  b a t t e r y  and 150-200 W f o r  a  50 kW-hr family c a r  b a t t e r y  a r e  
a c c e p t a b l e  f o r  normal d r i v i n g  p a t t e r n s .  I n  a d d i t i o n ,  hea t - lo s s  c a l c u l a t i o n s  
have i n d i c a t e d  t h a t  a 1-cm-thick vacuum-foil i n s u l a t e d  j a c k e t  i s  l i k e l y  t o  
m e e t  t h e  requirements  f o r  an e l ec t r i c -veh i . c l e  b a t t e r y .  A vacuum-foTl insu-  
l a t e d  j a c k e t  f o r  use  i n  a  s i x - c e l l  b a t t e r y  test is  be ing  prepared by Linde 
( a  d i v i s i o n  of Union Carbide Corp. ) . 

A conceptua l  des ign  and c o s t  s tudy  of a  5  MW-hr t ruckab le  module t h a t  i s  
s u i t a b l e  f o r  t e s t i n g  i n  t h e  BEST (Bat te ry  Energy Storage  Tes t )  F a c i l i t y  has  
been completed. The l i t h i u m l i r o n  s u l f i d e  bat ' tery module i s  expected t o  be 
ready f o r  t e s t i n g  i n  t h e  BEST F a c i l i t y  i n  1981 o r  1982. 

The commercial izat ion p lan  fnr Li-Al/metal a u l f i d e  LdLLeries i nc ludes  
c o n t r a c t u a l  arrangements wi th  i n d u s t r i a l  f i rms  t o  develup and fabricate c e l l s ,  
c e l l  components, battery components, and b a t t e r y  tes l iug equipment. Gould 
Inc .  has  completed t h e  f a b r i c a t i o n  of s i x  uncharged Li-Al/PeS c e l l s  w i th  1 3  x 
1 8  cm (5 x 7 i n . )  hot-pressed e l e c t r o d e s .  The p re sen t  e f f o r t  a t  Eagle-Picher 
I n d u s t r i e s ,  Inc. i s  d i r e c t e d  toward t h e  product ion of 58 Li-AlIFeS c e l l s  w i th  
1 3  x 1 3  cm ( 5  x 5 i n . )  cold-pressed.  uncharged FPS e l e s t r o d c o ,  These Edgle- 
P l c h e r  c e l l s  i n c o r p o r a t ~  several decign v ~ r i a t i o n s ,  such as t h e  r a t i o  uf 
p o s i t i v e  and nega t ive  e l e c t r o d e  c a p a c i t i e s ,  s i z e  of t h e  p o s i t i v e  c u r r e n t  lead ,  
and t h e  type  of e l e c t r o d e  s e p a r a t o r .  Eagle-Picher i s  a l s o  involved i n  a  
coope ra t ive  e f f o r t  w i th  ANL i n  a  des ign  s tudy  of a housing f o r  a  30-kW-hr 
e l e c t r i c  v e h i c l e  h a t t e r y .  The Ca ta lys t  Research Corp. i s  cont inuing  t o  
develop s i m p l i f i e d  procedures  f o r  t h e  f ~ h r i c a t i o n  oE c e l l s .  The Carborundum 
Corp. i s  producing BN f i b e r  f o r  near-term use  i n  c e l l  s e p a r a t o r s  and has  
developed p ro to type  paper  s e p a r a t o r s  of BN f i b e r s  bonded w i t h  BN. A process  
f o r  t h e  product ion of Li2S from Li2C03 and H2S has  heen developed by Eagle- 
P i c h e r  f o r  u se  i n  uncharged c e l l s .  Various o t h e r  c o n t r a c t s  w i th  i n d u s t r i a l  
f i rms  invo lve  the  development of a l t e r n a t i v e  s e p a r a t o r s  such a s  BN and Y203 
f e l t s ,  and t h e  development of  e l e c t r i c a l  feedthroughs.  

A c o n t r a c t  w i t h  I n t e r n a t i o n a l  Harves te r  on t h e  development of a  computer- 
c o n t r o l l e d  s imu la to r  f o r  e l e c t r i c - v e h i c l e  load  p r o f i l e s  has  been completed. 



A computer program has a l s o  been developed t o  c a l c u l a t e  t h e  e f f e c t s  of v a r i a -  
t i o n s  i n  t h e  c o n t r o l  and power-train elements  on t h e  range and performance 
of e . l e c t r i c  v e h i c l e s .  Although t h e  computer program has  n o t  y e t  been f u l l y  
v e r i f i e d ,  s imula ted  runs  f o r  a  lead-acid b a t t e r y  v e h i c l e  have given r e s u l t s  
t h a t  a r e  i n  good agreement witli publ ished d a t a  of road t e s t s  f o r  similar 
b a t t e r i e s .  

I n d u s t r i a l  C e l l  and Ba t t e ry  T e s t i n g  

Tes t ing  of Li-A1/FeS2 c e l l s  f a b r i c a t e d  by Eagle-Picher h a s  cont inued a t  
ANL. The e l e c t r o d e s  were made by cold-pressing t h e  a c t i v e  powder i n t o  honey- 
comb 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 .  The Eagle-Picher c e l l s  a r e  of two types  
and d i f f e r  from each o t h e r  p r i n c i p a l l y  i n  e l e c t r o d e  th i ckness .  I n  t h e  Type A 
( t h i n )  c e l l s ,  t h e  nega t ive  e l e c t r o d e  th i cknesses  and t h e  p o s i t i v e  e l e c t r o d e  
half- thick.nesses  a r e  both  0.35 cm. I n  t h e  Type B ( t h i c k )  c e l l s ,  t h e  nega t ive  
e l e c t r o d e s  a r e  0.7 cm t h i c k  and t h e  ha l f - th i cknesses  of t h e  p o s i t i v e  e l ec -  
t r o d e  a r e  0.6 cm. 

T h r e e  Type B L i -Al /~eS2  c e l l s  (EP-2B4, -2B5, and 2B7) were deep cycled 
a t  cons t an t  c u r r e n t  charge and d ischarge  t o  t e s t  t h e  e f f e c t s  of changing t h e  
charge c u t o f f  vo l t age .  The r e s u l t s  showed t h a t  i n c r e a s i n g  t h e  charge c u t o f f  
v o l t a g e  from 2.0 t o  2.2 V i nc reased  t h e  c e l l  capac i ty  from 80 t o  114 A-hr. 
A r educ t ion  of t h e  charge, cu to f f  v o l t a g e  from 2.2 t o  2.0 V had no s i g n i f i c a n t  
e f f e c t  on c e l l  l i f e t i m e .  Tes t ing  of C e l l  EP-2B4 was terminated a f t e r  1700 h r  
and 130 cyc le s  because of  d e c l i n i n g  c a p a c i t y ,  and t e s t i n g  of C e l l  EP-2B5 w a s  
terminated a f t e r  2175 h r  and 127 cyc le s  because of decreas ing  coulombic 
e f f i c i e n c y .  C e l l  EP-2B7 cont inues  t o  o p e r a t e  w e l l  a f t e r  more than  1850 h r  
and 350 c y c l e s ,  with a s p e c i f i c  energy of 40 W-hr/kg a t  t h e  2-hr rate. 

The Type A Li-A1/FeS2 c e l l s  tend t o  have a  h ighe r  s p e c i f i c  power b u t  
lower s p e c i f i c  energy than  t h e  Type B c e l l s .  Typica l  performance f o r  t h e  
Type A c e l l s  w a s  r e f l e c t e d  i n  t h e  performance of EP-2A5. This  c e l l  had an 
i n i t i a l  s p e c i f i c  energy of 66 W-hr/kg (4.1-hr r a t e ) ,  which dec l ined  t o  42 
W-hr/kg a f t e r  200 deep cyc le s .  The Type A c e l l s  have n o t  shown t h e  dependence 
of capac i ty  on charge c u t o f f  v o l t a g e  a s  w a s  observed wi th  t h e  Type B c e l l s .  

T e s t s  have been i n i t i a t e d  on t h e  f i r s t  Li-Al/FeS c e l l s  from Eagle-Picher 
which a r e  d e v i a t i o n s  from t h e  b a s e l i n e  Type J j  design. T l ~ e  f i r s t  des ign  v s r i -  
a t i o n  t o  b e  t e s t e d  i s  t h e  use  of s e p a r a t o r s  u s ing  Y2O3 f e l t ,  r a t h e r  than  BN 
f a b r i c .  F a i l u r e s  of two of t h e s e  c e l l s  and one ANL c e l l  u s ing  t h e  Y2Og-felt 
s e p a r a t o r  a f t e r  400 t o  500 h r  i n d i c a t e d  t h a t  t h i s  type  of s e p a r a t o r  is  n o t  
compatible w i th  t h e  c u r r e n t  c e l l  des igns  and f a b r i c a t i o n  procedures .  

Four  T>I-AI . /F~s  c e l l s  w i th  1 3  x 1 8  cm (5 x 7 in, .)  hot-pressed,  uncharged 
e lec t ' rodes  have been rece ived  from Gould. T e s t s  o$ t h e s e  c e l l s  have been 
s t a r t e d .  

A c e l l  des ign  model has  been developed t o  eva lua t e  t h e  e f f e c t s  of des ign  
changes on t h e  s p e c i f i c  energy and power of t h e  c e l l s .  The modeling s t u d i e s  
have.shown t h a t  t h e  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  weight i n  c u r r e n t  c e l l  
des igns  should be inc reased ,  b u t  t h a t  this can be done only by shaving t h e  
weights  of s e v e r a l  components. The s t u d i e s  a l s o  i n d i c a t e  t h a t  g r e a t e r  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  would be k~ igh ly  b e n e f i c i a l .  



T e s t i n g  of c e l l s  i n  a s e r i e s  arrangement was conducted t o  s tudy  t h e  
i n t e r a c t i o n s  of  t h e  c e l l s  and t o  e s t a b l i s h  d a t a  f o r  t h e  scale-up of b a t t e r y  
des igns .  I n  B a t t e r y  B7-S [two Type B ( t h i c k )  Li-Al/Fes c e l l s  i n  s e r i e s ] ,  
combinations of d i scharge lcharge  r a t e s  and e q u a l i z a t i o n  t imes were s t u d i e d  
t o  e s t a b l i s h  s p e c i f i c  e n e r g i e s  a t  d i f f e r e n t  deep d ischarge  r a t e s  t o  a  1.0-V 
c u t o f f .  A t  t h e  5-hr d i scha rge  r a t e  followed by a 6-hr bulk  charge and 4-hr 
e q u a l i z a t i o n  charge ,  a s p e c i f i c  energy of ~ 4 2  W-hr/kg was obta ined  over  36 
cyc le s .  B a t t e r y  B9-S [two Type A ( t h i n )  Li-Al/FeS c e l l s ]  was t e s t e d  t o  s tudy 
t h e  problems a s s o c i a t e d  w i t h  s t a r t -up  and cond i t i on ing  of c e l l s  i n  s e r i e s ,  
Because of  i n i t i a l  c e l l  r e s i s t a n c e s ,  a 25% reduc t ion  i n  t h e  c u r r e n t  normally 
used f o r  s t a r t - u p  and cond i t i on ing  promoted t h e  break-in of t h e  c e l l s .  Test-  
i n g  of  B a t t e r y  B9-S [two Type A ) ( t h i n )  Li-A1/FeS2 c e l l s  i n  s e r i e s ]  was 
d i r e c t e d  a t  an e v a l u a t i o n  of  t h e  e f f e c t s  of i n t e r s p e r s i n g  shal low c y c l e s  
between t h e  deep cyc le s .  On deep cyc l ing  a f t e r  a number of shal low c y l e s ,  
t h e  b a t t e r y  showed a d e c l i n e  i n  energy e f f i c i e n c y  (-5%) wi th  shal low cyc l ing  
at  t h e  2- and 4-hr r a t e s ,  b u t  no s i g n i f i c a n t  change a t  t h e  5 >kr r a w .  The 
s p e c f f i c  energy a l s o  showed t h i s  d e c l i n i n g  t r cnd .  

T e s t i n g  of B a t t e l y  B7-S has continued f o r  over  4152 h r  and 225 c y c l e s ,  
w i t h  a  s p e c i f i c  energy of about 42 W-hr/kg a t  t h e  5-hr r a t e .  Ba t t e ry  B9-S 
is  ach iev ing  a  s p e c i f i c  energy of 46 W-hr/kg a t  t h e  5-hr r a t e  a f t e r  744 h r  
and 66 cyc le s .  B a t t e r y  B8-S y i e lded  a  s p e c i f i c  energy of about 38 W-hr/kg 
a f t e r  2250 h r  and 378 cyc le s ;  t h i s  t e s t  has  now been terminated t o  determine 
t h e  cause of i n c r e a s i n g  c e l l  r e s i s t a n c e .  

B a t t e r y  Charging Systems 

De ta i l ed  measurements of t h e  pro to type  s i x - c e l l  charge-equal izat ion 
u n i t s  developed by Gulton I n d u s t r i e s ,  Inc .  have shown that they meet a l l  t h e  
d c s i g a  s p r c l f i c a e l o n s .  The s u c c e s s f u l  ope ra t ion  o f  t he se  u n i t c  i o  a s i g n i l -  
i c u L  d f e s r o r i e  i n  showing t h a t  c e l l  e q u a l i z a t i o n  can be e f f e c t e d  wi th  a  
s imple ,  l i gh twe igh t  system t h a t  chows promise of be ing  economiral . 

A six-cel  l mon.i tor /control lcr  u n i t ,  ~ l l a t  monf t o r s  individual .  c e l l  v o l t -  
ages  and t e rmina te s  t h e  charge o r  d i scha rge  when any c e l l  reaches a  p r e s e t  
c u t o f f  v o l t a g e ,  i s  now o p e r a t i o n a l ;  another  u n i t  i s  under cons t ruc t ion .  

C e l l  Development and Engineerfng ' 

Thi 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 and t e s t i n g  
of ~ i - A l / ~ e s ,  c e l l s  having improved performance and lower c o s t .  The work i s  
concent ra ted  on t h e  development of c e l l s  t h a t  a r e  adap tab le  t o  t h e  e l e c t r i c  
v e h i c l e .  

Uncharged c e l l s  w i t h  hot-pressed FeS2 e l e c t r o d e s  a r e  being developed 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 .  Two c e l l s  of  t h i s  type ,  R-23 and R-24, 
have been placed i n  ope ra t ion .  I n  C e l l  R-23 t h e  nega t ive  e l e c t r o d e s  a r e  
p laques  of pressed  aluminum wi re ,  whereas i n  C e l l  R-24 the  nega t ive  e l e c t r o d e s  
c o n t a i n  Li-A1 a l l o y  i n  t h e  pressed  aluminum w i r e ,  a  p o r t i o n ' o f  which then  
s e r v e s  as a c u r r e n t  c o l l e c t o r .  A t  a d ischarge  cu r r en t  d e n s i t y  of 100 d / c m 2 ,  
t h e  r e s p e c t i v e  u t i l i z a t i o n s  and c a p a c i t i e s  were 53% and 55 A-hr f o r  C e l l  R-23, 
and 83% and 93  A-hr f o r  C e l l  R-24. The h ighe r  performance of C e l l  R-24 i s  
a t t r i b u t e d  t o  b e t t e r  c u r r e n t  c o l l e c t i o n  i n  t h e  nega t ive  e l e c t r o d e  i n  which a  
p a r t  of t h e  pressed  aluminum w i r e  ac t ed  a s  a  c u r r e n t - c o l l e c t i n g  mat r ix .  



Carbon-bonded p o s i t i v e  e l e c t r o d e s  us ing  FeS o r  FeS2 a s  t h e  a c t i v e  
m a t e r i a l  cont inue  t o  show promise. C e l l  KK-5, an uncharged Li-Al/FeS-Cu2S 
c e l l ,  has  l o s t  only 5% of  i t s  peak capac i ty  a f t e r  5600 h r  and 320 cyc le s .  
C e l l  CB-1, a  charged c e l l  wi th  a  carbon-bonded CuFeS2 e l e c t r o d e ,  has  accumu- 
l a t e d  7800 h r  and 562 cyc le s  wi th  7% d e c l i n e  i n  capac i ty  a t  t h e  5-hr d i scharge  
r a t e  dur ing  t h e  l a s t  6000 h r .  A l a rge - sca l e  c e l l  (25 x 35 cm) wi th  a  carbon- 
bonded FeS-Cu2S p o s i t i v e  e l e c t r o d e  has  been opera ted  f o r  2000 h r  and 92 c y c l e s ,  
and has  achieved 69% of t h e  t h e o r e t i c a l  capac i ty  a t  t h e  10-hr d ischarge  r a t e  
wi th  a  coulombic e f f i c i e n c y  of 99%. 

Mate r i a l s  Development 

The a d d i t i o n  of a  t h i r d  meta l  t o  t h e  Li-A1 a l l o y  nega t ive  e l e c t r o d e  t o  
prevent  o r  minimize capac i ty  d e c l i n e  i s  being i n v e s t i g a t e d  i n  engineering-size 
(13 x 1 3  cm) Li/Li-Al c e l l s  ( t h e  FM s e r i e s ) .  Addi t ions  of indium showed a 
b e n e f i c i a l  e f f e c t ;  any f avorab le  e f f e c t s  from calcium a d d i t i o n  s lowly d i s -  
appeared. 

The use  of s o l i d  Li-A1 a l l o y  p laques ,  w i th  low l i t h i u m  con ten t ,  a s  nega- 
t i v e  e l e c t r o d e s  i n  uncharged FeS2 c e l l s  h a s  shown promise. Two uncharged 
Li-A1/FeS2-CoS.cells w i th  BN f e l t  s e p a r a t o r s  have achieved s p e c i f i c  e n e r g i e s  
of 100 W-hr/kg a t  slow d ischarge  r a t e s  of 10 and 14  h r ,  r e s p e c t i v e l y .  

The c o r r o s i v e  environment w i t h i n  L ~ - A ~ / L ~ C I - K C ~ / J ? ~ S ~  c e l l s  prec ludes  
t h e  ready adap ta t ion  of most commercially a v a i l a b l e  e l e c t r i c a l  feedthroughs.  
Improvements have been made i n  t h e  Conax compression-type feedthrough by 
r e p l a c i n g  t h e  lower BN i n s u l a t o r  w i th  a s t r o n g e r  one of Y2O3 and by e l imina t -  
i ng  t h e  massive compression nu t  by crimping t h e  housing around a meta l  r i n g .  
This  arrangement pe rmi t s  t h e  use  of a  secondary so lde r -g l a s s  s e a l  above t h e  
primary BN powder s e a l ,  t hus  decreas ing  t h e  l e a k  r a t e  by about l o 4 .  Th i s  
modified Conax feedthrough has  proved t o  be  r e l i a b l e  i n  a l l  ANL and commercial 
c e l l s .  An e f f o r t  i s  i n  p rog res s  t o  develop a so lde r -g l a s s  s e a l  t h a t  can be  
used wi th  molybdenum a s  w e l l  a s  i r o n  c u r r e n t  c o l l e c t o r s .  

Paper and f e l t  s e p a r a t o r s  a r e  be ing  developed a s  a l t e r n a t i v e s  f o r  t h e  
BN f a b r i c  t h a t  i s  c u r r e n t l y  used i n  Li-AlILiC1-KC1/FeSx c e l l s .  T e s t s  con- 
ducted on a Y2O3 f e l t  e l e c t r o d e  s e p a r a t o r  w i th  a  325-mesh screen  over  each 
e l e c t r o d e  f a c e  showed t h a t  t h i s  i s  an e f f e c t i v e  s e p a r a t o r - r e t a i n e r  combina- 
t i o n .  An e f f o r t  has  been i n i t i a t e d  on t h e  development of powder s e p a r a t o r s  
us ing  Y203 powder wi th  a  p a r t i c l e  s i z e  range of. 150-250 pm. A c e l l  w i t h  
t h i s  type  of s e p a r a t o r  was opera ted  200 h r  w i th  v e r y  good e l e c t r i c a l  per- 
formance. Other powders such a s  A l N ,  MgO and CaO a r e  under cons ide ra t ion  
f o r  u se  i n  powder s e p a r a t o r s .  

Porous, monol i th ic  ceramic p l a t e s  a r e  under cons ide ra t ion  a s  a l t e r n a -  
t i v e s  t o  BN f a b r i c  s e p a r a t o r s .  The fo l lowing  approaches t o  f a b r i c a t i n g  these  
p l a t e s  a r e  be ing  eva lua ted :  foaming techniques ,  a l t e r a t i o n  of t h e  s u r f a c e  
morphology of t h e  p a r t i c l e s ,  and t h e  use  of t r a n s i e n t  pore formers.  

Current  c o l l e c t o r s  i n  t h e  p o s i t i v e  e l e c t r o d e  a r e  exposed t o  meta l  s u l f i d e  
and molten T, iCI-KC1 e u t e c t i c ,  a cond i t i on  t h a t  r e s u l t s  i n  r a p i d  a t t a c k  on 
most commonly used metals .  Thus a  number of meta ls  have been sub jec t ed  t o  
co r ros ion  t,esCs i n  mixtures  of LiC1-KC1 wi th  FeS and w i t h  FeS2 f o r  500 t o  
1000 h r  a t  400 t o  500°C. A v a r i e t y  of  meta l s ,  i nc lud ing  molybdenum, n i c k e l ,  



niobium, Has t e l loys  B and C ,  and s e v e r a l  Incone l s  are compatible w i t h  t h e  
FeS 'system. Low-carbon s t e e l s  have a l s o  been used i n  c e l l s . w i t h  only minor 
c o r r o s i o n  over  t h e  tempera ture  range;  Has t e l loy  B appears  t o  be margina l ly  
a c c e p t a b l e  a t  400°C. The brazed feedthrough r e q u i r e s  c o r r o s i o n - r e s i s t a n t ,  
h i g h - i n t e g r i t y  brazed  j o i n t s  between t h e  ceramic i n s u l a t o r  and t h e  m e t a l l i c  
components, conducting rod ,  and c e l l  housing. To f a c i l i t a t e  t h e  formation 
of t h i s  j o i n t ,  Coors P o r c e l a i n  Co. has developed s e v e r a l  p rocesses  f o r  metal- 
l i z i n g  t h e  s u r f a c e  of Y203 ceramics.  These processes  were eva lua ted  by 
exposing 'meta l l ized  samples t o  mixtures  of LiC1-KC1 and Li-A1 for 300 and 
900 h r  a t  450°C. The r e s u l t s  of t h e s e  i n i t i a l  t e s t s  a r e  encouraging. 

Pos tope ra t ive  examinat ions were cont inued on c e l l s  produced by AM, and 
by t h e  i n d u s t r i a l  c o n t r a c t o r s .  Chemical ana lyses  of samples from f i v e  ver- 
t i c a l  p r i s m a t i c  c e l l s  have shown t h a t  s u l f u r  i s  d i s t r i b u t e d  f a i r l y  homoge- 
neous ly  throughout t h e  p o s i t i v e  e l e c t r o d e s  and t h a t  no s?.gnj.fi .cant s e t t l i n g  
of  t h e  a c t i v e  m a t e r i a l  had occurred .  No cross-contamination between t h e  
p o s i t i v e  and nega t ive  e l e c t r o d e s  was eviden't .  However, r e c e n t  examinat ions 
of  Li-A1/Fes2 c e l l s  have revea led  t h e  presence of Li2S i n  BN f a b r i c  and f e l t  
s e p a r a t o r s .  The Li2S is c r y s t a l l i n e  and i s  accompanfed by p r e c i p i t a t e d  
m e t a l l i c  i r o n  p a r t i c l e s . '  The mechanism involved i n  t h e  depnsikion. of t h e  
Li2S i s  n o t  known, n o r  h a s  t h e  e f f e c t  of t h e s e  d e p o s i t s  on c e l l  performance 
been determined. Ca re fu l  examinat ions of FeS c e l l s  have shown no evidence 
of Li2S i n  t h e  s e p a r a t o r s .  

Among e i g h t  p r i s m a t i c  c e l l s  o f  va r ious  types  t h a t  were sub jec t ed  t o  post- 
o p e r a t i v e  examination, s i x  had f a i l e d  because of s h o r t  c i r c u i t s .  The s h o r t  
c i r c u i t s  had s e v e r a l  d i f f e r e n t  causes :  depos i t i on  of copper i n  t h e  s e p a r a t o r  
of  an FeS-Cu2S c e l 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  from e i t h e r  t h e  p o s i t i v e  o r  
n e g a t i v e  e l e c t r o d e ,  and displacement  of  c u r r e n t  c o l l e c t n r s  a s  a result of 
e l e c t r o d e  swe l l i ng .  Opesation of t h e  n rhe r  twn c e l l s ,  which both had FcS2- 
CoS2 p o s i t i v e  e l e c t r o d e s ,  was terminated because of d e c l i n i n g  capac i ty .  

The d ischarge  of FeS e l e c t r o d e s  i n  t h e  presence of LiC1-KC1 e i r t ec t i c  
e l e c t r o l y t e  l e a d s  t o  t h e  formation of Li2S and i r o n  a t  f u l l  d i scharge .  A 
d e t a i l e d  s tudy  h a s  been conducted on t h e  r e a c t i o n s  t h a t  occur  dur ing  t h e  
d i scha rge  o f  t h e  FeS e l e c t r o d e .  Apparent ly,  t h e  d i scha rge  occurs  by two 
p a t h s  i nvo lv ing  t h e  conversion of  FeS e i t h e r  t o  Li2FeS2 o r  "J-phase" 
(LiK6Fe24S26C1), followed by t h e  r educ t ion  of t h e s e  two phases t o  Li2S and 
i.ron. The a d d i t i o n  of 9 mol % NaCl t o  t h e  LiC1-KC1 e u t e c t i c  e l e c t r o l y t e  
appeared t o  improve t h e  k i n e t i c s  of t h e  J-phase r educ t ion ,  which may b e  a 
r a r e - l i m i t i n g  s t e p .  

To provide a b e t t e r  thermodynamic d e s c r i p t i o n  of t h e  system, emf measure- 
ments a r e  being made on t h e  LiA1/FeS2 couple a s  a func t ion  of temperature and 
s t a t e  of d i scharge  of t h e  FeS2 e l e c t r o d e .  A t  427°C t h e  emf f o r  t h e  upper 
v o l t a g e  p l a t e a u  is  1.764 V w i th  a temperature c o e f f i c i e n t  of 0.35 m V / O c ,  and 
that  f o r  t h e  lower p l a t e a u  is  1.327 V w i th  a temperature c o e f f i c i e n t  of 
-0.16 mVI0C.  

S t u d i e s  were conducted on a v a r i e t y  of t r ans i t i on -me ta l  s u l f i d e s  a s  
p o s s i b l e  a l t e r n a t i v e s  t o  FeS o r  FeS2 i n  p o s i t i v e  e l e c t r o d e s .  Small cell  
t e s t s  i n d i c a t e d  t h a t  TiS2 and NiS2 a r e  promising cand ida t e s .  Another s tudy  



i n d i c a t e d  t h a t  Li2S contamination of  t h e  Li-A1 e l e c t r o d e  h a s . l i t t l e  e f f e c t  on 
i t s  performance. 

A much h ighe r  s p e c i f i c  energy than  t h a t  of  t h e  p re sen t  l i t h i u m l i r o n  s u l -  
f i d e  c e l l s  would r e s u l t  i f  l i q u i d  l i t h i u m  e l e c t r o d e s  could he  developed suc- 
c e s s f u l l y .  The p re sen t  s t u d i e s  have been aimed a t  main ta in ing  p r e f e r e n t i a l  
we t t i ng  of s t a i n l e s s  s t e e l  s u b s t r a t e s  by t h e  l i q u i d  l i t h i u m  i n  t h e  presence  
of molten-sal t  e l e c t r o l y t e .  A Li-1.2 a t .  % CuILiF-LiC1-KClIFeS c y l i n d r i c a l  
c e l l  w a s  cons t ruc t ed  on t h e  b a s i s  o f . t h e  w e t t i n g  s tudy .  This  c e l l  h a s  oper- 
a t e d  f o r  more than  60 charge-discharge cyc l e s  w i th  no evidence of s h o r t  
c i r c u i t i n g  o r  dewett ing;  however, i ts  capac i ty  i s  only 25 A-hr. Other  c e l l  
des igns  a r e  being considered.  

Advanced B a t t e r y  Research 

Thermodynamic c a l c u l a t i o n s  were recorded f o r  a v a r i e t y  of t r a n s i t i o n -  
meta l  s u l f i d e s  t o  e s t ima te  t h e  v o l t a g e s ,  s p e c i f i c  e n e r g i e s  and overcharge 
p o t e n t i a l s  of c e l l  systems us ing  t h e s e  m a t e r i a l s  i n  t h e  p o s i t i v e  e l e c t r o d e .  

Metal oxide e l e c t r o d e s  a r e  be ing  considered f o r  use i n  secondary molten- 
salt  c e l l s .  Thermodynamic c a l c u l a t i o n s  and c e l l  t e s t s  were conducted on 
oxide  p o s i t i v e  e l e c t r o d e s .  Calcium f e r r a t e  (ca2Fe205) appears  t o  b e  a 
promising p o s i t i v e  e l e c t r o d e  f o r  u se  wi th  a calcium-alloy nega t ive  e l e c t r o d e .  
Of t h e  va r ious  calcium-alloy e l e c t r o d e s  t h a t  have been t e s t e d  (Ca-Mg-Si, 
CaMg2, CaA12, Ca-Al-Ca, and Ca2Si),  t h e  Ca-Mg-Si system has  shown t h e  b e s t  
performance " .  c h a r a c t e r i s t i c s .  

Two engineer ing-sca le  (%60 A-hr capac i ty )  ~ a - a l l o y / F e S  c e l l s  have been 
opera ted .  A CaA12/FeS c e l l  was opera ted  f o r  1500 h r  and 53 cyc le s .  It had 
a high coulombic e f f i c i e n c y  u n t i l  t h e  temperature was r a i s e d  from 482 t o  
498OC; t h e  h i g h e r  temperature apparent ly  caused t h e  formation of a l i q u i d  
meta l  phase i n  t h e  nega t ive  e l ec t rode .  Operat ion of  a Ca2Si/FeS c e l l  a t  
500°C w a s  t e rmina ted  a f t e r  20 cyc le s  because of a s h o r t  c i r c u i t  caused by 
leakage of a c t i v e  m a t e r i a l  from t h e  p o s i t i v e  e l e c t r o d e .  

C e l l  and B a t t e r y  Development a t  Atomics I n t e r n a t i o n a l  

Severa l  sma l l  c e l l s  ,with LiqSi, n e g a t i v e  e l e c t r o d e s ,  FeS p o s i t i v e  e l ec -  
t r o d e s  and LiC1-KC1 e l e c t r o l y t e  were t e s t e d .  Four t ypes  of s e p a r a t o r  
m a t e r i a l s  were used. These included BN c l o t h ;  r i g i d ,  porous A1N and Si3N4 
p l a t e s ;  and a s e p a r a t o r  made by packing A1N powder i n  a c a v i t y  between 
ad jacen t  e l e c t r o d e s .  The l a s t  has  y i e lded  t h e  most promising r e s u l t s .  Work 
i s  i n  progress  on porous r i g i d  s e p a r a t o r s  of B-Si3N4 and A l N ,  which a r e  be ing  
sca l ed  up t o  23 x 23 cm (9 x 9 i n . ) .  

A 1-kW-hr m u l t i e l e c t r o d e  L ~ ~ S / F ~ S  c e l l  has  completed 3430 h r  and 232 
c y c i e s ;  c e l l  performance was e x c e l l e n t  f o r  15'0 c y c l e s ,  b u t  dec l ined  a t e e p l y  
t h e r e a f t e r .  An instrumented 1-kW-hr c e l l  i s  be ing  cons t ruc t ed  f o r  thermal  
c h a r a c t e r i z a t i o n  s t u d i e s .  
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I. INTRODUCTION 

~ithium-aluminum/metal  s u l f i d e  b a t t e r i e s  a r e  be ing  developed a t  Argonne 
Na t iona l  Laboratory (ANL) 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 s  
and (2)  s t a t i o n a r y  energy s t o r a g e  dev ices  f o r  load- leve l ing  on e l e c t r i c  
u t i l i t i e s ,  and s t o r a g e  o f  electric energy produced by s o l a r ,  wind, o r  o t h e r  
sburces. .  The 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 i e s  and 
s t a t i o n a r y  energy s t o r a g e  b a t t e r i e s  a r e  l i s t e d  i n  Table 1-1. These goa l s  
are t h e  same a s  t h o s e  given f n  t h e  preceding r e p o r t  (ANL-76-98). Future  
r e v i s i o n s  of  t h e s e  goa l s  may be  a n t i c i p a t e d ,  however, as a  r e s u l t  of f u r t h e r  
de t e rmina t ions  of  t h e  requirements  f o r  t h e s e  a p p l i c a t i o n s  

Table  1-1. Performance Goals f o r  Lithium-Aluminum/Metal . S u l f i d e  . ~ a t t e r i e s  

E l e c t r i c  Vehic le  S t a t i  nnnry Energy 
Propuls ion  - Storage  

1f;lri.k P P r o r a r y p e .  BEST Proto type  
B a t t e r y  Goals 1978 1985 1981 1985 

- 

Power 

Peak 30 kW 60 kW 1.5  MW 25 MW 

Sus ta ined  Discharge 12 kW 25 kW 1 MW 10 MW 

Energy Output 30 kW-hr 45 kW-hr 5  MW-hr 100 MW-hr 

S p e c i f i c  en erg^,^ W-hr/kg 110 180 60-80 60-150 

Disrhargc  Time, h r  4 4  5 5-10 

Charge Time, h r  8 5-8 8  10 

CycLe Life 300 l 000 lUUU 3000 

Cost of Ce l lo ,  $/lcW hr -. 35 2.~-3ob 20 

a  Inc ludes  c e l l  weight  on ly ;  i n s u l a t i o n  and suppor t ing  s t r u c t u r e  i s  ,approxi- 
mate ly  25% of t o t a l  weight  f o r  t h e  Mark I e l e c t r i c  v e h i c l e  b a t t e r y  and 15 
t o  20% f o r  t h e  1985 p ro to type  v e h i c l e  b a t t e r y .  

b ~ r o j e c t e d  c o s t  a t  a product ion  r a t e  of 2000 MW-hr/yr. 

Because of t h e  markedly d i f f e r e n t  requirements  f o r  t h e s e  ~ w o  b a t t e r y  
a p p l i c a t i o n s ,  a  c l e a r  d i s t i n c t i o n  i s  be ing  made i n  the  design c h a r a c t e r i o t i c s  
UP t h e ' c e l l s  being developed 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  encrgy 
s t o r a g e  b a t t e r i e s .  Table 1-1 shows near -  and long-term goals  f o r  each of t h e  
two b a t t e r i c s .  The Mark I e l e c t r i c  v e h i c l e  b a t t e r y ,  which i s  the  f i r s t  f u l l -  
s c a l e  b a t t e r y  of t h i s  t ype ,  w i l l  undergo exper imenta l  t e s t i n g  f i r s t  i n  t h e  
l a b o r a t o r y  and l a t e r  i n  a van. The near-term s t a t i o n a r y  eaergy s t o r a g e  
b a t t e r y  i s  scheduled f o r  t e s t i n g  i n  t h e  B a t t e r y  Energy Storage  Tes t  (BEST) 
F a c i l i t y  i n  1981. The g o a l s  f o r  t h e  1985 p ro to type  b a t t e r i e s  f o r  bo th  a p p l i -  
c a t i o n s  a r e  t hose  considered neces sa ry  t o  meet t h e  performance and c o s t  
requi rements  f o r  commercial a p p l i c a t i o n .  These goa l s  were d iscussed  i n  , 

g r e a t e r  d e t a i l  i n  t h e  preceding  r e p o r t  (ANL-76-98). 



The d i f f e r e n c e s  i n  t h e  near-term g o a l s  f o r  t h e  two a p p l i c a t i o n s  may be  
summarized b r i e f l y  a s  fo l lows .  The Mark 'I e l e c t r i c  v e h i c l e  b a t t e r y  w i l l  have 
smal l  c e l l s  of moderate cyc l e  l i f e ,  h igh  s p e c i f i c  energy, and h igh  s p e c i f i c  
power, wi thout  c o s t  r e s t r i c t i o n s .  The c e l l s  f o r  t h e  BEST F a c i l i t y  b a t t e r y  
can have moderate s p e c i f i c  energy and s p e c i f i c  power, b u t  t hey  must have a 
long  cyc le  l i f e  and low c o s t  a t  moderate product ion r a t e s .  The long-term 
goa l s  r e q u i r e  l a r g e r  b a t t e r y  systems having h igher '  performance and longe r  
l i f e t i m e  t o g e t h e r  wi th  economically r e a l i s t i c  product ion c o s t s .  

The b a t t e r y  development program i n c l u d e s  bo th  an in-house e f f o r t  a t  ANL 
and c o n t r a c t s  wi th  s e v e r a l  i n d u s t r i a l  f i rms  t o  develop and f a b r i c a t e  e l e c -  
t r o d e s  and c e l l s ,  e l e c t r o d e  s e p a r a t o r s ,  e l e c t r i c a l  feedthroughs and b a t t e r y  
components. Some gene ra l  r e sea rch  and development work i s  a l s o  performed 
under c o n t r a c t .  The c o n t r a c t o r s '  e f f o r t s  a r e  c l o s e l y  coord ina ted  w i t h  one 
another  and w i t h . t h e  b a s e  technology development a t  ANL. 

I n  November 1976, t h e  o rgan iza t ion  and management s t r u c t u r e  of t h e  ba t -  
t e r y  program a t  ANL was modified aga in  t o  meet t h e  changing needs of  t h e  
program. These changes a r e  r e f l e c t e d  i n  t h e  management s t r u c t u r e  o f  t h e  
program and i n  t h e  o rgan iza t ion  of t h e  r e p o r t .  The t i t l e  of t h e  r e p o r t  h a s  
been changed s l i g h t l y  t o  imply t h a t  s t a t i o n a r y  energy s t o r a g e  b a t t e r i e s  are 
n o t  n e c e s s a r i l y  l i m i t e d  t o  u t i l i t y  l ead - l eve l ing  a p p l i c a t i o n s .  

11. COMMERCIAL DEVELOPMENT 
(A. A. Chi lenskas)  

The o b j e c t i v e  of t h e  commercial izat ion e f f o r t ' i s  t h e  es tab l i shment  of 
a  compet i t ive ,  s e l f - s u s t a i n i n g  i n d u s t r y  capable  of producing a  supply o f  
l i t h iumlme ta l  s u l f i d e  b a t t e r i e s  t h a t  meets n a t i o n a l  needs.  Th i s  o b j e c t i v e  
is  t o  be  accomplished through normal market f o r c e s ,  w i t h  a minimum of govern- 
mental  suppor t .  A commercial izat ion p lan  i s  under development t h a t  w i l l  
d e f i n e  t h e  e s s e n t i a l  elements,  C.a . ,  t h e  market ,  p roduct ,  and need ( d r i v i n g  
f o r c e  f o r  change).  An e s s e n t i a l  p a r t  of t h i s  p l an ,  t h e  market s t u d y ,  has  
j u s t  been i n i t i a t e d ;  ANL i s  l e a d i n g  t h e  s tudy  and a s s i s t a n c e  i s  be ing  given 
by s e v e r a l  i n d u s t r i a l  p a r t i c i p a n t s .  The s tudy  w i l l  be  a  combination of a  
marlcct ourvey and an economic a n a l y s i s .  The market survey w i l l  i d e n t i f y  
high-performance b a t t e r y  needs i n  m i l i t a r y ,  aerospace  and i n d u s t r i a l  a p p l i -  
c a t i o n s  f o r  t h e  n e a r  term (1978-1985) and w i l l  i nc lude  e x i s t i n g  and u n f i l l e d  
needs. The economic a n a l y s i s  w i l l  permit  a  p r o j e c t i o n  of  (1) t h e  r equ i r ed  
product ion of l i t h i u m / i r o n  s u l f i d e  b a t t e r i e s  t o  s a t i s f y  t h e  market f o r  each 
year  and (2) t h e  c a p i t a l  expendi ture  requi rements  t o  support  t h e s e  product ion  
r a t e s .  I n  t h i s  way, t h e  near-term markets  w i l l  b e  used t o  b u i l d  an i n d u s t r i a l  
i i~anufactur ing base w i t h  a minimum of f e d e r a l  s1.1ppnrt. 

A. Comrncrcialization S tud ie s  

A commercial development p lan  t h a t  c o n s i s t s  of a market s tudy ,  an 
a n a l y s i s  of b a t t e r y  c o s t  a s  a func t ion  o f  product ion  r a t e ,  a manufactur ing 
p l an ,  a f i n a n c i a l  p l a n ,  and an a n a l y s i s  of competing t echno log ie s  h a s  been 
i n i t i a t e d .  



The f i r s t  phase of t h e  market s tudy was s t a r t e d  i n  October 1976 ,* with 
a s s i s t a n c e  being given by t h r e e  b a t t e r y  f i rms (Gould I n c . ,  Eagle-Picher , 

I n d u s t r i e s ,  Inc . ,  and the  Atomics I n t e r n a t i o n a l  Division of Rockwell In te r -  
n a t i o n a l ) ;  t hese  f i rms a r e  c u r r e n t l y  i n d u s t r i a l  p a r t i c i p a n t s  i n  t h e  ANL 
b a t t e r y  program. The market s tudy i s  d i rec ted  toward t h e  i d e n t i f i c a t i o n  of 
t a r g e t  markets f o r  t h e  f i r s t  commercial p i l o t - s c a l e  manufacturing f a c i l i t y  
f o r  l i t h i u m l i r o n  s u l f i d e  b a t t e r i e s .  The study examines the  p o t e n t i a l  of 
high-cost ,  low-volume markets f o r  high-performance b a t t e r i e s  i n  t h e  cos t  
range of about $100-200/kW-hr during t h e  t i m e  span 1981-1.985. Preliminary 
information i n d i c a t e s  t h a t  these  markets may support seve ra l  p l a n t s  w i t h , a .  
b a t t e r y  production capac i ty  of 100-200 MW-hrIyr. 

B. Systems Design 

1. . Development -. of High-Ef f i c i e n c y  ... ---... Thermal - I i ~ s ~ . ~ . l ~ ~ . t i o n  f o r  El.ectri c- 
Vehicle Batteri.e.9 

a .  Requirements f o r  Energy-Efficient,  High-Temperature E lec t r i c -  
Vehicle B a t t e r i e s  . 
(A. A. Chilenskas) 

A n  estimation of t h e  energy e f f i c i e n c y  of a high-temperature 
b a t t e r y  must include considera t ion  of t h e  energy requi red  t o  maintain t h e  
b a t t e r y  a t  opera t ing  temperature, a s  w e l l  a s  t h e  energy required t o  recharge. 
The energy requi red  t o  maintain t h e  b a t t e r y  temperature may be  provided by 
e l e c t r i c a l  h e a t e r s  wi th in  t h e  b a t t e r y  housing, using an e x t e r n a l  source of 
e l e c t r i c a l  energy, t h e  s t o r e d  e l e c t r i c a l  energy of t h e  b a t t e r y ,  o r  t h e  "waste" 
hea t  t h a t  i s  generated i n s i d e  t h e  b a t t e r y  during discharge and charge by the  
c e l l  and connector r e s i s t a n c e .  The b a t t ~ r y  PnPrgy e f f i c i e n c y  i c  thus  a func- 
t i o n  of t h e  b a t t e r y  resistance, the r l ~ ~ t y  cycle  mile^ drivcn i n  the case t.11 
an e l e c t r i c  v e h i c l e ) ,  and t h e  hea t  l o s s  of t h e  b a t t e r y ,  a s  governed by t h e  
e f f i c i e n c y  of t h e  thermal i n s u l a t i o n  and such cnnl.ing a s  may be u t i l i z c d  t o  
prevent  excess ive  temperature generat ion.  In  add i t ion ,  hea t  may be  ex t rac ted  
Iruln Llir baKKery wlfh t h e  b a t t e r y  coolant  and used t o  hea t  t h e  passenger 
compartment. 

Calcula t ions  have been completed t h a t  r e l a t e  the  e f f i c i e n c y  of 
b a t t e r i e s  f o r  two types of automobiles t o  t h e  miles dr iven per  year  and t h e  . . 
amount of hea t  l o s t  through t h e  b a t t e r y  i n s u l a t i o n  during the  year .  The 
c a l c u l a t i o n s  were based on t h e  following assumptions: (1) t h e  conversion of 
e l e c t r i c a l  energy during c h a r g i n g , t o  e l e c t r i c a l  output during d ischarge  i s  
70%, (2) t h e  b a t t e r y  output  requi red  f o r  each c a r  i s  0.12 kW-hr/tonne-km, 
(3 )  che heat  l o s s  i s  e i t h e r  50 o r  100 W f o r  a compact c a r  weighing 1270 kg 
(2800 l b )  and. i s  e i t h e r  100 o r  200 W.for a 1820-kg (4000-lb) family-sized 
c a r ,  and (4) the  hea t  generated wi th in  t h e  b a t t e r y  i s  used t o  maintain the  
b a t t e r y  temperature by al lowing t h e  b a t t e r y  ' temperature t o  r i s e  except when 
excess  hea t  i s  a v a i l a b l e  f o r  comfort heat ing .  

Bat tery  e f f i c i e n c y  can b e  expressed a s  

0.7 EB x 100 
Eff = 

EB + EIN - 0.3 EB 

* 
This  s tudy  was headed by S. H. Nelson of t h e  Energy and Environmental Systems 
Divis ion  of ANL. 



where EB is  t h e  e l e c t r i c a l  energy de l ive red  t o  t h e  b a t t e r y ' b y  t h e  charger  and 
I EIN i s  t h e . t o t a 1  h e a t . l o s s  through t h e  b a t t e r y  i n s u l a t i o n  ,during t h e  year .  

The r e s u l t s  of t h e  c a l c u l a t i o n s  a r e  p l o t t e d  i n  F ig .  11-1. The 
energy e f f i c i e n c y  i s  shown a s  a  do t t ed .  l i n e  a t  va lues  above 70% t o  i n d i c a t e  
t h a t  a  maximum of 70% of  t h e  charge energy i s  converted t o  e l e c t r i c a l  ou tput  
and va lues  g r e a t e r  than  70% r e p r e s e n t  t h e  use  of excess  b a t t e r y  h e a t  f o r  
passenger-compartment hea t ing .  E f f i c i e n c y  va lues  l e s s  than  70% i n d i c a t e  t h a t  
e l e c t r i c a l  energy i n  a d d i t i o n  t o  t h a t  used f o r  charging t h e  b a t t e r y  must be  
supp l i ed  t o  main ta in  t h e  b a t t e r y  temperature.  The c o s t  of main ta in ing  t h e  
b a t t e r y  a t  ope ra t ing  temperature,  assuming a  c o s t  of 5 ~ / k ~ - h r  f o r  e l e c t r i c a l  ' 

energy, i s  a l s o  shown i n  Fig. 11-1. 

- 
- 
- 
- 
- 
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Fig .  11-1. Energy E f f i c i e n c y . o f  ~ i t h i u m l ~ r o n  S u l f i d e  B a t t e r i e s  a s  
a  Function of  B a t t e r y  Heat Loss and Dis tance  Driven 

The r e s u l t s  of t h e s e  c a l c u l a t i o n s  l e a d  t o  t h e  fo l lowing  con- 
c l u s i o n s  : 

(1) The energy e f f i c i e n c i e s  of both b a t t e r i e s  a r e  very  s e n s i t i v e  
t o  t h e ' m i l e s  d r iven  per  yea r  and t h e  b a t t e r y  h e a t  l o s s .  A compact .car  w i t h  
a  b a t t e r y  h e a t  l o s s  of 100.W needs t o  be  d r iven  13,000 km (8000 mi l e s )  pe r  
yea r  t o . a c h i e v e  a b a t t e r y  e f f i c i e n c y  of 70%, bu t  on ly  6400 km (4000 mi l e s )  
pe r  yea r  i f  t h e  b a t t e r y  .heat  l o s s  i s  reduced t o  50 W. S i m i l a r l y ,  a  family- 



s i z e d  car wi th  a  b a t t e r y  l o s s  of 200 W needs t o  b e  d r iven  19,000 km (12,000 
m i l e s )  pe r  year  t o  o b t a i n  a b a t t e r y  e f f i c i e n c y  of 70% and only  9700 km (6000 
m i l e s )  p e r  year  w i t h  a b a t t e r y  h e a t  l o s s  of 100 W .  

(2 )  The c o s t  o f  main ta in ing  t h e  b a t t e r y  tempera ture .can  b e  reduced 
t o  ze ro  f o r  automobiles  t h a t  are d r i v e n  about 6000-10,000 km (%4000 t o  6000 
mi l e s )  p e r  yea r  i f  t h e  b a t t e r i e s  a r e  w e l l  i n s u l a t e d .  For a u t o m o b i l e s . t h a t  
are d r i v e n  less, t h e  c o s t  of ba t te ry- tempera ture  maintenance i s  s t i l l  very  
s m a l l  r e l a t . i v e  t o  o t h e r  o p e r a t i n g  c o s t s .  For example, a compact c a r  d r iven  
on ly  4800 km (3000 mi l e s )  p e r  year  would c o s t  0 . 9 ~ I k m  ( 1 . 5 ~ / m i l e ) ,  o r  $30/yr 
f o r  ba t te ry- tempera ture  maintenance wi th  a b a t t e r y  h e a t  l o s s  of 75 W.  

(3) From t h e s e  c o n s i d e r a t i o n s ,  a p p r o p r i a t e  h e a t - l o s s  goa l s  appear  
t o  be  75-100 W maximum f o r  a  compact c a r  b a t t e r y  of  about  30 kW-hr capac i ty  
and 150-200 W f o r  a family-sized c a r  b a t t e r y  of 50 kW-hr capac i ty .  

b . Theoretical Considerations in -the A p g l i c a t i ~ n -  - ~ f - Y a c w - F o i L  
I n s u l a t i o n  
( S .  M. Zi17-i) 

' ~ 'he&l  i n s u l a t i o n ,  c o n s i s t i n g  of  many p a r a l l e l  r e f l e c t i v e  
r a d i a t i o n  s h i e l d s  of meta l  f o i l  i n  an evacuated space  between t h e  ho t  and 
co ld  s u r f a c e s , h a s  been shown t o  be h igh ly  e f f e c t i v e  f o r  h igh  temperature 
a p p l i c a t i o n s .  Because vacuum-foil i n s u l a t i o n  i s  be ing  considered f o r  use  
i n  b a t t e r y  systems,  t h e  fundamentals governing i t s  s e l e c t i o n  and use  a r e  
be ing  reviewed. 

Vacuum-foil i n s u l a t i o n  i s  i n h e r e n t l y  a n i s o t r o p i c  i n  i t s  h e a t  
conduct ion c h a r a c t e r i s t i c s .  It has  a h igh  thermal  r e s i s t a n c e  normal t o  t h e  
s u r f a c e s  of t h e  r a d i a t i o n  s h i e l d s ;  t h e  r e s i s t a n c e  p a r a l l e l  t o  those  s u r f a c e s  
i s  lower by many o r d e r s .  Because of  t h e  complexity of t h e  a n a l y s i s  of 
c o m e r s  and p e n e t r a t i o n s  invo lv ing  bo th  normal and p a r a l l e l  ( l a t e r a l )  h e a t  . ' 

t r a n s f e r ,  only normal hea t  t r a n s f e r  has  been addressed i n  t h e  p re sen t  a p p l i -  
c a t  ion .  

For t h e  normal d i r e c t i o n  o n l y ,  t h e r e  a r e  t h r e e  modes of h e a t  
t r a n s f e r  which are approximately a d d i t i v e :  

(1)  Radia t ion  from ~ h i e l d  t o  ~ h i e l d ,  i nvo lv ing  numerous specu la r  
r e f l e c t i o n s  of r a d i a n t  energy back and f o r t h  i n  t h e  space between ad jacen t  
s h i e l d s .  

(2)  Gas conduct ion between adj.acent s h i e l d s ,  t h e  magnitude of 
which depends on t h e  degree  of vacuum t h a t  i s  maintained.  

(3)  S o l i d  conduct ion through t h e  space r  devices  t h a t  s e p a r a t e  
a d j a c e n t  f o i l s  o r ,  i n  t h e  absence of  such dev ices ,  s o l i d  conduction a t  p o i n t s  
of c o n t a c t  between a d j a c e n t  f o i l s .  

The r e l a t i v e  importance of  t h e  sol id-conduct ion mode depends on t h e  s p e c i f i c  
des ign ,  whereas r a d i a t i o n  and gas conduction can. b e  considered a s  gene ra l  . . 

phenomena, t h e  s tudy  of  which can d e f i n e  l i m i t s  f o r  c e r t a i n  parameters  ( e . g . ,  ' 

gas p re s su re  and number of  r a d i a t i o n  s h i e l d s ) .  To achieve  a  low .thermal 
conductance by t h e  gas-conduction mode, t h e  gas p re s su re  must be low enough 



t h a t  t h e  mean f r e e  pa th  of t h e  gas molecules is  much l a r g e r  (a  f a c t o r  of 10  
o r  more) than  t h e  space between ad jacen t  s h i e l d s .  I f  t h i s  cond i t i on  p r e v a i l s ,  
f r e e  molecular conduct ion i s  s a i d  t o  e x i s t ,  and t h e  h e a t  f l u x  i s  p ropor t iona l  
t o  t h e  p re s su re ,  and i s  independent of t h e  space  between t h e  s h i e l d s .  

The r a d i a t i o n  h e a t  f l u x  i s  e s s e n t i a l l y  i n v e r s e l y  p ropor t iona l  
t o  t h e  number of s h i e l d s  i n t e rposed  between t h e  h o t  and co ld  w a l l s ,  and i s  
d i r e c t l y  p ropor t iona l  t o  t h e  e m i s s i v i t y  of t h e  s u r f a c e s  of t h e  s h i e l d s .  An 
e m i s s i v i t y  of about 0.05 appears  reasonable  f o r  a v a i l a b l e  meta l  f o i l s  ( e . g . ,  
aluminum) a t '  t h e  tempera tures  p re sen t  i n  t h e  b a t t e r y  enc losure .  

.The  a n a l y s i s  showed t h a t  t h e  e f f e c t s  of gas  conduc t iv i ty  can 
be made sma l l ,  r e l a t i v e  t o  t h e  e f f e c t s  of h e a t  t r a n s f e r  by r a d i a t i o n ,  
main ta in ing  t h e  vacuum-foil i n s u l a t i o n  a t  p r e s s u r e s  below ~ 0 . 1  Pa (10-"Torr). 
He.8t t r a n s f e r  by r a d i a t i o n  can be reduced t o  approximately 10 ~ / m  (%1.w/f t2)  
through t h e  use  of 30 t o  40 r e f l e c t i v e  s h i e l d s  wi th  an e m i s s i v i t y  of 0.05. 
Since commercial vacuum-foil i n s u l a t i o n  i s  a v a i l a b l e  w i th  up t o  50 o r  so  
s h i e l d s  per  cent imeter  of t h i ckness ,  a t h i ckness  of 1 cm o r  l e s s  should l i m i t  
t h e  h e a t  t r a n s f e r  by r a d i a t i o n  t o  about 10 w/m2 (%I w / f t 2 ) .  

c .  Evalua t ion  of Vacuum-Foil Systems -. --. .- 
(A. A. Chi lenskas,  J .  E. A .  ~ r a a e * )  

Ca lcu la t ions  were completed on t h e  t h e o r e t i c a l  l i m i t s  of h e a t  
l o s s  i n  vacuum-foil systems t o  permit  a comparison wi th  exper imenta l  va lues ,  
and thereby  provide a b a s i s  f o r  an e s t i m a t e  of t h e  p o t e n t i a l  f o r  f u r t h e r  hea t -  
l o s s  r educ t ion .  E a r l i e r  work a t  ANL i n  1 9 7 0 ~  had shown t h a t  a smal l  cy l in -  
d r i c a l  can a t  400°C, in.sul.ated wi th  1 cm of Lindet  vacuum-foil i n s u l a t i o n ,  
had a h e a t  f l u x  of 70 w/m2 (6.5 w / f t 2 ) .  ' Using t h i s  va lue ,  t h e  i n s u l a t i o n  
th i cknesses  r equ i r ed  t o  meet t h e  proposed v e h i c l e  b a t t e r y  goa l s  were calcu-  
l a t e d  f o r  two r e f e r e n c e  b a t t e r i e s .  The r e s u l t s  appear  i n  Table 11-1. 

* 
C o ~ ~ s u l t a n t  t o  t h e  Chemical Engineering Div i s ion  of ANL. 

t~ d i v i s i o n  of t h e  Union Carbide Corp. 

Table 11-1. Heat Loss ,of Typical-Size E l e c t r i c  
Vehic le  Propuls ion  B a t t e r i e s  

Ba t t e ry  I n s u l a t i o n  Heat ~ o s s ~  T o t a l    at t e r y b  
Type of Car Surface  Thickness ,  through Heat Loss,  

Ba t t e ry  Area, m2 cm F o i l ,  W W 
-- - 

Compace 1 .4  1.0 100 125 
(30 kW-hr) 2.0 50 7 5 

Family 2.8 1 .0  200 250 
(50 kW-hr 2.0 100 150 

a 70 w/m2 f o r  1-cm th i ckness .  
b A 25-W allowance f o r  p e n e t r a t i o n s  such a s  bus ,  cool ing  l i n e s ,  e t c .  

i 3  allowed f o r  the rnmpac.t c a r  b a t t e r y  a n d ' 5 0  W allowance f o r  t h e  
family-sized c a r  b a t t e r y .  



It can be  seen  from t h i s  t a b l e  t h a t  an  i n s u l a t i o n  th i ckness  of 
about  2 cm i s  r e q u i r e d  i f  t h e  h e a t  l o s s  is  taken a s  t h a t  demonstrated i n  1970, 
i.e., 70 w/m2.  A s  shown i n  t h e  preceding subsec t ion ,  t h e  p o t e n t i a l  f o r  
reducing  t h e  h e a t  l o s s  i n  vacuum-foil systems e x i s t s  and i t  appears  l i k e l y  
t h a t  i n s u l a t i o n  t h i c k n e s s  of about 1 cm can be  developed t h a t  w i l l  meet t h e  
g o a l s  s e t  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 .  

F igu re  11-2 i s  a  schematic  diagram of a  vacuum-foil i n s u l a t e d  
j a c k e t  manufac turedbyLinde  t h a t  i s  be ing  prepared f o r  u se  i n  a  s i x - c e l l  
b a t t e r y  test .  The vacuum-foil i n s u l a t i o n  c o n s i s t s  of m u l t i p l e  l a y e r s  of 
aluminum f o i l  s epa ra t ed  by t h i n  l a y e r s  of g l a s s  paper.  P e n e t r a t i o n s  f o r  t h e  
bus ,  thermocouple,  and power l e a d s  are made through a  f i be rboa rd  plug 15-cm 
( 6  i n . )  t h i c k  mounted on a  3-mm (1/8-in.)  t h i c k  s t e e l  p l a t e .  The plug is  
gaske ted  t o  permit  t h e  u s e  of an i n e r t  gas  atmosphere i n s i d e  t h e  j a c k e t ,  
should t h a t  be  d e s i r e d .  T e s t s  performed hy J..inde showed t h a t  t h e  t o t a l  h e a t  
l o s s  of t h e  j acke t  was less than  50 W w i t h  a n  i n t e r n a l  j acke t  temperature of 
~440°C. Assuming t h a t  about  one-half of t h e  h e a t  l o s s  occurs  through t h e  
end p luf .  t h e  h e a t  l o s s  throilgh t h e  vacuum-foil i n ~ u l a t i o n  1. nhn~lt Ln w/,$ 
(4 Wlft  ) .  
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Fig.  11-2. I n s u l a t e d  Jacke t  f o r  Six-Cell Ba t t e ry  
( I n  ope ra t ion ,  t h e  c e l l s  a r e  
o r i e n t e d  v e r t i c a l l y , )  



2. Conceptual Design and Cost Analys is  of a Truckable Energy Storage  
B a t t e r y  Module 

. . (A. A.  Chi lenskas ,  J. A. E. ~ r a a e ,  R. F. Malecha) 

A conceptua l  des ign /cos t  s tudy  of a t r u c k a b l e  energy-storage b a t t e r y  
module was i n i t i a t e d  i n  December 1976 as a j o i n t  e f f o r t  between t h e  Chemical 
Engineering and Engineering Div i s ions  of ANL. The des ign  i s  t o  b e  s u f f i c i e n t l y  
d e t a i l e d  t o  e rmi t  an  a n a l y s i s  and c o s t  e s t ima te  f o r  t h e  b a t t e r y  housing and 
a u x i l i a r i e s . '  Th i s  des ign  w i l l  s e r v e  a s  t h e  r e f e rence  f o r  t h e  d e t a i l e d  design 
and c o n s t r u c t i o n  of a t ruckab le  module of about 5 MW-hr capac i ty  t o  b e  t e s t e d  
i n  t h e  BEST (Ba t t e ry  Energy S to rage  Tes t )  F a c i l i t y .  The BEST F a c i l i t y  is  a 
j o i n t  undertaking by ERDA, t h e  E l e c t r i c  Power Research I n s t i t u t e ,  and t h e  
Pub l i c  Se rv i ce  E l e c t r i c  and Gas Company of New J e r s e y  t h a t  w i l l  b e  used t o  
t e s t  advanced b a t t e r i e s  f o r  u t i l i t y  energy s t o r a g e  p l a n t s .  The l i t h i u m l i r o n  
s u l f i d e  b a t t e r y  module i s  expected t o  be  ready f o r  t e s t i n g  i n  t h e  BEST 
F a c i l i t y  i n  1981 o r  1982. 

The des ign  concept i s  governed by t h e  requirement t o  f a b r i c a t e  a 
b a t t e r y  housing a s  inexpens ive ly  as p o s s i b l e , t  c o n s i s t e n t  w i th  t h e  t e c h n i c a l  
requirements  f o r  t h i s  b a t t e r y  system. The des ign  provides  f o r  c o n s t r u c t i o n  
and assembly i n  a semi-automated p l a n t  and i s  of such a s i z e  t o  permit de l ive ry  
t o  a u t i l i t y  s i t e  v i a  t r u c k .  Weather-tight c o n s t r u c t i o n  i s  s p e c i f i e d  t o  elim- 
i n a t e  t h e  need f o r  housing a t  t h e  s i te .  About 1 3  cm (5 i n . )  of  inexpensive,  
commercially a v a i l a b l e  i n s u l a t i o n  i s  adequate  t o  main ta in  t h e  proper  b a t t e r y  
temperature.  Cooling t o  remove h e a t  generated by b a t t e r y  i n e f f i c i e n c y  i s  
provided by t h e  u s e  of once-through ambient a i r .  Provis ion  f o r  t h e  removal 
of c e l l s  wi thout  t h e  need f o r  coo l ing  t h e  module t o  ambient temperature i s  
undcr s tudy.  

C .  I n d u s t r i a l  Con t r ac t s  

1. C e l l  and Ba t t e ry  Development Cont rac ts  
(A. A. Chi lenskas)  

The e f f o r t  i n  i n d u s t r y  t o  develop manufacturing procedures  and t o  
des ign ,  f a b r i c a t e ,  and t e s t  c e l l s  i s  cont inuing .  This  work i s  b e i n g  c a r r i e d  
olit llnder c o n t r a c t s  w i th  Gould, I n c . ,  Eagle-Picher I n d u s t r i e s ,  Inc . ,  and 
C a t a l y s t  Research Corporat ion.  

Gould has  completed t h e  f a b r i c a t i o n  of s ix .uncha rged  FeS c e l l s  (an 
Li2S-iron mixture  r a t h e r  than  FeS i s  used a s  t h e  a c t i v e  m a t e r i a l  f o r  t h e  
p o s i t i v e  e l e c t r o d e )  w i t h  hot-pressed,  1 3  x 18  cm (5 x 7 i n . )  e l e c t r o d e s .  
Four of t h e s e  c e l l s  have been s e n t  t o  ANL f o r  t e s t i n g  and two w e r e  kep t  a t  
Gould f o r  t e s t i n g .  E f f n r t s  a t  Gould are now be ing  d i r e c t e d  t o  t h e  des ign  and 
f a b r i c a t i o n  of upper-plateau,$ uncharged c e l l s  w i th  1 3  x 18  cm hot-pressed 
F P A ~  p n s i t i v e  e l e c t r o d e s  having molybdenum c u r r e n t  c o l l e c t o r s .  

* 
The c o s t  of c e l l s  manufactured i n  a product ion  p l a n t  of about  1,150,000 
kW-hr/yr of s t o r a g e  c a p a c i t y  h a s  a l r e a d y  been es t imated  and r epor t ed  by 
W. L.  Towle e t  u Z . ~  

t~ ,pre l iminary  t a r g e t  goa l  of $5-7/kW-hr of s t o r e d  energy has  been s e l e c t e d .  

q ~ h e s e  c e l l s  a r e  opera ted  only  on t h e  upper of  two v o l t a g e  p l a t e a u s  char are 
c h a r a c t e r i s t i c  of FeS2 c e l l s .  



The work a t  Eagle-Picher i s . d i r e c t e d  toward t h e  f a b r i c a t i o n  of 58 
c e l l s  w i t h  1 3  x 1 3  cm ( 5  x 5 i n . )  cold-pressed uncharged FeS e l e c t r o d e s .  The 
c e l l s  a r e  d iv ided  i n t o  n i n e  groups wi th  v a r i o u s  des ign  changes incorpora ted  
i n  each group; f o r  example, v a r i a t i o n  i n  t h e  r a t i o  of  p o s i t i v e  t o  n e g a t i v e  
e l e c t r o d e  c a p a c i t y ,  i n c r e a s i n g  t h e  diameter  of t h e  p o s i t i v e  l e a d  t o  0.64 cm 
(114 i n . )  and t h e  u s e  o f  Y2O3 f e l t *  r a t h e r  than  BN c l o t h t  a s  a s epa ra to r .  
P rov i s ions  f o r  modifying t h e  co ld-press ing  opera t ion .  t o  i n c r e a s e  t h e  e l ec -  
t r o d e  s i z e  t o  13 x 1 8  cm a r e  under way. 

A t  C a t a l y s t  Research, w o r k i s  con t inu ing  on t h e  development of pro- 
cedures  f o r  t h e  manufacture of c e l l s  i n  a d ry  a i r  atmosphere. I n  a d d i t i o n ,  
development work is i n  p rog res s  on t h e  f a b r i c a t i o n  of Li-A1 e l e c t r o d e s  c a s t  
i n  meta l  s u b s t r a t e s .  

Eagle-Picher I n d u s t r i e s ,  Inc.  i s  a l s o  under tak ing  a des ign  s tudy  of 
a housing f o r  a 30 kW-hr e l e c t r i c  v e h i c l e  b a t t e r y ,  under a c o n t r a c t  i n i t i a t e d  
i n  November 1976. This  des ign  s tudy  i s  a coope ra t ive  e f f o r t  between ANL and 
Eagle-Picher ,  and i s  expected t o  l e a d  t o  the des ign  and f a b r i c a t i o n  ~f a 
pro to type  housing f o r  t h e  Mark I e l e c t r i c  v e h i c l e  b a t t e r y  t o  be  t e s t e d  i n  a 
v e h i c l e  i n  1978. The pre l iminary  des ign  i s  expected t o  be  completed i n  
February 1977 and f a b r i c a t i o n  of a f u l l - s c a l e  pro to type  f o r  thermal  t e s t i n g  
i s  scheduled for  completion about  September 1977. 

2 .  C e l l  Materials and Component Development i n  Indus t ry  
(J. E. Battles, K. M. Myles, Z .  Tomczuk, R. F. Malecha) 

The development of c e l l  components and s e l e c t e d  m a t e r i a l s  by 
i n d u s t r i a l  f i rms  is  con t inu ing .  The p re sen t  work i s  d i r e c t e d  toward (1) t h e  
development of s e p a r a t o r  m a t e r i a l s  and t h e  f a b r i c a t i o n  of t h e s e  m a t e r i a l s  
i n t o  usab le  s e p a r a t o r s ,  (2) t h e  development of in.sv1ated feedthroughs,  and 
(3)  t h e  product ion  of m a t e r i a l s  of s p e c i a l  importance t o  c e l l  f a b r i c a t i o n ,  
e . g . ,  L i - A 1  a l l o y s ,  L i C 1 - K C 1  s a l t ,  and Li2S. The development e f f o r t  a t  ANL 
on s e p a r a t o r s  and feedthroughs i s  desc r ibed  i n  Sec t ion  1V.A.  

Carborundum Corporat ion i s  producing BN f i b e r  f o r  near-term use  and 
i s  a l s o  conduct ing a des ign  and c o s t  a n a l y s i s  f o r  a p l a n t  capable  of producing 
BN f i b e r  i n  l a r g e  q u a n t i t i e s .  A s  p a r t  o f  a s e p a r a t e  c o n t r a c t ,  Carborundum 
produced p ro to type  paper  s e p a r a t o r s  u s ing  BN f i b e r  bonded wi th  BN: these were 
sub jec t ed  t o  i n - c e l l  t e s t i n g  and appear  promising. A t  t h e  Un ive r s i t y  of 
~ l o r i d a , +  a paper-making machine i s  be ing  s e t  up f o r  a p i l o t - p l a n t  r ~ i n  t n  
produce f l a t  s h e e t s  of BN paper bonded wi th  10 w t  % asbes tos .  Th i s  m a t e r i a l  
w i l l  b e  used i n  engineer ing-sca le  c e l l  tests,  Work i s  i.n p rog res s  a t  P j h ~ r  
M a t e r i a l s ,  Inc .  on t h e  development of a process  f o r  t h e  manufacture of BN 
f e l t .  

Ceramaseal, Inc.  h a s  developed a ram-type feedthrough t h a t  has  
e x h i b i t e d  e x c e l l e n t  l eak - t igh tnes s .  Attempts a re 'now under way t o  reduce 
t h e  weight and s i z e  of t h e  feedthrough. Coors Po rce l a in  has  developed a 
method of f a b r i c a t i n g  cold-pressed Y2O3 i n s u l a t o r s  and i s  working on a 

* 
Produced by Z i r c a r  Products ,  Inc . ,  F l o r i d a ,  N.Y. 

tProduced by t h e  Carborundum Corp., Niagara F a l l s ,  N.Y. 
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nonmeta l l ic  b r a z e  f o r  Y2O3. The b r a z e  has  been t e s t e d  i n  m a t e r i a l s  compati- 
b i l i t y  experiments f o r  up t o  900 h r  w i t h  s a t i s f a c t o r y  r e s u l t s .  

A process  f o r  t h e  product ion of Li2S from Li2C03 and H2S has  been 
developed by Eaglc-Pichcr.  The f i r s t  f i v e  ki lograms of product has  been 
rece ived  and ana lyses  have shown i t  t o  be >97% Li2S. 

3.  Development of a  Computer Cont ro l led  E l e c t r i c  Vehicle  Load P r o f i l e  
. Simulator  

(F. Horns t ra ,  J. zago t t ak )  

An i n d u s t r i a l  p a r t i c i p a n t  c o n t r a c t  w i th  I n t e r n a t i o n a l  Harves te r  on 
t h e  development of  a  computer-controlled s imu la to r  f o r  e l e c t r i c - v e h i c l e  load  
p r o f i l e s ' h a s  been completed. A computer program has  a l s o  been developed t o  
c a l c u l a t e  t h e  e f f e c t s  of v a r i a t i o n s  i n  t h e  c o n t r o l  and power-train elements  
on t h e  range and performance of e l e c t r i c  v e h i c l e s  powered by b a t t e r i e s .  

The computer program s imula t e s  a  battery-powered d r i v e  t r a i n  w i th  
d i r e c t  c u r r e n t  motors having e i t h e r  s e r i e s ,  compound, o r  shunt  f i e l d s .  Sepa- 
r a t e  armature and f i e l d  c o n t r o l s  a r e  provided f o r  t h e  l a t t e r  two configura-  
t i o n s .  The program permi ts  t h e  use  of v a r i o u s  d r i v e - l i n e  combinations such 
a s  a  mult ispeed t ransmiss ion  wi th  s e l e c t a b l e  gear  r a t i o s .  One of t h e  sub- 
r o u t i n e s  a v a i l a b l e  f o r  c h a r a c t e r i z i n g  d r i v e  t r a i n s  has  a  three-dimensional 
i n p u t  t o  a l l ow t h e  e f f i c i e n c y  t o  be  s p e c i f i e d  as a func t ion  of both speed and 
torque .  

Some sample runs  were made us ing  a  h y p o t h e t i c a l ,  l i gh t -du ty  d e ' l i v e r ~  
van conse rva t ive ly  cha rac t e r i zed  a s  fo l lows:  a  1500 kg (3300 l b )  g ros s  
v e h i c l e  weight w i t h  a  r o l l i n g  r e s i s t a n c e  of 0.01, a  drag  c o e f f i c i e n t  of 
0.004 kg/m2 (km/hr)2 o r  0.002 l b / f t 2  ( m i l e ~ / h r ) ~ ,  a  f r o n t a l  a r e a  of 2.3 m2 
(25 f t 2 ) ,  and a b a t t e r y  weight of about  430 kg (950 l b ) .  Table 11-2 shows 
a  comparison of t h e  d r i v i n g  ranges c a l c u l a t e d  f o r  a  Could PB220 lead-acid 
b a t t e r y  and t h e  p ro j ec t ed  30 kW-hr ANL Li-A1/FeS2 b a t t e r y  ope ra t ing  over  t h e  
J227D d r i v i n g  p r o f i l e  w i t h  va r ious  motor,  c o n t r o l ,  and d r i v e - t r a i n  combina- 
t ions .  
* 

I n d u s t r i a l  P a r t i c i p a n t  from I n t e r n a t i o n a l  Harves te r .  

Table 11-2. Calculated Ranges for a Light Delivery Van (1500 kg) Powered by a 430-kg 
Battery with Selected Motor/Control Systems Using a 5227 Driving Prof i l e  

Range, km (miles) 

Electronic Chopper Resistance Control 

3-Speed Drive Direct Drive 3-Speed Drive Direct Drive Type of 
Motor ~ ~ 2 2 0 ~  T 8 i  / M S ~  P R ~ Z ~ ~  l a d  / M S ~  ~ ~ 2 2 0 ~  L ~ / M S ~  ~ ~ 2 2 0 ~  L I / & ~  

a~ommercially available lea?-acid battery weighing 436 kg (360 l b ) .  

b ~ i / ~ e ~ : !  battery weighing 432 kg (950 l b ) :  output based on 1976 c e l l  performance. 

' ~ o t o r  parameters obtained from a theoretical  model. 

d ~ o t 6 f  paramerers obtained from all actual m t o r .  



Seve ra l  obse rva t ions  about  p ro j ec t ed  d r i v i n g  ranges  can be  made 
fro; t h e  t a b l e .  A three-speed t ransmiss ion  h a s  l i t t l e  advantage over d i r e c t  
d r i v e  wi th  e i t h e r  chopper-control led s e r i e s  o r  compound motors ,  bu t  wi th  a  
shunt  motor i t  provides  an ex tens ion  of range.  With r e s i s t ance -con t ro l l ed  
motors of a l l  c o n f i g u r a t i o n s ,  t h e  three-speed t ransmiss ion  provides  a s i g n i f -  
i c a n t  ex tens ion  of t h e  range over t h a t  f o r  d i r e c t  d r i v e .  For t h e  Li-A1/Fes2 
b a t t e r y ,  t h e  r e s i s t ance -con t ro l l ed  shunt  motor w i t h  a  three-speed t r ans -  
miss ion  provides  a  range (105 km o r  65 mi l e s )  t h a t  approaches t h a t  (113 km 
o r  70 mi l e s )  achieved w i t h  a  chopper-control led u n i t  w i t h  a  three-speed 
t r ansmis s ion .  F i n a l l y ,  t h e  t a b l e  shows t h a t  t h e  c a l c u l a t e d  maximum achiev- 
a b l e  range wi th  t h e  L ~ - A ~ / F ~ s ~  b a t t e r y  i s  119 km (74 mi les )  w i th  a  chopper- 
c o n t r o l l e d  s e r i e s  motor and three-speed t r ansmis s ion ,  compared wi th  34 km 
(21  mi les )  achievable  wi th  a  lead-acid system having a  shunt -cont ro l led  
motor and a three-speed t ransmiss ion .  

Although most of  t h e  sub rou t ines  l ~ s e d  3.n t h e  computer program have 
n o t  .been q u a n t i t a t i v e l y  v e r i f i e d ,  t h e  r e s u l t s  of t h e  s imulated runs  'w i th  t h e  
lead-acid b a t t e r y  a r e  i n  reasonably  good agreement with those  p i ~ h l i s h e d  i n  
road t e s t s :  f o r  s i m i l a r  b a t t e r i e s .  Furthermore, one q u a n t i t a t i v e  comparison 
h a s  been documented. I n t e r n a t i o n a l  Harves te r  conducted a  t e s t  wi th  a  PB220 
lead-acid b a t t e r y  and a  compound motor u s ing  an  e l e c t r i c  d r i v e l i n e  t e s t  
s t and  having a'dynamometer. The b a t t e r y  output  measured i n  t h e  I n t e r n a t i o n a l  
Harves te r  l a b o r a t o r y  agreed very  c l o s e l y  wi th  t h e  b a t t e r y  output  c a l c u l a t e d  
by t h e  program. 

111. BATTERY ENGINEERING 
('E. C.  Gay) 

B a t t e r y  engineer ing  e f f o r t s  are d i r e c t e d  toward (1) t e s t i n g  of indus- 
t r i a l l y  f a b r i c a t e d  Li-A1/FeSx c e l l s  and b a t t e r i e s ,  and (2)  improvements i n  
e l e c t r o d e  and c e l l  des igns  and f a b r i c a t i o n  methnds. As i m p r n 1 r ~ m ~ n . t ~  i n  c e l l  
des igns  are demonstrated a t  ANL,  t h e s e  a r e  incorpora ted  i n t o  t h e  i n d u s t r i a l l y  
produced cel ls .  Ba t t e ry  components and t e s t i n g  equipment a r e  a l s o  be ing  
developed. A performance summary of  c e l l s  and b a t t e r i e s  i s  presented  i n  
Appendix A and Appendix B .  S t a t i s t i c a l  d a t a  on t h e  c e l l  and b a t t e r y  t e s t s  
are given i n  Appendix C .  

A. I n d u s t r i a l  C e l l  and Ba t t e ry  T e s t i n g  
(W. E. M i l l e r )  

1. Tes t ing  of Contractor-Produced C e l l s  
(R. C.  E l l i o t t ,  W. E. M i l l e r ,  T. 0. Cooper, P. F. Eshman, * T.,. S .  Kel.Ley ) 

A performance summary of contractor-produced c e l l s  i s  presented  in .  . 
Appendix A. Many of t h e s e  c e l l s  a r e  termed "base l ine  c e l l s . "  These a r e  
c e l l s  t h a t .  have been q u a l i f i e d  by t e s t i n g  a  s e r i e s  of c e l l s  of a  s e t  des ign  
t o  o b t a i n  b a s e l i n e  performance da t a .  The b a s e l i n e  c e l l  des ign  i s  then used 
as a p o i n t  of depa r tu re  f o r  t e s t i n g  t h e  e f f e c t s  of v a r i o u s  design modifica- 
t i o n s .  Three b a s e l i n e  des igns  a r e  c u r r e n t l y  be ing  used: (1) t h in -e l ec t rode  
Eagle-Picher c e l l s  (e.g., t h e  1 A  s e r i e s ) ,  (2) t h i ck -e l ec t rode  Eagle-Picher 
c e l l s  (e .g . ,  t he  1 B  s e r i e s ) ,  and (3)  t h e  p re sen t  Gould des ign  (e.g. ,  t h e  02 
s e r i e s ) .  
* I n d u s t r i a l  P a r t i c i p a n t  ,from ~ a g l e - p i c h e r  I n d u s t r i e s ,  I n c  . 



a .  Eagle-Ptcher Base l ine  FeS C e l l s  

Tes t ing  of FeS2 c e l l s  from Eagle-Picher w a s  cont inued.  The 
EP-2B3, -2B4, -2B5 s e r i e s  a r e  assembled i n  t h e  charged s t a t e .  The e l e c t r o d e s  
i n  t hese  c e l l s  a r e  made by co ld-press ing  powders (Li-A1 and e l e c t r o l y t e  f o r  
t h e  nega t ive  e l e c t r o d e  and FeS2, CoS2 and e l e c t r o l y t e  f o r  t h e  p o s i t i v e )  i n t o  
honeycomb 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  . The p o s i t i v e  e l e c t r o d e s  (ha l f - ce l l s )*  
a r e  0.63 cm t h i c k  and have a  c a p a c i t y  of 78.0 A-hr. The volume f r a c t i o n s  of 
m a t e r i a l s  i n  t h e  p o s i t i v e  e l e c t r o d e  a r e  0.167 FeS2, 0.022 CoS2, 0.051 molyb- 
denum honeycomb c u r r e n t  c o l l e c t o r ,  0.702 LiC1-KC1 e l e c t r o l y t e  and 0.058 void.  
The nega t ive  e l e c t r o d e s  a r e  0.72-cm t h i c k  and have a  c a p a c i t y  of  78 A-hr. 
Volume f r a c t i o n s  of m a t e r i a l s  i n  t h e  nega t ive  e l e c t r o d e s  a r e  0.63 Li-A1 (48 
a t .  % L i ) ,  0.06 s t e e l  honeycomb c u r r e n t  c o l l e c t o r ,  0.14 LiC1-KC1 and 0.17 
void .  

C e l l s  EP-2B4, -2B5 and -2B7 a r e  e s s e n t i a l l y  i d e n t i c a l  c e l l s  
which were deep cyc led  ( t o  a  d i scha rge  c u t o f f  vo l t age  of about 1 .0  V) a t  
cons t an t  c u r r e n t  (13 A ,  42 m ~ / c m ~  c u r r e n t  d e n s i t y )  charge and d i scha rge  t o  
t e s t  t h e  e f f e c t s  of  i n c r e a s i n g  t h e  charge cu to f f  vo l t age .  (Ce l l  EP-2B4, one 
of t h e  s e r i e s ,  was a l s o  sub jec t ed  t o  power t e s t s ;  t h e s e  r e s u l t s  were repor ted  
p rev ious ly  i n  ANL-76-98, p. 16 . )  The r e s u l t s  of t h e  cyc l ing  t e s t s  f o r  t h e  
t h r e e  c e l l s  a r e  shown i n  F ig .  111-1. A n  i n c r e a s e  i n  t h e  charge c u t o f f  vo l t age  
from 2.0 t o  2.2 V increased  t h e  c a p a c i t i e s  of t h e s e  c e l l s  from 80 A-hr (53% 
u t i l i z a t i o n  of both p o s i t i v e  and n e g a t i v e  m a t e r i a l )  t o  114 A-hr (76% u t i l i z a -  
t i o n )  f o r  t h e  s t a b l e  per iod  of  ope ra t ion .  The s t a b l e  per iod  followed t h e  

* 
.Because the  c e l l s  have two nega t ive  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  considered t o  c o n s i s t  of two ha lves ,  each of t h e  
th i ckness  i nd ica t ed  he re .  Th i s  dimension i s  r e f e r r e d  t o  a s  t h e  h a l f -  
t h i ckness .  

4-A 
CHARGE 

CUT0FF.V 

CHARGE DISCHARGE \ 30 W- hr/ka 

NUMBER OF DEEP CYCLES 

Fig.  111-1. Cycling of Eagle-Picher Thick ( ~ y p e  B) 
Cells a t  1 3  A (42 m ~ / c m ~ ) ;  



per iod  of peak c a p a c i t y  which occurred du r ing  t h e  f i r s t ' 3 0  cyc l e s .  The 
s p e c i f i c  energy i n c r e a s e  t h a t  accompanied t h e  i n c r e a s e  i n  u t i l i z a t i o n  was 
from 60 t o  79 W-hrlkg. 

Constant  c u r r e n t  cyc l ing  of C e l l  EP-2B4 was terminated a f t e r  
1700 h r  and 130 c y c l e s  because i ts  c a p a c i t y  dec l ined  s t e a d i l y  a f t e r  t h e  80th  
deep c y c l e .  Much of t h e  l o s t  capac i ty  of t h e  c e l l  was r e s t o r e d  by reducing 
t h e  charge c u r r e n t  from 1 3  t o  4 A; however, t h e  rega ined  capac i ty  could no t  
b e  r e t a i n e d  on subsequent  c y c l i n g  a t  1 3  A. The ampere-hour e f f i c i e n c y  of 
t h i s  c e l l  remained h igh  (>98%) even a t  t h e  end of i t s  l i f e .  Tes t ing  of C e l l  
EP-2B5 was te rmina ted  a f t e r  127 c y c l e s  and 2175 h r  when i t s  coulombic e f f i -  
c i ency  decreased markedly. C e l l  EP-2B7, a f t e r  30 deep c y c l e s ,  w a s  placed on 
t h e  c y c l i n g  schedule  f o r  e l e c t r i c - v e h i c l e  c e l l s ,  shown i n  Table 111-1. It 
h a s  completed >I850 h r  and >350 t o t a l  c y c l e s  and i s  s t i l l  ope ra t ing  we l l .  
I t s  s p e c i f i c  energy i s  now 40 W-hr/kg a t  t h e  2-hr r a t e .  This  s e r i e s  of c e l l  
tests shows chat  reducing  t h e  charge c u t o f f  v o l t a g e  from 2 . 2  t o  2 .0  V had n o  
e f f e c t  on prolonging c e l l  l i f e t i m e .  

Table 111-1. Seven-Day Cycl ing Schedule 
f o r  Elec t r ic -Vehic le  C e l l s  

Discharge Charge 
Discharge Per iod ,  Per iod ,  

Cycle Number  ate,^ h r  h r  h r  

3  through 22 2 

23 and 24 4 

25 through 48 4 

a 
Time r equ i r ed  f o r  a  f u l l y  charged c e l l  t o  reach S..O V 
a t  a s e t  d i scha rge  c u r r e n t .  

The c o n s t r u c t i o n  of FeSz Type A ( t h i n )  c e l l s  i s  somewhat 
d i t i e r e n t  than  t h a t  of t h e  Type B ( t h i c k )  c e l l s .  The FeS2 Type A n e g a t i v e  
e l e c t r o d e s  a r e  3.25 mm (0.130 i n . )  t h i c k  wi th  a capac i ty  of 34 A-hr. The 
volume f r a c t i o n s  of m a t e r i a l s  i n  t he . cha rged  e l e c t r o d e s  a r e  0.63 Li-A1.(48 
a t .  % L i ) ,  0.09 c u r r e n t  c o l l e c t o r ,  0.07 A 1  (added a s  powder t o  48 a t .  % Li-Al), 
0.12 LiCl-KC1 e l e c t r o l y t e ,  and 0.09 void.  (Tn t h e  nega t ive  e l e c t r o d e s  of t h e  
Type B c e l l s ,  no f r e e  aluminum powder i s  added t o  d i l u t e  t h e  Li . -AI;  t h e  
volume f r a c t i o n  of  c u r r e n t  c o l l e c t o r  i s  0.06 and t h a t  of t h e  s a l t  p l u s  void 
is  0.31.) The p o s i t i v e  e l e c t r o d e s  (ha l f - .ce l l s )  f o r  t he  Type A c e l l s  a r e  
3.25 mm (0.130 i n . )  t h i c k  and have a c a p a c i t y  of 35 A-hr. The volume f r ac -  
t i o n s  of m a t e r i a l s  i n  t h e  p o s i t i v e  e l e c t r o d e s  a r e  0.138 FeS2, 0.018 CoS2, 
0.062 c u r r e n t  c o l l e c t o r ,  0.719 LiC1-KC1 and 0.063 void .  The compositions of 
t h e  Type A and Type B p o s i t i v e  e l e c t r o d e s  a r e  e s s e n t i a l l y  the ' same.  

. . 

Typica l  performance fo r 'Eag le -P iche r  Type A ( t h i n )  c e i l s  i s  
r e f l e c t e d  i n  t h e  performance f o r  C e l l  EP-2A5 (cycled a t  . cons tan t  c u r r e n t  
of 10 A). The performance dec l ined  from an i n i t i a l  va lue  of 66 W-hr/kg t o  



42 W-hr/kg a f t e r  200 deep cyc le s .  These c e l l s  e x h i b i t  n e i t h e r  t h e  dependence 
of capac i ty  on charge cu to f f  v o l t a g e  nor t h e  peak capac i ty  per iod  dur ing  t h e  
f i r s t  30 c y c l e s  of  t h e  t h i c k e r  c e l l s  desc r ibed  above. 

b .  Other Eagle-Picher C e l l s  

The f i r s t  c e l l s  produced by Eagle-Picher under an addendum t o  
t h e i r  c o n t r a c t  have been rece ived  and t e s t i n g  has  been s t a r t e d .  The c e l l  
des igns  a r e  v a r i a t i o n s  of t h e  FeS 1 B  des ign  descr ibed  p rev ious ly  ( see  
ANL-76-81, p. 9 ) .  The purpose of t h e s e  c e l l s  i s  t o  e v a l u a t e  a number of 
proposed des ign  changes f o r  FeS c e l l s .  The f i r s t  c e l l  t e s t e d  contained a 
s e p a r a t o r  of  Y2O3 f e l t  i n s t e a d  of BN f a b r i c .  Although i t  i s  recognized t h a t  
Y203 may no t  be  t h e  most economical s e p a r a t o r  m a t e r i a l  f o r  long-term use ,  i t  
may se rve  s a t i s f a c t o r i l y  a s  an  i n t e r i m  m a t e r i a l  wh i l e  o t h e r  s e p a r a t o r  
m a t e r i a l s  a r e  be ing  developed. C e l l  EP-I-1-A-2, which inco rpora t ed  a Y2O3 
f e l t  s e p a r a t o r ,  was 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 s  of t h i s  change. Calcula- 
t i o n s  i n d i c a t e d  t h a t  t h e r e  would b e  a minimal, probably immeasurable, d i f f e r -  
ence i n  spec i . f i c  energy and s p e c i f i c  power f o r  a c e l l  u s ing  a BN f a b r i c  
s e p a r a t o r  and one us ing  a Y203 f e l t  s e p a r a t o r  of roughly t h e  same th i ckness .  
T e s t s  of c e l l s  w i th  t h e s e  s e p a r a t o r s  i n d i c a t e  t h a t  t h i s  i s  t h e  case .  

The 1 3  x 13 ,cm c e l l s  w i th  Y2O3 f e l t  s e p a r a t o r s  t h a t  have been 
t e s t e d  t o  d a t e  (one ANL c e l l  and two Eagle-Picher c e l l s )  have f a i l e d  a f t e r  
400-500 h r  of ope ra t ion .  These f a i l u r e s  may i n d i c a t e  t h a t  Y2O3 f e l t  sepa- 
r a t o r s  a r e  n o t  compatible  wi th  t h e  p re sen t  c e l l  des igns  and f a b r i c a t i o n  
procedures .  

P lans  have been made t o  test a v a r i e t y  of o t h e r  exper imenta l ,  
c e l l s  from Eagle-Picher dur ing  t h e  next  q u a r t e r .  V a r i a t i o n s  i n  e l e c t r o d e  
th i ckness  and p o r o s i t y ,  minor changes i n  t h e  mechanical c e l l  design from t h e  
b a s e l i n e  Type A and Type B c e l l s ,  and changes i n  t h e  r a t i o  of a c t i v e  m a t e r i a l s  
i n  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  w i l l  b e  examined i n  t h e s e  c e l l s .  A l l  
of t h e s e  changes a r e  d i r e c t e d  toward producing more compact c e l l s  w i th  h ighe r  
s p e c i f i c  ene rg i e s .  

c .  Gould C e l l s  

Gould Inc .  d e l i v e r e d  fou r  L I - A ~ / F ~ s  c e l l s  designed f o r  
s t a t i o n a r y  energy s t o r a g e  a p p l i c a t i o n s  dur ing  t h e  q u a r t e r .  ,These ce l l s  
c o n s i s t  of hot-pressed,  uncharged e l e c t r o d e s  which a r e  1 3  x 18  cm, 0.8 cm 
t h i c k  nega t ive  e l e c t r o d e s ,  and 0.5 cm t h i c k  p o s i t i v e  e l e c t r o d e s .  I n  two 
c e l l s ,  calcium i n  t h e  form of CaC12 was added t o  t h e  nega t ive  e l e c t r o d e ;  t h e  
calcium was.added wi th  t h e  aims of prolonging t h e  l i f e  and improving t h e  
performance of t h e  nega t ive  e l e c t r o d e .  A number of  t e s t s  w i l l  be  r equ i r ed  
t o  opt imize  t h e  nega t ive  e l e c t r o d e  performance. The p o s i t i v e  te rmina l  feed- 
through of t h e s e  c e l l s  was developed a s  a j o i n t  e f f o r t  between Gould and t h e  
ANL Materials Group. Cycl ing of  t h e s e  c e l l s  s t a r t e d  a t  t h e  end of t h e  
q u a r t e r .  

2. C e l l  Heat ing and Cooling Experiments 
(V. M. Kolba, J .  L .  Hamilton, G. W. Redding) 

Temperature changes t h a t  occur  dur ing  c e l l  d i s cha rge  and charge 
must b e  determined so  t h a t  t h e  h e a t i n g  and cooling requirements f o r  t h c  



b a t t e r y  des ign  can b e  e s t a b l i s h e d .  These temperature changes w i l l  i n f luence  
t h e  nominal ope ra t ing  tempera ture  of t h e  system,. which must b e  kep t  w i t h i n  
s p e c i f i e d  l i m i t s  t o  avoid  f r e e z i n g  of t h e  e l e c t r o l y t e  a s  w e l l  a s  exces s ive  
c o r r o s i o n  i n  t h e  c e l l .  

A pre l iminary  experiment t o  measure tempera ture  changes i n  an  FeS2 
c e l l ,  descr ibed  i n  ANL-76-81, p. 33, e s t a b l i s h e d  t h a t  temperature changes 
occur  du r ing  c e l l  cyc l ing .  A second experiment i s  now be ing  conducted. 
Eagle-Picher C e l l  2B6 was instrumented wi th  thermocouples,  wrapped i n  a  
p risk eat* h e a t e r ,  overwrapped wi th  ~ a o w o o l t  i n s u l a t i o n ,  and placed i n  a  w e l l  
equipped w i t h  a  constant-power e x t e r n a l  h e a t e r .  Base l ine  temperature d a t a  
were obta ined  on t h i s  system p r i o r  t o  cyc l ing .  The c e l l  was hea ted  t o  a  
nominal temperature of  420°C by t h e  e x t e r n a l  w e l l  h e a t e r .  The c e l l  tempera- 
t u r e  w a s  then  inc reased  i n  s t a g e s  by apply ing  known amounts of power t o  t h e  
B r i s k e a t  h e a t e r .  A f t e r  t h e  c e l l  t empera ture  was e s t a b l i s h e d  a t  v a r i o u s  
h e a t e r  power l e v e l s ,  t h e  h e a t e r  w a s  tu rned  o f f  and t h e  c e l l  w a s  s t a r t e d  up 
and condi t ioned .  (For a d i scuss ion  of  c e l l  cond i t i on ing  p roced~ l re s ,  s e e  
Sea t ion  I I I .A,4 .b . )  The c e l l  1s 11uw L e l ~ ~ g  uperared ar: v a r i o u s  c u r r e n t  l e v e l s  
and i t s  temperature i s  b e i n g  c o r r e l a t e d  wi th  t h e  s t a t e  of charge,  based on 
t h e  c e l l  v o l t a g e  t r a c e .  Attempts a r e  be ing  made t o  c o r r e l a t e  c e l l  tempera- 
t u r e  changes w i t h  t h e  e n t r o p i c  and r e s i s t i v e  e f f e c t s .  

3. Cel.1.  Model 
(R. C .  ~ l l i o t t )  

A c e l l  des ign  model has  been developed t o  e v a l u a t e  t h e  e f f e c t s  of 
des ign  changes w i t h i n  t h e  p re sen t  c e l l  systems on t h e  s p e c i f i c  energy and 
power of t h e  c e l l s .  Ca lcu la t ions  a r e  now performed i n  a  r o u t i n e  fashfon ,  
u s i n g  t h e  computer, f o r  a  l a r g e  number of v a r i a t i o n s  i n  c e l l  des ign .  Severa l  
s i g n i f i c a n t  conclus ions  have r e s u l t e d  from t.hpsp r s l c u l a t i o n s .  Thc f i r s t  i a  
t h a t  t h e  r a t i o  of a c t i v e  ma te r i a l  wpight to t o t a l  weight i o  o t i l l  too  low i n  
t h e  c u r r e n t  c e l l  des igns .  Since s p e c i f i c  energy i s  i n v e r s e l y  p ropor t iona l  t o  
c e l l  weight ,  a r educ t ion  of t h e  l a t t e r  i s  a requirement, f n r  imprnlrerl perfor-  
malice. There i s  no s i n g l e  component i n  t h e  c e l l  whose weight can b e  trimmed 
s u f f i c i e n r l y  t o  ach ieve  a  dramat ic  i n c r e a s e  i n  s p e c i f i c  energy. However, 
t h e r e  are numerous components t h a t  can be made s l i g h t l y  l i g h t e r  t o  add up t o  
a  s i g n i f i c a n t  performance i n c r e a s e .  A major f a c t o r  i n  c e l l  des ign  i s  t h e  
e x t e n t  of a c t i v e  m a t e r i a l  u t i l i z a t i o n  i n  t h e  e l e c t r o d e s .  This  i t em is 
t r e a t e d  empi r i ca l ly  w i t h i n  t h e  model as a l i n e a r  c o r r e c t i o n  f a c t o r  on 
s p e c l f i c  energy. I n  cons ide ra t ion  of assumed u t i l i z a t i o n s  and observed 
v a l u e s ,  one can draw a gene ra l  conclus ion  about e l e c t r o d e  u t i l i z a t i o n s .  The 
tendency t o  assume an o p t i m i s t i c  u t i l i z a t i o n  f i g u r e ,  des ign  t o  i t ,  and then  
n o t  ach ieve  i t  i n  p r a c t i c e  should b e  avoided.  It i s  much b e t t e r  t o  assume 
a conse rva t ive  f i g u r e  f o r  e l e c t r o d e  u t i l i z a t i o n  and des ign  t h e  c e l l  t o  t h a t  
f i g u r e .  Experimental measurement of  u t i l i z a t i o n  a s  a  func t ion  of a  number 
of v a r i a b l e s  i s  c r i t i c a l  t o  t h e  development of high-specif ic-energy c e l l s .  
Fu tu re  des igns  f o r  t h e  c o n t r a c t o r  c e l l s  w i l l  r e f l e c t  t h e  above cons ide ra t ions .  

The c e l l  model w i l l  be  used a s  a  c e l l  specif icat ion-and-design t o o l  
i n  t h e  development of t h e  forthcoming Mark I e l e c t r i c - v e h i c l e  b a t t e r y .  

* 
Br i sco  Manufacturing Co., Columbus, Ohio. 

t ~ a b c o c k  and Wilcox Co . , R e f r a c t o r i e s  Div is ion .  



4. Ba t t e ry  T e s t i n g  
(V. M. Kolba, G. W. Redding, J. L .  Hamilton) 

Ba t t e ry  t e s t i n g  e f f o r t s  a r e  d i r e c t e d  toward t h e  development and 
. eva lua t ion  of b a t t e r y  con f igu ra t ions  and des igns .  I n  t h i s  e f f o r t ,  t h e  per- 

formance of c e l l s  i n  s e r i e s  and p a r a l l e l  arrangements i s  be ing  eva lua t ed ,  
. s t a r t - u p  and cond i t i on ing  methods a r e  be ing  i n v e s t i g a t e d ,  and charg ing  pro- 

cedures  and o p e r a t i o n a l  schemes a r e  be ing  developed. Tes t ing  of t h e s e  
b a t t e r y  con f igu ra t ions  is under way, w i th  FeS c e l l s  be ing  t e s t e d  f o r  sta- 
t i o n a r y  energy s t o r a g e  a p p l i c a t i o n s  and FeS2 c e l l s  be ing  t e s t e d  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 .  

Tes t ing  of c e l l s  i n  both  p a r a l l e l  and s e r i e s  arrangements i s  
r equ i r ed  t o  f u l l y  understand t h e  i n t e r a c t i o n s  of t h e  c e l l s  and t o  e s t a b l i s h  
d a t a  f o r  scale-up of b a t t e r y  des igns .  I n  a l l  p r e sen t  b a t t e r y  des igns  f o r  
bo th  t h e  e l q c t r i c  v e h i c l e  and t h e  s t a t i o n a r y  energy s t o r a g e  a p p l i c a t i o n s ,  
c e l l s  a r e  arranged i n  p a r a l l e l - s e r i e s  con f igu ra t ions ;  t h e  p a r a l l e l  connec- 
t i o n s  provide  increased  capac i ty  and t h e  s e r i e s  connect ions provide increased  
vo l t age .  To d a t e ,  c e l l s  have been t e s t e d  s e p a r a t e l y  i n  both  p a r a l l e l  and 
s e r i e s  arrangements.  When a s u f f i c i e n t  number of c e l l s  become a v a i l a b l e ,  
t e s t i n g  w i l l  b e  conducted i n  combined p a r a l l e l - s e r i e s  arrangements.  Thus 
f a r ,  c e l l s  t e s t e d  i n  t h i s  program have been i n d i v i d u a l l y  monitored f o r  
v o l t a g e ,  and charge o r  d i scharge  i s  te rmina ted  when one i n d i v i d u a l  c e l l  of 
t h e  b a t t e r y  con f igu ra t ion  reaches  i t s  v o l t a g e  l i m i t .  

A d e s c r i p t i o n  of t h e  c e l l s  and b a t t e r i e s  i s  given i n  Tables  111-2 
and 111-3 t o g e t h e r  wi th  informat ion  on l i f e  t imes  and o p e r a t i o n a l  s t a t u s .  A 
summary of b a t t e r y  performance d a t a  i s  given i n  Appendix B.  . I n  t h e  d iscus-  
s i o n s  of performance presented  i n  t h i s  s e c t i o n ,  t h e  s p e c i f i c  energy and 
s p e c i f i c  power v a l u e s  a r e  c a l c u l a t e d  on t h e  b a s i s  of combined c e l l  weights .  

Table 111-2. Desc r ip t ion  of C e l l s  Used i n  ~ a t t e r y  Tes t ing  

T h e o r e t i c a l  T o t a l  
C e l l  Capacity,  T o t a l  Operat ing 
No. A-hr Type Cycles Time, h r  Remarks 

EP-1B4 149 FeS, t h i c k  >289 >5337 B a t t e r y  B7-S 

EP-1B6 149 FeS, t h i c k  >262 >4695 B a t t e r y  B7-S 

EP-2A3 6 9 FeS2, t h i n  409 2736 Ba t t e ry  B8-S; 
te rmina ted .  

EP-2A4 69 FeS2, t h i n  409 2736 Ba t t e ry  B8-S; 
t crminat  ed 
f o r  p o s t - t e s t  
examinat ion .  

EP-1A7 6 9 FeS, t h i n  >66 >744 B a t t e r y  B9-S 

EP --1A8 63 FeS, t h i n  >66 .744 Ba t t e ry  B9-S 



Table 111-3. Desc r ip t ion  of B a t t e r i e s  

B a t t e r y  No. 

B7-S B8-S B9-S 

C e l l  Type FeS ( t h i c k )  FeS2 ( t h i n )  FeS ( t h i n )  

C e l l  Designat ion EP-1B4, -1B6 EP-2A3, -2A4 EP-1A7, -1A8 

T o t a l  Operat ing Time 
Hours >4152 2256 >744 
Cycles >225 379 >66 

S t a t u s  Operat ing Terminated Operat ing 
r +A%... --- 

a. T e s t i n n  of Thick FeS C e l l s  

During t h i s  pe r iod ,  t e s t i n g  of Eagle-Picher C e l l s  1B4 and 1B6 
i n  s e r i e s  (des igna ted  B a t t e r y  B7-S) was cont inued.  Combinations of d i scharge /  
charge  r a t e s  and e q u a l i z a t i o n  t i m e s  were i n v e s t i g a t e d  t o  e s t a b l i s h  s p e c i f i c  
e n e r g i e s  a t  4-, 5-, and 10-hr deep-discharge ' r a t e s  t o  a  1.0-V c u t o f f .  For 
example, a t  t he  5-hr d i scha rge  r a t e  followed by a  6-hr bu lk  charge and 4-hr 
e q u a l i z a t i o n  charge,  a s p e c i f i c  ener'gy of  ~ 4 2  W-hr/kg was obta ined  over  a  
pe r iod  of  36 cyc le s .  Bulk charge r e f e r s  t o  t h e  f i r s t  p a r t  of t h e  charge 
p e r i o d ,  i n  which most of t h e  t o t a l  ampere-hours a r e  charged a t  h igh  c u r r e n t s .  
Th i s  is  followed by t h e  e q u a l i z a t i o n  pe r iod ,  i n  which a  smal l  amount of charge 
i s  added a t  a  very  low c u r r e n t  (<4 A). The c u t o f f  v o l t a g e s  f o r  bo th  charge 
pe r iods  may be . the  same. Under t h e s e  cond i t i ons ,  t h e  d e c l i n e  i n  capac i ty  and, 
energy a f t e r  36 c y c l e s  was <6%,and over  a per iod  of 70 cyc le s  t h e  d e c l i n e  was 
<13%, t o  g i v e  a  s p e c i f i c  energy of  ~ 3 7  W-hr/kg. It was determined t h a t  a  50% 
saving  i n  equal i tzat ion time could be  achieved by i n c r e a s i n g  t h e  charge c u t o f f  
v o l t a g e s  f o r  both t h e  bulk  charge and t h e  e q u a l i z a t i o n  charge.  The bulk  
charge c u t o f f  was increased  from 1.59 t o  1.665 V and t h e  e q u a l i z a t i o n  
charge c u t o f f  was inc reased  from 1.58 t o  1.65 V. The increased  c u t o f f  
v o l t a g e s  r e s u l t e d  i n  a n  i n c r e a s e  of ~ 5 %  i n  capac i ty  and s p e c i f i c  energy over  
14 deep d ischarge  cyc l e s .  Tes t ing  a t  t h e  4-hr r a t e  y i e lded  a  s p e c i f i c  energy 
of ~ 3 8  W-hr/kg; a t  t h e  10-hr r a t e  t h e  s p e c i f i c '  energy was ~ 5 6  W-hr/kg. The 
b a t t e r y  i s  now be ing  t e s t e d u n d e r  a  new c y c l i n g  mode shown i n  'l'able 111-4 t o  
determine t h e  e f f e c t  of i n t e rmed ia t e  shal low cyc le s  on subsequent deep cyc le s  
of t h e  b a t t e r y .  

A s  d i scussed  i n  ANL-76-98, p. 21, a  method of s t a r t - u p  and 
cond i t i on ing  of many c e l l s  p r i o r  t o  b a t t e r y  assembly and ope ra t ion ,  i s  an . 
impor tan t  a spec t  of t h i s  program. With t h e  advent of c e l l s  having s i m i l a r  
i n i t i a l  r e s i s t a n c e s  and wi th  n e a r l y  equal  c a p a c i t i e s ,  a  d e c i s i o n  was made t o  
r e e v a l u a t e  t h e  problems a s soc i a t ed  wi th  s t a r t - u p  and cond i t i on ing  of c e l l s  
i n  a s e r i e s  arrangement.  'The mechod was t e s t e d  us ing  two Type A ( t h i n )  
Eagle-Picher FeS c e l l s  ( C e l l s  EP-1A7 and -1A8). The two c e l l s  were clamped 
t o g e t h e r  (us ing  a  mica s e p a r a t o r  i n  a r e a s  r e q u i r i n g  e l e c t r i c a l  i n s u l a t i o n ) ,  
p laced  i n ' a  t e s t  w e l l ,  s t a r t e d  up, and condit ioned i n  a  s e r i e s  arrangement 
des igna ted  B9-S. Because of i n i t i a l  c e l l  r e s i s t a n c e s ,  a  25% reduc t ion  i n  



Table 111-4. Seven-Day Cycling Schedule f o r  
Energy-Storage ~ a t t e r ~  C e l l s  

C y c l  

Discharge Discharge Charge 
Rate ,a  Per iod ,  Per iod ,  

.e Nuluber h r  h r  h r  

1 and 2 5 5 10 

3 through 9 5 2 4 

10 and 11 10 10 10 

12 through 18  10 4 4 

a  
Time r equ i r ed  f o r  a  f u l l y  charged c e l l  t o  reach  1.0 V 
a t  a  s e t  d i scha rge  c u r r e n t .  

t h e  c u r r e n t  normally used f o r  s t a r t - u p  and cond i t i on ing  promoted t h e  
break-in of t h e  c e l l s .  The coulombic e t f i c i e n c y  was h igh  (>98%) wi th  good 
energy e f f i c i e n c y  du r ing  t h e  break-in and i n i t i a l  cyc l ing .  The s p e c i f i c  
energy of t h i s  b a t t e r y  was 49 W-hr/kg a t  t h e  10- and 7-hr r a t e s ,  46 W-hr/kg 
a t  t h e  5-hr r a t e ,  and 4 1  W-hr/kg a t  t he .3 -h r  r a t e .  

A comparison of t h e  s p e c i f i c  e n e r g i e s  of t h e  Type A ( t h i n )  FeS 
c e l l s  (B9-S) and t h e  Type B ( t h i c k )  FeS c e l l s  (B7-S) shows t h a t  t h e  va lues  
a t t a i n e d  wi th  t h e  th in -e l ec t rode  c e l l s  compare very  favorably  and exceed 
t h o s e  obta ined  wi th  t h e  th i ck -e l ec t rode  c e l l s  a t  t h e  5-hr r a t e .  However, a t  
t h e  longer  d i scha rge  times. ( e . g . ,  10-hr r a t e ) ,  t h e  t h i ck -e l ec t rode  c e l l s  show 
t h e i r  s u p e r i o r  s p e c i f i c  energy c a p a b i l i t y .  Here a g a i n ,  a s  i n  t h e  c a s e  of t h e  
FeS2 c e l l s ,  t h e  advantage of t h i n  e l e c t r o d e s  f o r  h igh - ra t e  performance h a s  

, b e e n  demonstrated. The b a t t e r y  i s  now be ing  t e s t e d  under t h e  new cyc l ing  
mode, descr ibed  i n  Table 111-4. 

c .  Tes t ing  of Thin FeS2 C e l l s  

~ u ' r i n ~  t h i s  pe r iod ,  t e s t i n g  of Ba t t e ry  B8-S (Eagle-Picher 
Type A FeS2 C e l l s  2A3 and 2A4 i n  s e r i e s )  was d i r e c t e d  t o  an eva lua t ion  of 
t h e  e f f e c t s  of i n t e r s p e r s i n g  shal low c y c l e s  (0.5- t o  1-hr d i scha rge l cha rge  
cyc l e s )  between t h e  deep c y c l e s .  This  t e s t  was aimed a t  e s t a b l i s h i n g  shallow 
c y c l i n g  modes,and de termining  changes i n  performance caused by shal low 
cyc l ing .  For example, sha l low d i scha rges  of 0 .5 and 1 h r  were conducted a t  
t h e  2-hr and 5-hr r a t e s .  Half-hour d i scha rges  were a l s o  conducted a t  t h e  
4-hr r a t e .  Under t h e  chosen c o n d i t i o n s ,  t h e  b a t t e r y  performance on deep 

' c y c l i n g  a f t e r  a  number of shal low c y c l e s  (minimum, 6 c y c l e s ;  maximum, 49 
cyc le s )  showed a d e c l i n e  i n  energy e f f i c i e n c y  (%5%) wi th  p rog res s ive  shal low 
c y c l i n g  a t  t h e  2- and 4-hr r a t e s ,  bu t  no apprec i ab le  change a t  t h e  5-hr r a t e .  
The s p e c i f i c  energy a l s o  showed t h i s  d e c l i n i n g  t r e n d ;  however, t h e  d e c l i n e  
w a s  l a r g e r ,  be ing  about 20% a t  t h e  2-hr r a t e  and about  8% a t  t h e  4-hr r a t e .  

Power t e s t s  were conducted on B a t t e r y  B8-S a f t e r  about  2200 h r  
of ope ra t ion .  These d a t a  and t h e  v o l t a g e  d a t a  co r robora t e  t h e  obse rva t ion  
of i n c r e a s i n g  c e l l  r e s i s t a n c e  noted du r ing  t h e  ope ra t ing  l i f e .  l n  gene ra l ,  

t h e  performance of t h e  b a t t e r y  .was good p r i o r  t o  t e rmina t ion  of t h e  t e s t .  



On the 378th cycle, at the 5-hr.rate, the utilization (based on lithium) was 
about 58% with %99% coulombic efficiency and a specific energy of %38 W-hr/kg. 
The peak specific power (at the end of a 15-sec high-power pulse) at 5% dis- 
charge was %26 W/kg at a 50-A rate, while at 25% discharge it was about 23 
W-hr/kg at the 50-A rate.' 

Testing of the battery was voluntarily terminated after 2256 
hr and 379 cycles to determine the cause of the'increasing cell resistance. 
One of the cells was submitted to the Materials Group for post-test analysis. 
The results of this analysis are discussed in Section IV.A.5 of this report. 

B. ' Charging Systems for Electric Vehicle Batteries 
(F. Hornstra, E. C. Berrill, T. ~or~an*) 

1. Gulton Equalizers 

More detailed and careful meas~urtmeats of the prototype sl.x-(:ell 
equalizer units developed by Gulton Industries, Inc. showed that they did 
indeed meet the design specifications in every respect. The measurements 
were complicated by the nature of the current wave form. Square-wave current 
pulses of 50% duty cycle are generated by the equalizer. Diodes in the 
circuit provide rectificat,ion and of course block the cell from discharging 
back into the charger during the interval of time when the current is zero. 
Consequently, during that zero-current interval, the voltage at,the cycler 
terminal decreases to.the IR-free cell voltage. A measurement of the 
equalizer voltage with,a dc meter gives a value which is the average of the 
voltage during 'the current pulse and the voltage during the zero-current 
interval. ' The value resulting from this measurement makes it appear that 
the equalizer is regulating the voitage with less compliance than.is actually 
the case. 

The correct way to evaluate the performance of such a system is to 
make instantaneous, coincident.measurements.of current and voltage during the 
current pulse. .These measurements, when made with the use of a calibrated 
oscilloscope, verified that the units performed in accordance with the 
specific.atians. 

The successful operation of these units is a significant milestone 
in demonstrating' that cell equalization can be effected with a simple, light- 
weight system that shows promise of being economical. Such a system might 
be useful for virtually all types of batteries. 

2. TRW Proposal --.-., 
(F. Hornstra) 

Kepresentatives of TRW Inc. visited ANL in October to discuss a 
battery charging system for the Li-A1/FeS2 electric-vehicle battery. As a 
result of this visit, they have submitted a proposal for a two-step develop- 
ment program leading to a complete charger suitable for use with an electric 
vehicle. The first step, which is addressed at length in the proposal, 
involves a design study to assess the requirements and establish design goals 
for a charging system that would be an integrated unit consisting of a bulk 
* 
Co-op student from the University of Cincinnati. 



battery charger functionally combined with a cell-equalization system. This 
study would conclude with a .recommended charging system for a development and 
construction program under Phase 2 of this program. The proposal is currently 
under study. 

3. Electronic Development 
(F. Hornstra, W. W. Lark, T.  organ*) 

A six-cell monitor/controller is now operational and another,unit 
.is under construction. The monitor/controller monitors each cell voltage and 
terminates the battery charge process when any cell reaches a preset charge 
cutoff voltage and terminates the discharge process when any cell reaches a 
pre~et'disch~rge cutoff voltage. Thus, the battery can be used to its fullest 
extent without exposing any of its cells to overcharging or discharging. 
Twenty-five "watch-dog" monitors have been constructed by the ANL Electronics 
Division and are ready for use; the delivery of the units completes this 
project. The "watch-dog" units. can'be used with any battery. The units 
operate independently of the charger or cycler. If the battery voltage 
exceeds a preset'upper limit or declines below a preset lower limit as set 
on the "watch-dog," the battery is placed on open circuit. In this manner, 
a battery is protected from damage resulting from malfunctions of the charger 
or cycler system. 

C. Cell Development and Engineering 
(H. Shimotake) 

The effort in this part of the program is directed toward the development 
and testing of Li-A1/FeSx cells having improved performance and lower cost. 
Technical advances will be incorporated into the cells that are fabricated by 
industrial firms to complement the effort on industrial cell development. The 
work is concentrated on the development of cells that are particularly adapt- 
able to the electric-vehicle application, with emphasis on high specific 
energy at the 2-hr and 4-hr discharge rates. A number of'"upper-plateau" 
FeS2 cell tests were initiated during this ,quarter. Efforts are also under 
way on the selection of an improved separator, investigations of the use of 
metal additives to Li-A1 electrodes to,extend electrode life, and the develop- 
ment of carbon-bonded electrodes. Dimensions of electrod-es in the test cells 
are usually 13 x 13 cm, except tor special-purpose cells. A summary of per- 
formance results of the test cells is presented in Appendix A. 

1. Cell Performance and Lifetime Im~rovement 

a. Uncharged Cells with Hot-Pressed FeS2 Electrodes 
(L. G. Bartholme and H. Shimotake) 

Uncharged, upper-plateau FeS2 cells have been selected for the 
near-term electric-vehicle application. These cells have several potential 
advantages over the two-plateau FeS2 cells: (1) high average voltage, (2) a 
single voltage plateau (thus simple voltage control), (3) potentially good 
performance at high discharge rates, and (4) high energy efficiency. The 
disadvantages are (1) an intrinsic limitation of the capacity by the positive 
electrode material, and (2) insufficient design data at the present time. 

* 
Co-op student from the University of Cincinnati. 



A s e r i e s  of c e l l  t e s t s  has  been planned t o  c h a r a c t e r i z e  t h e  
upper-plateau FeS2 c e l l s .  Ob jec t ives  of t h e  t e s t s  i nc lude  (1) s e l e c t i o n  of 
an  optimum c e l l  des ign  us ing  a v a i l a b l e  m a t e r i a l s ,  and (2) de te rmina t ion  of 
t h e  performance c h a r a c t e r i s t i c s  of upper-plateau c e l l s  a s  a  func t ion  of 
d i scha rge  r a t e s ,  cu to f f  v o l t a g e s ,  and Fe:S, Li :S,  and A1:S r a t i o s .  

Two c e l l s ,  R-23 and R-24, have been b u i l t  and placed i n  oper- 
a t i o n .  Both c e l l s  are p r i s m a t i c  (13 x 1 3  cm) and comprise a  c e n t r a l  hot-  
p re s sed  p o s i t i v e  e l e c t r o d e  and two nega t ive  plaques of pressed  aluminum wi re ,  
s i m i l a r  t o  t hose  used i n  prev ious  R-ser ies  c e l l s  (ANL-76-98, p. 26) .  The 
b a s i c  d i f f e r e n c e  i n  t h e  two c e l l s  i s  i n  t h e  nega t ive  e l e c t r o d e s .  I n  C e l l  
R-24, t h e  n e g a t i v e  e l e c t r o d e  con ta ins  Li-A1 a l l o y ,  t hus  making a  p o r t i o n  of 
t h e  p re s sed  aluminum w i r e  t h e  c u r r e n t  c o l l e c t o r .  

The two c e l l s  have shown remarkable d i f f e r e n c e s  i n  t h e i r  
c a p a c i t y  and energy o u t p u t s ,  p a r t i c u l a r l y  a t  t h e  h igh - ra t e  d i scha rges ,  a s  
shown i n  F i g .  111-2. A t  o 30-A d i scha rge  ( c u r r e n t  d e n s i t y ,  100 mA/cm2), t h e  
u t i l i z a t i o n  and c a p a c i t y  of C e l l  R-24 were 83.2% and 93 A-hr, r e s p e c t i v e l y ;  
t hose  f o r  C e l l  R-23 were 53% and 55 A-hr, r e s p e c t i v e l y .  The s u p e r i o r  per- 
formance of C e l l  R-24 over  R-23 i s  a t t r i b u t e d  t o  t h e  b e t t e r  c u r r e n t  c o l l e c t i o n  
of t h e  nega t ive  e l e c t r o d e ' o f  C e l l  R-24 i n  which a  p a r t  of t h e  pressed  aluminum 
w i r e  a c t e d  a s  a . c u r r e n t - c o l l e c t i n g  mat r ix .  E f f o r t s  t o  b u i l d  and t e s t  more 
upper-plateau FeS2 c e l l s  a r e  cont inuing .  
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Fig .  111-2. Voltage-Capacity Curves f o r  C e l l s  R-23 and R-24 
( tempera ture ,  450°C) 

b .  Carb0.n-Bonded Metal S u l f i d e  E lec t rodes  
(T. D .  Kaun, W .  A. Kremsner, F. J .  Martino) 

Recent developments of carbon-bonded e l e c t r o d e s  have inc luded  
t h e  i d e n t i f i c a t i o n  of a number of s u i t a b l e  carbon-binders.  The use  of  f b r f u r a l  
a l c o h o l  r e s i n  a s  a  b inde r  has  r e s u l t e d  i n  improved e l e c t r o d e  performance; 
phenol formaldehyde and Union Carbide grade C-34 b inde r s  a l s o  show promise. 



A t  p r e s e n t ,  t h r e e  c e l l s ,  C e l l s  KK-4, 5  and 6 ,  w i th  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  sub jec t ed  t o  l i f e t i m e  t e s t i n g .  These 
a r e  compact, s e a l e d ,  p r i s m a t i c  c e l l s  opera ted  a t  450°C. Phys i ca l  cha rac t e r -  
i s t i c s  of t h e s e  c e l l s  a r e  given i n  Appendix A. C e l l  KK-5, an uncharged FeS 
c e l l  wi th  Cu2S a d d i t i v e  has  r e t a i n e d  most of  i t s  capac i ty  a f t e r  320 deep- 
d ischarge  c y c l e s  and 5600 h r .  The peak capac i ty  of  90 A-hr has  diminished 
b y o n l y  5%. This  r e c e n t  d e c l i n e  i n  capac i ty  corresponds t o  an i n c r e a s e  of 
c e l l  r e s i s t a n c e  from 3.8 t o  4.8 mil. When t h e  c e l l  i s  charged a t  c u r r e n t s  
lower than  those  corresponding t o  t h e  10-hr r a t e ,  f u l l  c a p a c i t y  i s  r e s t o r e d .  
Therefore ,  i r i t h  a  more e f f e c t i v e  charging technique  than  t h e  cons tan t -cur ren t  
mode, e . g . ,  cons tan t -vol tage  charging,  C e l l  KK-5 should e a s i l y  reach a  goa l  
of 400 cyc le s  w i th  <lo% capac i ty  dec l ine .  . The c e l l  capac i ty  is  a l s o  s t a b l e  
a t  h igh  d i scha rge  r a t e s .  The s p e c i f i c  energy a t  t h e  2-hr d i scharge  r a t e  
(40 A) is  g r e a t e r  than 45 W-hrlkg. 

C e l l s  KK-4 and KK-6, which have carbon-bonded FeS2 e l e c t r o d e s ,  
have opera ted  . for  350 and 280 cyc le s ,  r e s p e c t i v e l y ,  w i t h  98+% coulombic 
e f f i c i e n c y .  Capacity d e c l i n e s  t h u s  f a r  a r e  15  and 50%, r e s p e c t i v e l y .  The 
l o s s  of capac i ty  i n  t h e s e  c e l l s ,  u n l i k e  t h a t  of C e l l  KK-5, does no t  appear  
t o  be  recoverable .  P lans  have been made t o  r e c o n s t r u c t  one o r  bo th  of t h e s e  
c e l l s  by i n s e r t i n g  f r e s h  nega t ive  e l e c t r o d e s  t o  determine which e l e c t r o d e s  
a r e  l i f e - l i m i t i n g .  

C e l l  CB-1, cons t ruc t ed  a s  an unsealed charged c e l l ,  w a s  designed 
t o  t e s t  a  p o s i t i v e  e l e c t r o d e  of carbon-bonded c h a l c o p y r i t e  (CuFeS2) wi th  hot-  
pressed  py rometa l lu rg i ca l  Li-A1 nega t ive  e l e c t r o d e s .  Th i s  c e l l  has  now accu- 
mulated 562 cyc le s  and 7800 h r  of ope ra t ion .  During t h e  l a s t  6000 h r  of 
ope ra t ion ,  i t s  ca a c i t y  has  dec l ined  <7% a t  t h e  5-hr charge-discharge r a t e  
(12.5 A ,  65 d / c m g j  . - ~ o w e r i n ~  t h e  d i scha rge  c u r r e n t  r e s u l t e d  i n  h ighe r  c e l l  
c a p a c i t y ,  i n d i c a t i n g  t h a t ,  even a f t e r  t h i s  extended o p e r a t i n g  pe r iod ,  addi- 
t i o n a l  capac i ty  i s  s t i l l  a v a i l a b l e .  Lowering t h e  charge c u r r e n t  r e s u l t e d  i n  
a  2% r a t h e r  than  t h e  7% d e c l i n e  i n  capac i ty  from i t s  t y p i c a l l y  h igh  67 A-hr 
va lue  (43% of t h 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  nega t ive  and p o s i t i v e  e l ec -  
t r o d e s ) .  Throughout t h e  t e s t i n g  of C e l l  CB-1, t h e  c u t o f f  v o l t a g e s  have been 
maintained a t  0.9 V and 1.75 V (IR inc luded) .  C e l l  r e s i s t a n c e  has  remained 
a t  %12 mil whi l e  t h e  ampere-hour e f f i c i e n c y  has  v a r i e d  between 92 and 98%. 

2. Large-Scale C e l l '  
(F. J .  Martino, T. D.  Kaun, J .  E. Kincinas)  

The ope ra t ion  of a  25 x 35 cm compact c e l l  (SS-1) h a s  been tempo- 
r a r i l y  suspended i n  o r d e r  t o  s e a l  a  l i d  on t h e  c e l l .  The c e l l  con ta ins  a  
carbon-bonded FeS-Cu2S p o s i t i v e  e l e c t r o d e  and nega t ive  e l e c t r o d e s  of Li-A1 i n  
i r o n  Retimet.  The c e l l  h a s  been opera ted  f o r  92 c y c l e s  and %2000 h r  and has  
achieved c a p a c i t i e s  a s  h igh  a s  450 A-hr (540 W-hr) a t  a ' l 0 - h r  d i scha rge  r a t e  
of 40 A. Th i s  c a p a c i t y  corresponds t o  69% of t h e  t h e o r e t i c a l  va lue .  Also, 
t h e  ampere-hour e f f i c i e n c y  of , t h e  c e l l  has  remained a t  99% throughout i t s  
ope ra t ion .  

Power t e s t i n g  of C e l l  SS-1 y i e lded  t y p i c a l  power-pulse d a t a  f o r  FeS 
c e l l s  wi th  a peak s p e c i f i c  power of 30 ~ / k g .  A s p e c i f i c  energy of 45 W-hr/kg 
was measured a t  t h e  10-hr d i scha rge  r a t e .  C e l l  r e s i s t a n c e  has .been  cons t an t  
a t  1 . 4  mil. 



3. Electrode Development 

a. Li-A1 Alloy Negative Electrodes with Additives 
(F. J. Martino, H. Shimotake) 

The addition oE a third metal to the Li-A1 alloy has shown 
promise in preventing capacity decline of small-size (15 cm2) Li/Li-A1 cells 
(ANL-76-98, p. 44). As a result, engineering-size cells (FM series) are 
being operated to test this concept. Each cell has a well defined Eagle- 
Picher Type .A positive electrode, and a negative electrode in which pyrometal- 
lurgically prepared Li-A1 and an additive are loaded in an iron ~etimet* 
current collector. The charge-discharge current for these test cells, the 
IR-free cutoff voltages, and operating temperatures are all being held 
constant. at 8.0 A, 1.05-1.70 V, and 450°C, respectively. 

Cell FM-1, which has a negative electrode of Li-A1-4 wt % In 
(85 A-hr theoretical capacity), continues to operate after 210 cycles and 
2460 hr. Although its overall performance has declined q~5% from a typical 
high of 45 A-hr, its ampcre-hour efficiency has remained above 93%. Therefore, 
it appears that indium shows promise as a negative electrode additive to 
extend cell lifetime. 

Cell F'M-2, with a Li-A1-8 wt % Ca negative electrode of 90 A-hr. 
theoretical capacity, began its operation with a higher capacity than Gel-1. 
FM-1; early cycling showed an immediate rise to a peak capacity'of 56 A-hr. 
However, continued cycling.indicated that any beneficial effects from the 
calcium addition were slowly lost. Because of its poor performance after 
128 cycles and 1775 hr, Cell FM-2 was taken out of operation and will undergo 
post-operative analysis. 

Keplacing Cell FM-2 in the negative electrode additive tests 
is cell FM-3, which has a Li-A1-8 wt % Sn negative electrode of 82 A-hr 
theoretical capacity. This cell is still undergoing'hreak-in cycling with 
only 6 cycles accumulated to date. 

b. Cast Li-A1 Alloy Negative Electrodes 
(T. W. Olszanski, E. C. Chancy,' H. Shimotake) 

Tllr use of solid Li-A1 alloy plaques, with low lithium content, 
as negative electrodes in uncharged FeS2 cells has shown promising results. 
This type of negative electrode may provide'the least contamination of the 
Li-A1 alloy, since it eliminates the use of high-surface-area powders. The 
solid negarive plaque can incorporate excess Li-A1 alloy for added capacity 
or excess aluminum for added current collection. 

Two cells, EC-1 and TO-3, having solid LI-A1 negative elec- 
trodes, have been operated. Cell EC-1, a sealed cell with an uncharged FeS2- 
CoS positive electrode, was operated for 25 cycles when the test was terminated 
because a short circuit had developed. This cell contained a BN felt separator 
with no particle retainer such as Zr02 cloth which has been used in the posi- 
tive electrodes of many cells. This cell achieved a specific energy of 

* 
A porous metal produced by Dunlop, Ltd., Coventry, England. 

'~ndustrial Participant from Gould Inc. 



approximately 100 W-hr/kg at the 10-hr rate. Cell TO-3, also a sealed cell 
with an uncharged FeS2-CoS positive electrode, was operated for 6 cycles and 
230 hr. Cell TO-3 also had a BN felt separator without a particle retainer. 
This cell attained a specific energy greater than 100 W-hr/kg at the 14-hr 
rate during initial cycling. The overall performance of Cell TO-3 at d l f -  
ferent discharge rates is presented in Fig. 111-3. Further tests in this 
investigation will be directed toward determining the cause of short circuits 
in these compact, high-specific-energy cells. 
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Fig. 111-3. Voltage-us.-Capacity Curves for Cell TO-3 
(temperature, 430°C) 

IV. TECHNOLOGY DEVELOPMENT 

A. Materials Development 
(J. F. Battles) 

Efforts in the materials program are directed toward the development of 
various cell components ( e . g . ,  electrical feedthroughs, electrode separators, 
current collectors, and cell hardware), corrosion testing of candidate 
materials for these components, and postoperative examination of cells to 
evaluate the behavior of the various construction materials as well as that 
o f  the lithium-a1.11minurn and metal sulfide electrodes. 

1. Electrical Feedthrough Development " 
(K. M. Myles and J. L. Settle) 

The corrosive environment within Li-~l/~icl-KCl/FeS, cells precludes 
the ready adaptation of most commercially available electrical feedthroughs. 
The few that are compatible with the cell environment employ mechanical seals, 
such as the Conax electrical feedthrough, which do not adequately meet the 
technical goals of small size, light weight, low cost, and leak-righL11ess. 



It has long been recognized that the best solution would.be a brazed feed- 
through, and new and innovative brazed seals are being sought with some 
success. However, work is also under way to minimize the shortcomings of 
the mechanical seal for near-term applications.. 

As previously reported (ANL-76-98, p. 33), this effort has resulted 
in a modified Conax feedthrough that has proved to be reliable in all ANL and 
cohnercial cells. During the past quarter, several significant improvements 
were made in the mechanical feedthrough. First, the lower BN insulator, 
which was relatively weak, was replaced by a substantially stronger insulator 
of Y2O3, with the result that the BN powder sealant can now be compacted much 
more tightly; in addition, new assembly specifications were established for a 
feedthrough with a conductor having a diameter of 114 in. (0.64 cm). Second, 
the feedthrough housing was redesigned to reduce the mass and to,eliminate 
the massive compression nut by crimping the housing around a metal r h g .  
This housing also allows a secondary solder-glass seal to be used above the 
primary seal of compacted BN powder. With this modification, crimp-ty e 5 feedthroughs have been fabricated with leak rates as low as 10-lo Pa-m /s, 
which is a significant improvement over leak rates of pa.m3/s without 
the solder.glass. comparative weights of the various components of the feed- 
through are listed in Table IV-1; two sizes of insulators were fabricated, 
one to accommodate a 5/16 in. (0.79 cm) diameter conductor, the other a 114 
in. (0.64 cm) diameter conductor. 

Table IV-1. ANL Mechanical Feedthrough 

Component Weight, g, for 
Indicated Conditctor Diameter, In. (cm) 

5/16 (0.751) 114 ( 0 . 6 4 )  

Steel housinga 5 8 58 

P203 lower insulator 1 U 14 

A1203 upper irisulator 4 6 

BN powder sealant 5 5 

Steel retainer ring 2 2 

Solder glass - 1 1 
Total 7 9 8 6 

-- - 
a Conax housing weighs 120 g .  

Heretofore, the insulators for the crimp-type feedthrough were 
designed so they would also fit the Conax feedthrough housing to provide a 
.back-up. The recent successes, along with the decision to scale down the ' 

thickness of the cells to 314 in. (1.90 cm) .for the Mark I vehicle battery, 
led to a decision to scale down the feedthrough for the 114 in. (0.64 cm) 
diameter conductor to a maximum outside dimension of 314 in. Some uncertainty 
is incurred by the redesign in that the walls of the ceramic insulators are 
appreciably thinner and that the metal housing might creep excessively at the 



c e l l  ope ra t ing  temperature.  Nonetheless ,  t h e  redes ign  has  commenced ( see  
Fig.  IV-l),  and the  ceramic i n s u l a t o r s  have been ordered .  

r 1 . 9  cm 7 ,r MOLYBDENUM CONDUCTOR 

Fig .  IV-1.  Crimp-type Feedthrough f o r  Mark I 
E l e c t r i c  Vehicle  C e l l  

A f a c e t  of t h e  e f f o r t  t h a t  r e q u i r e s  immediate a t t e n t i o n  i s  t h e  
development of t h e  so lde r -g l a s s  s e a l  f o r  molybdenum c u r r e n t  conductors;  t h e  
previous  development had involved i r o n  conductors .  Th i s  change does n o t  
r ep re sen t  a major depa r tu re ,  s i n c e  t h e  design ' c r i t e r i a .  a r e  l e s s  demanding 
f o r  t h e  molybdenum conductor.  However, s i n c e  ~ o v a r *  must now b e  used i n s t e a d  
of s t e e l  f o r  t h e  housing m a t e r i a l ,  some e f f o r t  must be placed o n ' a n  under- 
s t and ing  of t h e  meta l lurgy  involved i n  welding t h e  housing onto  t h e  c e l l  l i d ,  
which i s  low-carbon s t e e l .  

2 .  E l ec t rode  Separa tor  Development 
(J. P. Mathers and C .  W. Boquist)  . 

Paper and f e l t  s e p a r a t o r s  a r e  be ing  developed a s  a l t e r n a t i v e s  f o r  
t h e  BN fa 'b r ic  w h i c h . i s  c u r r e n t l y  used a s  t h e  e l e c t r o d e  s e p a r a t o r  i n  ~ i - A l /  
LiC1-KC1/FeSx c e l l s .  The paper  and f e l t  s e p a r a t o r s  a r e  expected t o  be  con- 
s i d e r a b l y  l e s s  expens ive . than  BN f a b r i c  and t o  provide  more e f f e c t i v e  r e t en -  
t i o n  of t h e  a c t i v e  m a t e r i a l s  i n  t h e  e l e c t r o d e s .  An e f f o r t  has  a l s o  been 
i n i t i a t e d  t o  determine t h e  f e a s i b i l i t y  of u s ing  e l e c t r o d e  s e p a r a t o r s  composed 
e n t i r e l y  of ceramic powders. 

* 
Composition of Kovar (wt x ) :  54 Fe-29 Ni-17 CO. 



The performance of Y203 felt as a particle retainer was evaluated 
in Cell SC-12. This was a L ~ - A ~ / L ~ C ~ - K C ~ / F ~ S  cell which was assembled in the 
uncharged state. Yttria felt of 80-mil (2.0-cm) thickness was used as the 
separator, with a layer of 325-mesh screen over each electrode face. The 
design of the cell was similar to that shown in ANL-76-35, Fig. 11-6, p. 20. 
In previous cells, however, Zr02 fabric had been used as a particle retainer 
for the active materials. Cell SC-12 was operated for 1300 hr (106 cycles) 
at a current density of 76 d/cm2. The electrical performance of the cell 
was very good throughout its lifetime. Operation of the cell was terminated 
when it failed to accept a charge after a shutdown period of 24 hr for cycler 
repairs. Post-test examination revealed an electrical short circuit in the 
cell which was not associated with the Y2O3 separator. Metallographic exam- 
ination of a section through the cell showed that the separator had maintained 
its integrity during cell operation. There were some very small metal par- 
ticles in the felt, but these were confined to a thin band close to the posi- 
tive electrode. The remainder of the felt thickness (~80%) was free of any 
particulate matter. These results indicate that a combination of 325-mesh 
screen with a layer of Y203 felt can be used as an effective separator- 
ro ta inor  aombination. 

An effort to develop an all-powder separator was initiated this past 
quarter. Cell SC-13 was constructed with a separator that consisted of Y203 
powder with a particle size range of 150-250 vm. The separator thickness was 
4 mm. A diagram of the cell is shown in Fig. IV-2. Yttria powder was also 
used to insulate the sides and top of the FeS positive electrode from the 
cell housing. A 325-mesh screen was used over each electrode face for elec- 
trode particle retention. The cell was cycled continuously at a current 
density of 75 d/cm2 for 2000 hr before the operation was terminated volun- 
tarily. The electrical performance of the cell was very good throughout the 
experiment. Post-test examination showed that a uniform separator thickness 
was maintained around the positive electrode. Microscopic examination of a 
section through the separator showed that some of the smaller Y2O3 particles 
had settled to the bottom of the separator. As a result, the bottom half of 
the separator was less porous than the upper half. Also, some of the fine 
particles from the positive electrode had filtered through the 325-mesh 
screen. These particles were retained in the upper 15% of the separator; 
the remainder of the separator was free of electrode particles. 

JSULATOR 

NEGATIVE ELECTRODE 1 

Fig. IV-2. Schematic Representation of Cell (SC-13) 
for Testing Powder Separator 



I-. - 
The results obtained with the all-powder separator are very encour- 

aging. The use of powder separators might make it possible to use materials 
such as AlN, MgO, and CaO, which are not available in fibrous form. A possible 
disadvantage of the powder separator is that it is less porous than a fibrous 
separator, and the lower porosity may restrict ionic transport through the 
separator. This effect could limit cell performance, especially at higher 
current densities. 

Work on the all-powder separator is proceeding and experiments are 
now in progress in an attempt to reduce the separator thickness and to inves- 
tigate the use of powder separators in alternative cell designs, such as the 
vertical prismatic design used in the industrially produced cells 

Ceramic Materials Development 
(W. D. Tuohig and J. T. Dusek)" 

L - I; - b 
Porous, monolithic ceramic plates are under consideration as alter- 

natives to the BN fabric separator, and several approaches to fabricating 
these plates are being evaluated. Foaming is a particularly attractive 
approach because of the wide latitude in the structures that can be produced 
(ANL-76-81, p. 34). Yttria foams were prepared from aqueous suspensions of 
ceramic commercial foaming agents,? and organic binders in a high- 
shear mixer. Later, the foams were cast in shallow metal molds. The result- 
ing plates were dried at low temperature (50-75OC) to prevent cracking and 
then cured by firing at temperatures between 1500 and 1800°C. Cured foams 
exhibited porosities in the range from 63 to 90% of the geometric volume, 
depending on the processing parameters used. A commercial foam generator** 
has been leased to facilitate further development of foamed separators. The 
generator combines air with aqueous solutions of foaming agents to produce a 
uniform foam matrix. Ceramic powders can then be mixed with this foam to 
produce any predetermined density. r 7  c y  - 

w \ 

A second approach to the fabrication of porous plates involves 
alteration of the surface morphology of the particles. Figure IV-3 is a 
scanning electron micrograph of a porous Y2O3 plate prepared from powder - 
treated with dilute nitric acid. The fine reticulated structure results from 
precipitation of Y203*6H20 crystallites on particle surfaces. The material 
shown in Pig. IV-3 was fired in air at llOOO~. The structure can be altered 
substantially by firing at higher temperatures, as shown in Fig. 4 (1350°C). 
Both materials are nominally 50% porous. 

The use of transient pore formers is also being considered as a 
means of producing monolithic separators. Transient pore formers are volatile 
solids which are intimately mixed with the ceramic powders prior to consolida- 
tion. In the course of high-temperature processing, the pore formers are 
driven off, leaving voids in the structure corresponding to the volumes which 

- - pa- * 
Materials Science Division, ANL. 

+~ol~bdenum Corp . of America, Louriers , Colo . 
*earl MR, Mearl Corp . , Roselle Park, N. J. ; Egg Albumin, Fisher Scientific, 
Fair Lawn, N.J. 

**~odel WlO-IA, Mearl Corp. , Roselle Park, N . J . 



Fig. IV-3. Yttria Powder Treated with 3M Nitric Acid 
and Sintered at llOO°C (6000X) 

Fig. IV-4. Yttria Powder Treated with 3M Nitric Acid 
and Sintered at 1350°C (6000X) 



they occupied. The textile fibers, used as the pore formers, were oriented 
parallel to the plate faces during die pressing. Figure IV-5 is a transverse 
fracture section through a plate having anisotropic porosity. 

Fie. IV-5. Porous Yttria Plate Produced with the Aid 
of a Transient Pore Former (30X) 

Effort is presently being directed toward refinement and character- 
izatlon of porous structures produced by the techniques described. Character- 
ization will include measurements of flexural strength, pore size and size 
distribution by mercury porosimetry , and resistance to gas f loi (permeability). 
In-cell testing will be carried out in test cells of the type currently being 
used to evaluate flexible separators (ANL-76-35, p. 20). 

. Corrosion Studies 
(J. A. Smaga) 

Current collectors in the positive electrode are exposed to metal 
sulfides (FeS, FeS2, Li2S and LixFeSy) and molten LiC1-KC1 eutectic, a condi- 
tion which results in rapid attack on most commonly used metals, e.g.,  iron, 
nickel, copper and alloys of these elements. The corrosiveness of this 
environment is compounded by the fact that most metals react electrochemically 
with the electrolyte at potentials less than the normal charge cutoff poten- 
tial of approximately 2.1 V for cells employing FeS2 positive electrodes. 
For FeS positive electrodes, the conditions are less severe because of the 
reduced sulfur activity and the lower charge cutoff potential (~1.7 V). 
Because of the importance of developing current collectors, a number of metals 
have been subjected to corrosion tests in equal-volume mixtures of both FeS + 
LiC1-KC1 and FeS2 + LiC1-KC1 for 500 to 1OOO hf: at 400, 450, and 500°C. The 
cumulative results for representative materials tested to date are summarized 
in Tables lv-2 and IV-3, which present both the corrosion rates and 



Table IV-2, Compatibility Tests in FeS + LiC1-KC1 

Material 

a Corrosion Rate, pm/yr 

Remarks 
-- - - - 

Molybdenum 1.8 3.1 10 Minor surface attack 

Nickel +13 +10 +49 Fe-Ni reaction layer 

Niobium +I1 +26 +24 Fe-Nb reaction layer 

Armco Iron 440 460 410 Severe intergranular attack 

AISI 1008 620 - - Severe intergranular attack 

Type 304 SS 3.8 3.6 9.0 Minor surface attack 

Hastelloy B 1.8 2.5 +11 Complex reaction layer at 500°C 

Hastelloy C 1.1 0.9 +18 Complex reaction layer at 500°C 

Inconel 617 0.2 2.3 . +18 Minor surface attack 

Inconel 625 0.9 2.7 4.9 Minor surface attack 

Inconel 706 - 4.6 - Minor intergranular penetration 

Inconel 718 - 5.0 - Minor intergranular penetration 

Incoloy 825 -. 2.1 - Minor surface attack 

a 
Values preceded by a "+" sign indicate a net weight gain due to the presence 
 of an adherent reactor layer. 

Tahle IV-3. Compatibility Tests in FeSp + LiC1-KC1 

Corrosion R a ~ r , "  prn/yr 

Material 4OO0C 450°C 5OO0C Remarks 

Molybdenum 

Nickel 

Nioh i 1.m 

Type 304 SS 

Hastelloy B 

Hastelloy C 

Inconel 617 

Inconel 625 

Inconel 706 

Inconel 718 - 
Incoloy 825' - 

Weakly adherent MoS2 layer 

Very severe attack; Ni3S2, NiS 

Severe attack; intergranular penetrarlon 

Very severe attack; FeS, FeCr2Sq 

Intergranular penetration; NiS-FeS 

Minor intergranular penetration; NiS0FeS 

NiS ,  NiCo2S4, Cr2S3 

Probable NiS, Cr2S3 

Severe attack; probable NiS, Cr5S6, 
FeCr2S1, 

Severe attack; NiS, Cr5S6, Ni3S2 

Severe attack; NiS-FeS, Ni3S2, FeCr2Sq 

%slues preceded by a It+" sign indicate a net weight grain due to the presence 
of an adherent reactor layer. 



metallographic and microprobe observations for samples exposed to FeS + 
LiC1-KC1 and FeS2 + LiC1-KC1, respectively. 

The results in Table IV-2 show that all of the materials, except 
Armco iron and AISI-1008, are suitable* for application in FeS cells. However, 
current collectors of low-carbon steel have been used in engineering-scale FeS 
cells with only minor corrosive attack. The results of tests in FeS2 + LiC1- 
KC1 (Table IV-3) indicate that, as expected, the corrosion rates for all of 
the metals were much higher in the FeS2 environment than in the FeS environ- 
ment. Molybdenum was the only material that showed an acceptably low reaction 
rate at all temperatures. The corrosion rate for Hastelloy B appears to be 
marginally acceptable at 400°C. 

The brazed feedthrough requires corrosion-resistant, high-integrity 
brazed joints between the ceramic insulator and the metallic components, con- 
ducting rod, and cell housing. To fact1.itate the formation of this joint, 
Coors Porcelain Co. has developed several processes for metallizing the sur- 
faces of Y2O3 ceramics. Compatibility tests were conducted on experimental 
samples of metallized samples to determine the suitability of these processes. 
The tests were conducted in equal-volume mixtures of LiAl and LiC1-KC1 at a 
temperature of 450°C for 300 and 900 hr. The Y2O3 bodies had a flat ring 
geometry, and the flat surfaces were metallized by five different techniques. 
Multiple samples of each metallizing process were tested, and the weight losses 
within a group were quite consistent. On the basis o f  total sample weight, 
the weight losses were small, ranging from 0.02 to 0.12 wt %. The values 
listed in Table IV-4 represent the average weight loss per unit area of metal- 
lized surface for each group of samples. Because any weight loss contributed 
by the nonmetallized surfaces of the Y203 body could not be factored out, 
these values are maximum weight losses; the real losses coiild be even lower. 
Since the losses after 900 hr are only slightly greater than those after 300 
hr, it is evident that the rate of weight loss decreases with time. 

* 
Suitability based on corrosion rates that are 75 pmIyr or less. 

Table IV-4. Compatibi1,ity and Bond Strength of 
Metallized Y203 Feedthrough Components 

Average Weight Loss, mg/cm2 
Metallizing Fracture 

Process Number 300 hr . 900 hr Location 

2 0.96 l.Ola Interface 

4 0.83 0. 94a Interface 

6A 0.36 0.44~ Interface 

Ceramic or 
metal layer 

9 B - 0.21 Ceramic or 
metal layer 

a Rased on a single test sample. 



The metallized bodies were returned to Coors for analysis of the 
post-test metallized bond strength. The samples were pulled in tension until 
fracture occurred. Fractures at the metal-to-ceramic interface indicate weak 
bond strengths; those through the ceramic body or metallized layer indicate 
a high-integrity bond. Table IV-4 also summarizes the 1ocation.of fracture. 
On the basis of compatibility, bond strength, and metallizing composition, 
the "7B1' metallizing process was selected as the optimum process. Brazed 
feedthrough assemblies which employ Y2O3 components metallized by this process 
will be supplied by Coors for further evaluation in half-cell tests. 

5. Postoperative Examinations 
(F. C. Mrazek,.K. G. Carroll, J. E. Battles) 

Postoperative examinations are conducted on test cells primarily to 
evaluate the performance of various construction materials and components, 
e . g . ,  feedthroughs, current collectors, electrode separators, and cell hous- 
ings. 'l'hese postoperative examinations provide important information, ngf 
only on the compatibility of cell components with the cell environment, but 
also on the performance and behavi~a: 96 the lithium-ah~rnin~irn and meta3 sl.11.firle 
electrode materials. The examination procedures have been described previously 
(ANL-8109, p. 72) . 

a. Chemical Analyses of Five Prismatic Cells 

Chemical analyses were performed on five vertical prismatic 
Li-A1/FeSx cells during this report period. The samples for chemical analyses 
were obtained by cutting a vertical section of the positive electrode into 
nine equal sections. Sample number one was located at the top of the elec- 
trode.   he odd numbered samples were submitted.for total sulfur analysis; 
the even numbered samples were discarded. One negative electrode sample was 
also taken for each cell at a location corresponding to the number five posi-' 
tion for the positive electrode. 

Table IV-5 summarizes the results of the a n a 1 . y ~ ~ ~  fnr t h e  f i v e  

cells. These results show that the positive electrodes are reasorlably homog- 
eneous in sulfur and that no settling of the active n~aterials is evident. 
Both positive and negative electrodes were analyzed for cross contamination 
by the opposing electrode and the results, such as aluminum in the positive 
electrode and sulfur in the negative electrode, indicated no significant 
cross migration of the active materials to the counter-electrode. The atomic 
ratio of chlorine to potassium was calculated from the results of the chemical 
analyses. For the LiC1-KC1 eutectic composition, the atomic ratio is 2.38. 
Cells S-87 and IB/F~ show an abnormally high atomic ratio of 3.3. A shift of 
this magnitude in the electrolyte composition could result in an electrolyte 
that is partially solid at the cell operating temperature. 

b. Formation of Li2S in Electrode Separators 

Recent exai~~inations of FeS2 cells have shuw11 the presence of 
Li2S in BN fabric and felt separators (ANL-76-98, p. 41). The Li2S is crys- 
talline and in most cases completely encapsulates one or more BN fibers. The 
crystal sizes usually range from 50 to 100 vm. The Li2S has been observed in 
separator samples taken from the top, middle, and bottom of prismatic cells. 
Thus, the Li2S is present as a more or less continuous zone in all areas of 



Table IV-5. Results of Chsmlcal Analysea oa Positive and Negative ~lectrodes~ 

Cell Description 
" 

Negative Electrode 

Atomic Ratio Cl/K 

BB-1 S-86 S-87 IB/F1 G-02-006 
Li-Al/FeS-Cu2S Li-Al/FeS2-CoS2 Li-A1/FeS2-CoS2 Li-Al/FeS-Cu2S Li-A1/FeS2-CoS2 

3493 hr 5250 hr 3460 hr 334 hr 3456 hr 
188 cycles 405 cycles 368 cycles 15 cycles 527 cycles 

Positive Electrode 

Al 0.023 0.009 0.015 , 0.04 0.06 
Cu 10.8 - - 19.9 - 
Co - 1.16 1.62 - 1.14 
K 9.43 13.4' 13.4 11.0 14.4 

Sulfur at Five 
Vertical Locations 

1 (top) 14.0 9.12 9.68 11.2 15.7 
3. 14.8 8.49 12.95 13.2 15.9 
5 (middle) 15.8 8.18 11.04 15.0 16.9 
7 14.9 8.18 9.98 14 .O 14.2 
9 (bottom) 14.4 ' 8.81 10.70 12.8 16.7 - 
Atomic Ratio S/Fe 0.93 1.78 1.61 0.88 1.41 

a~nalyses by N. L. Johnson, K. J. Jensen, and W. E. Streets of the Analytical Chemistry Laboratory. 

t h e  s e p a r a t o r s .  P r e c i p i t a t e s  of i r o n  a r e  a s s o c i a t e d  wi th  t h e  Li2S c r y s t a l s  
and a r e  g e n e r a l l y  found a t  t h e  i n t e r f a c e s  of Li2S and BN f i b e r s  and a t  t h e  
c r y s t a l  s u r f a c e .  Ion and e l e c t r o n  microprobe ana lysesk  were used i n  t h e  iden- 
t i f i c a t i o n  of t h e  Li2S and i r o n ;  aluminum was no t  de t ec t ed  by e l e c t r o n  micro- 
probe a n a l y s i s .  The i d e n t i t y  of t h e  Li2S was confirmed by X-ray d i f f r a c t i o n  
a n a l y s i s .  t 

.. Table IV-6 lists t h e . c e l l s  i n  which microscopic examinat ions 
have shown t h e  presence of Li2S i n  t h e  s e p a r a t o r .  The f i r s t  f i v e  e n t r i e s  a r e  
r e c e n t  pos tope ra t ive  examinat ions,  whereas t h e  W-series a r e  re-examinatf ons 
of c e l l s  t h a t  were o r i g i n a l l y  examined more t h a n ' a  yea r  ago. Based on t h e s e  
r e s u l t s ,  i t  appears  l i k e l y  t h a t  Li2S was formed i n  t h e  s e p a r a t o r s  of a l l  FeS2 
c e l l s  t h a t  have been opera ted  t o  d a t e .  Ca re fu l  examination of FeS c e l l s  have 
shown no evidence of Li2S i n  t h e  s e p a r a t o r s .  Attempts t o  c o r r e l a t e  t h e  pres-  
ence of Li2S i n  t h e  s e p a r a t o r  w i t h  c e l l  ope ra t ing  temperature,  t ime,  c o b a l t  
s u l f i d e  a d d i t i v e ,  and charge cut-off  v o l t a g e  have been unsuccessfu l .  Addi- 
t i o n a l  t e s t s  a r e  needed t o  determine whether a c o r r e l a t i o n  does e x i s t .  Also, 
i t  i s  apparent  t h a t  a d d i t i o n a l  s t u d i e s  w i 1 . l  be  r equ i r ed  t o  i d e n t i f y  t h e  mech- 
anism involved i n  t h e  formation of Li2S. The microscopic and microprobe exam- 
i n a t i o n s  sugges t  t h a t  t h e  L I ~ S  was formed i n  s i t u ' w i t h  t h e  p r e c i p i t a t i o n  of 
iron. The r e a c t a n t s  a r e  most l i k e l y  s p e c i e s  t h a t  a r e  s o l u b l e  i n  t h e  e l e c t r o -  
l y t e  (e.g:,,  l i t h ium- i ron - su l fu r  compounds) a t  c e l l  o p e r a t i n g  tempera tures .  The 

* 
Performed by W. A. Shinn and D.  V. S t e i d l ,  Chemical Engineering Division,ANL. 

t ~ e r f o r m e d  by B. S .  Tani ,  A n a l y t i = a l  Chemistry Labora tory ,  ANL. 
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Table IV-6. Li2S in Separator 

Number Charge Cutoff 
Temp. , Time, o f Voltage, 

Cell No. " C hr Cycles Additive V 

EP-2B4 450a 1900 140 .cobalt sulfide 2.0 

EP-2A4 425-435a 2736 409 cobalt sulfide 2.1 

G-01-003 ~ 4 5 0  870 3 8 cobalt sulfide cell 
overcharged 

G-02-006 475 3456 522 cobalt sulfide 2.0-2.1 

EC-1 450 ~ 1 2 0  25 cobalt sulfide 2.3 

[:(:(:-I a 475 .7800 445 none 2.2-2.3 

W=5 450 2139 111 none 

W-9 4 50 1500 7 6 none - 
W-12 450 194 10 cobalt sulfide - 
a Peak power test were conducted on these cells. 

b~ell temperature was 512OC during start-up. 

iron-sulfur-bearing species must be present only in FeS2 cells (the only 
known such species .are FeSi and ~-~hase*) since this, phenomenon does not occur ' 

in FeS cells. No evidence was found which would indicate that mechanical 
transport of discrete particles from the positive electrode was involved in 
chis  reacrlon. 

c. Summary nf Pos tope ra . t i~ r e  Examl-nations 

Table IV-7 presents a summary of the postoperative cell exami- 
nations wh.ich were performed during this period, along with some conclusions 
as to the causes of failure. 

B. Cell Chemistry 
(M. F. Roche) 

The objectives of the cell chemistry studies are (1) to investigate 
specific chemical and electrochemical problems that arise in the cell and 
battery development work, (2 )  to cond~ict st~idies that are expected to lead 
to improvements in the electrode and cell designs, and (3) to provide a basic 
understanding of the processes that occur within the cells. 

1. Discharge Mechanism of FeS 
(A. E. Martin, 2. Tomczuk) 

The discharge of FeS electrodes in the presence of LiC1-KC1 eutectic 
electrolyte leads to the formation of Li2S and iron at full discharge, but 

* 
.Tentatively identified as Li4Fe2S5 by A. E. Martin, Cell Chemistry Group.. 



Table IV-7. Summary of Cell Postoperative Examinations 

N ~ m b  er 
Cell Type of Hours of o f Reason for 
No. Cell Operation Cycles Termination Postoperative ~xa&in?t ions 

A1-4 Li4Si/ 1600 6 Short circuit Macro examination showed very little swelling in 
FeS-Cu2S the negative electrode but considerable expansion 

of the positive electrodes. Severe Fe-Si reaction 
occurred with the structural components in the 
negative electrode. Stringers of metallic copper 
within the separator are believed to be the cause 
of the short circuit. 

EP-2B4 Li-A1/ 1900 140, Gradually . '  The electrolyte content in the entire cell was lower 
FeS2-CoS2 declining 'than normal. A short circuit was located in the 

performance bottom corner of the cell. Rupture of the retainer 
structure permitted the conductive negative elec- 
trode particles to extrude directly through the BN 
.separator and eventually contact the positive elec- D 

trode . W 

R-2 0 L~-AI/ 317 9 Short'circuit A conductive path from positive electrode to bottom 
FeS2-CoS2 of cell was evident. Additional shorting resulted 
(assembled from the absence of BN separator cloth in a large 
uncharged) region near the bottom of the cell. 

EC-1 Li-A11 110 2 5 Short circuit Upward extrusion of positive electrode material ' 

. . 
FeS2-CoS2 into top of cell produced a short circuit at the 
(assembled fill tube. Removal of this short circuit revealed 
uncharged) added shorting throughout the cell. The presence 

of a fairly continuous layer of Li2S crystals 
within the BN felt separator was noted, and the 

. phase was characterized by X-ray diffraction, 
electron probe, and ion probe micro-analysis. The 
phase forms in s i t u  and surrounds the BN fibers, 
with accompanying precipitation of metallic iron. 

(continued) . a 



Cel l  
No. 

Type of 
C e l l  

-- - 

Number 
Hours of of Eeason f o r  
Operat ion Cycles Termination Pos tope ra t ive  Examinations 

Short  c i r c u i t  Macro examinations of t h e  c e l l  s e c t i o n  
revea led  t h a t  expanded mesh c u r r e n t  
c o l l e c t o r s  i n  t h e  nega t ive  e l e c t r o d e s  
were t i g h t l y  packed a g a i n s t  each o t h e r  
and were loca t ed  w i t h i n  t h e  o u t e r  t h i r d  
of t h e  e l e c t r o d e  th i ckness .  Severe 
cor ros ion  of t h e  mild s t e e l  c u r r e n t  
c o l l e c t o r s  i n  t h e  p o s i t i v e  e l e c t r o d e  
was $evident ,  presumably a s  a  r e s u l t  of 
a c c i d e n t a l  overcharging.  

Decl ining Metal components were n o t  a t t acked  
performance apprec iab ly  and no s h o r t  c i r c u i t s  had 

devdoped.  A band of l a r g e  Li2S crys-  
t a l s  ( 5 0  t o  100. found w i t h i n  t h e  BN 
separrator i s  be l ieved  t o  be  t h e  cause 
of dec l in ing  performance. 

3 Short  c i r c u i t  

2 3 Short  c i r c u i t  

Both of t h e s e  c e l l s  had Y2O3 f e l t  sepa- 
r a t o r s  ~ i t h  BN c.loth a t  t h e  edges. Mul- 
t i p l e  s e c t i o n i n g  showed a s h o r t  c i r c u i t  

I caused t y  ex t rus ion  of p o s i t i v e  e l ec -  
t r o b  m ~ t e r i a l  through t h e  junc t ion  of 

) t h e  S203 f e l t  and t h e  BN c l o t h .  The 
Y2O3 f e l t  appeared t o  be  performing 
we l l  a s  ,a p a r t i c l e  r e t a i n e r  i n  a l l  

, o t h e r  a r e a s  examined. 

a  The LiC1-KC1 e l e c t r o l y t e  i n  t h e  nega t ive  e l e c t r o d e  a l s o  contained 'cac12. 



the  intermediate compounds, J phase (LiK6Fe24S26C1) and X phase (Li2FeS2), 
a r e  a l so  formed i n  electrodes t ha t  a r e  only p a r t i a l l y  discharged. Photomicro- 
graphs of these phases, which a re  present i n  repeatedly cycled FeS electrodes,  
were presented i n  ANL-76-98, p. 47. Information on the k ine t ics  of discharge 
of the intermediate phases has xiow been obtained by metallographic examination 
of FeS electrodes stopped a t  various s tages  of t h e i r  f i r s t  discharge. Lithium/ 
FeS c e l l s  of 0.6-1.0 A-hr capacity were discharged a t  400-430°C t o  20, 40, 60, 
80 and 100% of t h e i r  capacity. Metallographic examination of the  FeS elec- 
trodes showed t h a t  the  surface of an FeS p a r t i c l e  followed a d i f fe ren t  dis-  
charge path than its in t e r io r .  

Photomicrographs tha t  i l l u s t r a t e  the react ions  occurring a t  the 
surface and i n  the  i n t e r i o r  regions of the  p a r t i c l e s  a r e  shown i n  Fig. IV-6. 
The sequence of reactions is given below: 

Stage I: Discharge of the  FeS on the  p a r t i c l e  surface t o  J phase. 

Stage 11: Discharge of FeS i n  the p a r t i c l e  i n t e r i o r  t o  X phase. 

Stage 111: Discharge of X phase i n  the  i n t e r i o r  t o  Li2S and iron.  

Stage IV: Discharge of the  surface layer  of J phase t o  Li2S and Iron. 

The differences i n  the ex te r ior  and i n t e r i o r  mechanisms a r e  a t t r ibu ted  t o  a 
combination of (1) l oca l  enrichment of l i thium ion a s  a r e su l t  of J-phase 
formation on the p a r t i c l e  surface (J-phase formation involves potassium from 
the ~ i ~ 1 - K C l ) ,  and (2) a high mobility of l i thium ions through the J-phase 
surface layer.  Because the  X-phase i n t e r i o r  discharges t o  Li2S and i ron 
p r io r  t o  discharge of the  J-phase ex te r ior ,  it is possible t h a t  elimination 
of J phase would lead t o  b e t t e r  electrode performance. 

Li-Al/FeS c e l l s  of about 1 A-hr capacity were a l so  operated with 
LiC1-NaC1-KC1 e lec t ro ly tes  t o  determine the  e f f ec t  of t h i s  change i n  electro- 
l y t e  composition on J-phase formation. Addition of 9 mol % NaCl t o  the LiC1- 
K C 1  eu tec t ic  l ed  t o  an improvement i n  the  FeS discharge; two voltage plateaus, 
separated by about 30 mV and of nearly equal length, were observed. These 
plateaus, which a r e  not observed i n  pure LiC1-KC1, appear t o  correspond t o  
(1) discharge of both FeS and J phase t o  X phase, followed by (2) discharge 
of X phase t o  Li2S and iron.  Metallographic examination of an e lectrode 
stopped during its f i r s t  discharge revealed tha t  the  surface layer  of the  
FeS pa r t i c l e s  consisted of a mixture of J phase and X phase instead of Jphase  
alone. Two other  c e l l s  with 20 rnol % NaCl i n  the  e l ec t ro ly t e  were a l so  
tested.  This NaCl concentration led t o  poor cycling behavior because of the  
formation of Wac1 crys ta l s ,  and J phase was s t i l l  found i n  the  FeS par t ic les .  
Apparently NaCl does not prevent J-phase formation but,  a t  a reasonable con- 
centrat ion (9 mol %), it improves the k ine t i c s  of J-phase discharge. 

In  another L ~ / F ~ S  c e l l  of 0.4 A-hr capacity, t he  LiCl content of 
the  LiC1-KC1 eu tec t ic  (58 mol % LiC1) w a s  increased t o  70 mol % and the posi- 
t i v e  electrode was examined a f t e r  15% discharge. The amount of J phase found 
on the pa r t i c l e  surfaces was  much less than normal, which indicates  t ha t  
r e l a t i ve ly  minor decreases i n  potassium-ion concentration suppress J-phase 
formation. However, f o r  good c e l l  operation the  e l ec t ro ly t e  should be near 
the  eu tec t ic  composition; saturat ion of the  e l ec t ro ly t e  with LiCl i s  not 
considered a prac t ica l  approach. 



STAGE I. Inner Region-FeS; Outer STAGE 11. Inner Region--FeS; 
Region--J (LiK6Fe24S26C1); Intermediate Region--Li2FeS2, 
Matrix--LiCl-KC1 eutectic. Fe; Outer Region--J. 

STAGE 111. Inner ~egion-- 
Li2S,Fe; Outer Region--J. 

STAGE IV. Inner Region--Li2S 
plus coarse Fe; Outer Region-- 
Li2S plus fine Fe. 

Fig. IV-6. Changes Occurring in the FeS Particles During 
the First Discharge of LI/L~c~-Kc~/F~s Cells. 
Original magnification 500X; as-polished. 
Photographically reduced by 35%. 



2. Emf Measurements of LiAl/FeS2 Cell 
(C. Sy, Z. Tomczuk, M. F. Roche) 

Preliminary results have been obtained for the emfs of the LiA1/FeS2 
couple as a f~mcti .on of temperature and state of discharge of the FeS2 elec- 
trode. The measurements were made in a cell consisting of 1 A-hr of FeS2 in 
a 5-cm2 graphite housing, a 5 A-hr LiAl electrode in an iron housing, and 
LiC1-KC1 electrolyte contained in an alumina crucible. The coulombic effi- 
ciency ranged from 97 to 99%, and >95% utilization of' the FeS2 was obtained 
when the cell was cycled at a temperature of 420°C and a current density of 
12 mA/cm2.. The emf at 427OC (700 K) for the upper-plateau reaction (ANL-8057, 
P. 24) 

4LiA1 + 3FeS2 + 4A1 + Li4Fe2S5 + FeS 

was 1.764 V and the temperature coefficient was 0.35 mv/"C. At the same 
temperature (700 K), the emf for the lower-plateau reaction 

was 1.327 V, with a temperature coefficient of -0.16 mVI0C. To provide a - better ~tiermodynamic description of the system, detailed emf measurements are 
being made in the transition region between the upper and lower voltage 
plateaus in which the positive electrode phases are transformed from 
Li4Fe2S5 + FeS to Li2FeS2. 

3. Positive Electrodes for Lithium Cells 
(Z. Tomczuk, A. .E. Martin, M. F. Roche) 

A variety of transition-metal sulfides may be substituted for the 
iron-sulfide electrodes, FeS and FeS2, in Li/metal sulfide cells, and some of 
the transition metal sulfides, such as Cu2S and CoS2, have been demonstrated 
to be useful additives'for improving the performance of the iron sulfide 
electrodes.' Because these alternatives to the iron sulfides are relatively 
expensive, they must produce a marked improvement in cell characteristics if 
they are to compete with the iron sulfides. In a continuing program to 
characterize the transition-metal sulfides, TiS2 (and TiS2 + FeS2), V2S3, 
CuCoiSg (prepared by the Electrochimica Corp.), and NiS2 were tested in small 
Li/LiCl-~Cllmetal sulfide cells. The metal sulfides were held in graphite- 
cup electrodes with porous graphite covers. 

Earlier tests of TiS2 (ANL-76-81, p. 53; ANL-76-98, p. 51) had been 
conducted at an electrode loading of only 90 m~-hr/cm3. For the present test, 
the electrode loading was increased to 360 mA-hr/cm3 by preparing a pressed 
pellet, 0.4 cm thick x 2.5 cm dia, of 4.2 g TiS2 powder. In spite of the 
small volume fraction of electrolyte (estimated to be 0.15 from post-test 
examination), the electrode performance was as good as that of the less 
densely packed TiS2 electrodes. Utilization of the 1 A-hr electrode was 97% 
at 100 mA/cm2 discharge current density, and the cell voltage us.  fractional 
utilization curves were nearly identical for this cell and the earlier TiS2 
cells. This result suggests a very high mobility of lithium ions in the TiS2. 
An electrode containing an equimolar mixture of FeS2 (1.12 g) and TiS2 (1.07 g) 
with a theoretical capacity of 1.25 A-hr was tested. The coulombic efficiency 
of the cell. was poor (80%), and the combination of TiS2 and FeS2 did not 
appear to improve electrode performance. 



The V2S3 and CuCo2Sg electrodes also had poor performance charac- 
teristics. The cell voltages were nearly the same as those of Li/FeS-cells 
(approximately 1.7 V), but the electrode utilizations were less than 10% for 
V2S3 and ~ 3 0 %  for CuCo2Sg based on the total amount of sulfide present. The 
NiS2 electrode gave more promising results. It exhibited discharge plateaus 
having emfs of 2.05, 1.86, and 1.64 V, in good agreement with thermodynamic 
calculations for the discharge of NiS2 to NiS, Ni3S2 and finally, Ni. The 
electrode capacity was approximately 70% of the theoretical value of 3.65 
A-hr/g Ni. A more detailed study.of the NiS2 electrode performance isplanned. 

4. Effect of Li2S on Li-A1 Electrodes 
(S. K. Preto) 

To study possible effects of Li2S contamination on the operation of 
Li-A1 electrodes, a negative-electrode-limited cell, SS-3, was constructed 
with a 15 A-hr FeS electrode and a 2 A-hr Li-A1 electrode which contained 40 
wt % Li-A1 and 60 wt % Li2S. Both electrodes had iron housings, Retimet 
current collectors, and areas of 15.6 cm2. The cell was operated for more 
than 120 cycles with only minor coulombic inefficiencies, which were asso- 
ciated with accidental overcharge. The achieved negative electrode capacity 
was equal to the amount of Li-A1 present, 2 A-hr, and the cell performance 
appeared to be largely unaffected by the presence of Li2S in the negative 
electrode; the capacities to a 1-V discharge cutoff were 1.9 and 1.6 A-hr at 
current densities of 32 and 96 d/cm2, respectively. However, one unusual 
feature was the presence of three plateaus at potentials of 1.46, 1.38, and 
1.32 V. The 1.46-V plateau, which represented about 60% of the charge 
capacity, is not seen in normal Li-Al/FeS cells. The compound responsible 
for this plateau has not been identified. The results of this test indicate 
that the presence of Li2S may complicate the chemistry of the Li-A1 electrode, 
but it does not appear to affect the capacity of the electrode. 

5. Studies of Liquid Lithium Electrodes 
(C. Sy, L, E ,  Ross, M, F. Roche) 

Although the negative electrode material in present lithium/iron 
sulfide cells is a solid lithium-aluminum alloy, liquid lithium continues to 
.be of interest because of its low equivalent weight and favorable electro- 
chemical properties. The present studies have been aimed at maintaining 
preferential wetting of stainless steel substrates by the liquid 'lithium in 
the presence of molten-salt electrolyte. 

An earlier experiment had shown that liquid lithium would wick down 
a corrugated sheet of iron to a depth of 9 cm in LiC1-KC1 electrolyte (ANL- 
76-98, p. 46). However, attempts to obtain this type of behavior with a Type 
304 stainless steel substrate of a similar geometry failed because the LiC1- 
KC1 electrolyte preferentially wet the stainless steel. Additives that would 
promote retention of the liquid metal on the stainless steel were then sought 
in the belief that a solution to this problem would also aid in maintaining 
long-term stability of the liquid-meta.1 electrode. 

Alloys of lithium with Na, Ca, Cu, Al, Mg and Zn were heated in . 

freshly machined Type 304 stainless steel cups under a helium atmosphere, and 
the temperature required to convert the liquid-metal meniscus from a convex 
(nonwetting) to a concave (wetting) shape was measured. This wetting 



temperature was,strongly dependent on stirring rate; stagnant alloys required 
temperatures in excess. of 450°C. With rapid manual stirring with a stainless- 
steel rod, however, the results given in Table IV-8 were obtained. Only the. 
smaller calcium addition appeared to be effective in lowering the wetting 
temperature. 

Table IV-8. Wetting Temperatures for Lithium Alloys 
in Type 304 Stainless Steel Cupsa 

Alloy (wt %) Wetting Temperature Range b 

a. cups were 3 cm dia by 3 cm deep. 

b ~ t  the lower temperature, the meniscus was concave 
over about 20% of the cup circumference (partial 
wetting). The meniscus was fully concave (complete 
wetting) at the higher temperature. 
C Small, reddish colored buttons found floating on 
these alloys were identified as Li2N with a trace 
of Li20. 

When molten LiC1-KC1 electrolyte was added to each of the.above 
alloys in its Type 304 stainless steel cup, the wall of the cup was preferen- 
tially wet by the electrolyte. A variety of multiple-additive experiments were 
then conducted using binary and ternary combinations of Cu, Na, Ca, Al, Mg, 
Si, and Zn. These additions to the lithium were not particularly effective, 
but an addition of 1.2 mol % (10 wt %) copper to the lithium and 4.2 mol % 
LiF to the salt did produce the desired effect; the Li-Cu alloy rapidly filled 
the corrugations in a Type 304 stainless steel sheet when the sheet and alloy 
were placed in LiF-LiC1-KC1 at about 400°C. copper3 and L ~ F *  had been used 
previously to promote wetting of various substrates by.alloys (Cu) or oalt~ 
(LiF); this study showed the .combination to be superior to either additive 
used'alone in promoting lithium wetting of stainless steels. In addition, 
corrugated sheets and corrugated screens proved to be superior to Feltmetal, 
a porous metal substrate, because there was little spontaneous penetration 

* 
suggested by W. J. Walsh of the Chemical Engineering Division. 



of  l i q u i d  meta l  i n t o  t h e  i n t e r i o r  of  t h e  Fe l tme ta l ;  f i l l i n g  of t h e  V-shaped 
grooves (0.6 cm deep x 0.15 cm wide) by t h e .  a l l o y  i n  t h e  cor ruga ted  s h e e t s  
and s c r e e n s  was spontaneous and r ap id .  

A Li-1.2 a t .  % C U / L I F - L ~ C ~ - K C ~ / F ~ S  c y l i n d r i c a l  c e l l  was cons t ruc t ed  
on t h e  b a s i s  of t h e  r e s u l t s  o f  t h e  wet t ing .  s tudy .  T h e - c e l l  had an 86 A-hr . 

FeS e l e c t r o d e  (4 cm i n  d iameter  x  1 0  cm'high)  on i t s  c e n t r a l  a x i s ,  and a 100 
A-hr Li(Cu3. e l e c t r o d e  a t  i t s  per imeter .  The Li(Cu) a l l o y  was he ld  i n  ve r t i - ,  
c a l l y  o r i e n t e d  grooves formed by p l e a t i n g  a  s c reen  ( t h e  "screen" was a  l a y e r  
of 325-mesh sc reen  s p o t  welded t o  each s i d e  of .a 40-mesh s c r e e n ) .  The c e l l  
has  opera ted  f o r  more than  60 charge-discharge c y c l e s  w i th  no evidence of 
s h o r t  c i r c u i t i n g  o r  dewet t ing .  However, i t s  c a p a c i t y  i s  only  25 A-hr, prob- 
a b l y  because of t h e  l a r g e  diameter  of t h e  FeS e l e c t r o d e ;  o t h e r  c e l l  des igns  
a r e  now be ing  considered t h a t  should g ive  b e t t e r  u t i l i z a t i o n .  

. Advanced BatLery Kesraich -- 
(M. F. Rnche) 

The obJecl.Ive of t h i s  work Ps t o  dcvclop new secondary cells t h a t  use  
inexpens ive ,  abundant m a t e r i a l s .  The experimental  work ranges  from c y c l i c  
volt,ammetry s t u d i e s  and p re l imina ry  c e l l  t e s t s  through t h e  cons t ruc t ion  and 
o p e r a t i o n  of engineer ing-sca le  c e l l s  f o r  t h e  more promising systems. The 
s t u d i e s  a t  p re sen t  a r e  focused on t h e  development of new c e l l s  w i th  molten- 
s a l t  e l e c t r o l y t e s .  

1. Emfs of  T r a n s i t i o n  Metal S u l f i d e  C e l l s  
(M. F. Roche, Z .  ~omcz-uk) 

I n  connect ion w i t h  an exper imenta l  survey of meta l  s u l f i d e s ,  emfs 
were c a l c u l a t e d  f o r  d i scha rge  of t r ans i t i on -me ta l  s u l f i d e s ,  namely, s u l l l d e s  
of t i t a n i u m  through copper ,  by l i t h i u m ,  magnesium, and calcium ae 700 K.  
Ternary  compounds such a s  LixM+3.were  n o t  cons idered;  i n c l u s i o n  of Li2S i n  
t h e  me ta l - su l f ide  phases o f t e n ' o c c u r s  i n  l i t h i u m . c e l l , s ,  b u t  a s  a r u l e  l e a d s  
on ly  t o  a  minor p e r t u r b a t i o n  of t h e  emfs. For s u l f i d e s  t h a t  a r e  s t a b l e  ar 
700 K ,  f r e e  ene rg i e s  of formation from t h e  elements  and l i q u i d  s u l f u r  were 
c a l c u l a t e d . u s i n g  r e c e n t  thermodynamic compi la t ions .  4-6 The r e s u l t s  a r e  pre- 
s e n t e d  i n  Table IV-9. 

Su l lu i - r i ch  campsunda t h a t  dccompose t o  s u l f u r  and a lnwer s u l f i d e  
were n o t  included i n  Table IV-9, and some of t h e  in t e rmed ia t e  compounds l i s t e d ,  
which were c a l c u l a t e d  t o  be uns t ab le  o r  on ly  s l i g h t l y  s t a b l e  toward decomposi- 
t i o n  i n t o  a mixture of  t h e i r  ne ighbors ,  were omi t ted  from t h e  emf c a l c u l a t i o n s .  
F igu re  1V-1 g ives  rhe c a l c u l a l e d  emfs foi t h e  L i /me ta l  s u l f i d e  c e l l s  ao a 
f u n c t i o n  of Gtato of charge, The ~ m f s  are 0.221 V h ighe r  f o r  a  nega t ive  
e l e c t r o d e  of calcium and 0.418 V lower f o r  magnesium. A l a r g e  a r e a  beneath 
t h e  emf curve i s  equ iva l en t  t o  a  h igh  s p e c i f i c  energy;  on ly  i r o n ,  c o b a l t ,  and 
n i c k e l  s u l f i d e s  a r e  capable  of producing c e l l s  of very  h igh  s p e c i f i c  energy. 

The lower arrowhead a lung  t h e  right-hand boundary of each p l o t  i s  
t h e  p o t e n t i a l  a t  which t h e  meta l  produces a  ~ o - ~ M  meta l  c h l o r i d e  s o l u t i o n  
( d i v a l e n t  except  f o r  CuCl), and t h e  upper arrowhead i s  t h e  overcharge poten- 
t i a l  of  t h e  h ighes t  s u l f i d e  t o  form ~ o ' ~ M  meta l  c h l o r i d e  and s u l f u r .  These 
p o t e n t i a l s  were c a l c u l a t e d  from molar p o t e n t i a l s  i n  LiC1-KC1 given by plambeck7 



Table TV-9. Free Energies  of Formation of T r a n s i t i o n  Metal 
S u l f i d e s  a t  700 K (va lues  i n  kcal lmol)  

CrS 
-33.1 

Mns 
-5 3 

FeS 
-24.5 

CaS , 

-11'0.2 

and t h e  above o u l f i d e  d a t a .  EuIs for  t h e  meral c h 1 o r i d . e ~  i n  a p p r o p r i a t e  . 

CaC12 and MgC12 s a l t s ,  which a r e  needed t o  determine overcharge emfs f o r ,  
calcium and magnesium c e l l s ,  w i l l  b e  measured i n  f u t u r e  experiments .  

.... " 

2. Metal Oxide E lec t rodes  . 
(S. K. Pre-to,  M. F. ~ o c h e )  : 

Metal ox ide  e l e c t r o d e s  are be ing  cons idered  f o r  u se  i n  secondary 
" 

molten-sal t  c e l l s  ( s ee  ANL-76-98, p. 52) .  S t u d i e s  of t h e s e  e l e c t r o d e s  c o n s i s t  
of c y c l i c  v o l t  ammet r y  measurements, thermodynamic c a l c u l a t i o n s ,  and tests i n  
l abo ra to ry - sca l e  c e l l s .  C e l l s 7 0 f  two types  a r e  be ing  considered:  . ' 



SULFUR /METAL RATIO 

Fia .  IV-7, Calcu la ted  Emfs f o r  Li /Metal  S u l f i d e  Cells 

The f i r s t  t ype  h a s  a  convent iona l  a l l o y  nega t ive  e lec t . rode  such a s  Li-A1 (M' = 
L i ,  M" = A l ,  x  = 1, y = 2) from which only  M' d i s cha rges  t o  form M'  i o n s  i n  
t h e  mol ten-sa l t  phase. I n  t h e  second t y p e  of c e l l ,  bo th  M' and'M" a r e  d i s -  
charged,  and,  i f  t h e  c e l l  i s  t o  b e  r e v e r s i b l e ,  t h e  M" i o n s  must r e a c t  w i th  
t h e  M'  ox ide  t o  form an  M" ox ide 'and .  a d d i t i o n a l  M' i ons  i n  t h e  s a l t  phase. 

C e l l  emfs a t  /00 K were c a l c u l a l e d  From a v a i l a b l e  thernrodynamir 
d a t a ,  Y Y except  f o r  t h e  calcium-aluminum d a t a  which were obta ined  from Ca-A11 
FeS c e l l  t e s t s .  +b:xamples of p o s s i b l e  o v e r a l l  c e l l  r e a c t i o n s  a r e  l i s t e d  i n  
Table IV-10. A more d e t a i l e d  examination of t h e  second and f o u r t h  r e a c t i o n s  
l i s t e d  i n  t h e  t a b l e  showed t h a t  t h e s e  c e l l s  would be  impracr ica l .  Since l i t h ium 
a luminate  (LiA102) can be  reduced only a t  p o t e n t i a l s  very  n e a r  t h a t  of l i t h ium,  
l i q u i d  meta l  would form upon charging t h e  1.43-V c e l l .  (Liquid meta l  was 
fniind i n  t h e  n e g a t i v e  e l e c t r o d e  of a  c e l l  based on t h e  1.43-V r e a c t i o n . )  
Calcium a luminate  (CaA1204) i s  converted t o  LiA1U2 i n  t h e  preseuce  ul: LIC1, 
accord ing  t o  thermodynamic c a l c u l a t i o n s .  Consequently,  t h e  f o u r t h  c e l l  would 

Table IV-10. Calcu la ted  Emf Data f o r  C e l l s  w i t h  Metal  Oxide 
P o s i t i v e  E lec t rodes  

(Type 1 )  3CaMg2 + Ca2Fe205 + 6Mg + 2Fe + 5Ca0 
(Type 2) CaMg2 + Ca2Fe205 + 2Mg0 + 2Fe + 3Ca0 



have the same problem as the second cell, namely, formation of liquid metal 
during charge (calcium cells are operated in LiC1-KC1-CaC12 electrolytes). 

In a test of the first cell reaction listed in the table, lithium 
ferrate exhibited irreversibility; the charge polarization (450 IV at 16 
m ~ / c m ~ )  was much greater than the discharge polarization (90 mV at 16 m~/cm~). 
Therefore, lithium ferrate is considered to be an impractical electrode. 
Tests of the third reaction (Call2 + Ca2Fe205, 1.29 V) were conducted in a 
cell assembled in the uncharged state ( A ~ / L ~ C ~ - K C ~ - C ~ C ~ ~ / F ~  + CaO). This 
cell operated reversibly for 55 cycles and had acceptable polarization char- 
acteristics. The positive electrode, which contained 5.6 g CaO and a large 
excess of iron, had a capacity of 3 A-hr. Thus, calcium ferrate appears to 
be a practical positive electrode material. Cells are being constructed to 
test the 1.54-V and 1.55-V CaMg2 cell reactions, which employ the calcium 
ferrate positive electrode. 

3. CalciumIFeS Cells 
(L. E. Ross, A. E. Martin) 

Negative-electrode compounds tested in earlier Ca/FeS cells were 
CaA12, CaMg2, and Ca2Si (ANL-76-36, p. 55 and Am-76-81, p. 51). Ternary 
calcium intermetallics are now being evaluated.. A ternary Ca-Mg-Si electrode 
was tested. for 53 cycles at 460°C in an uncharged cell, Mg2Si/(Fe+CaS). The 
electrolyte was (in mol'%) : LiF, 5.6; LiC1, 43.8; KC1, 11; CaC12, 39.6. The 
negative and positive electrodes contained 4.7 g Mg2Si and 10 A-hr (Fe + CaS), 
respectively. The cell capacity corresponded to approximately 1 A-hr/g MgzSi, 
and its pol.arization characteristics were nearly a factor of two better than, 
those observed in tests of the binary calcium compounds. The best CaMg2 cell, 
for example, had a polarization equivalent to 4 Q-cm2 at 500°c in 2-min load 
tests (ANT.,-76-81, p. 52); the Ca-Mg-Si electrode polarization in a similar 
test was only 2.5 Q-cm2. Tests of Ca6Cu3A17 in a charged cell and of A12Cu 
in an uncharged calcium cell are now being conducted. These electrodes have 
relatively Low charge-discharge capacities (0.3 A-hrIg ~1-CU), and their 
polarization characteristfcs are similar to those of Ca--A1 electrodes. 

A comparison of two of the important characteristics of the negative 
electrode compounds, namely., polarization behavior and compatibility with 
iron current collectors isgiven in Table IV-11; the compounds are listed in 
order of decreasing overall performance. 

. . 

Table IV-11. Characteristics of Calcium Negative Electrodes 
- -  - - 

Polarization Corrosiveness Toward 
Compounds Characteristics Fe Current Collectors 

Ca-Mg-Si 

Cam2 

CaA12 

Ca-Al-Cu 

excellent 

good 

fair 

fair 

none 

none 

mild 

- 
Ctl2Si fair strong 



4. Engineering Studies 
(D. R. Vissers, J. D. Arntzen, .and K.. E. Anderson) 

Engineering studies of caA12/FeS and Ca2Si/FeS cells have been 
reported previously (ANL-76-35, p. 56, and ANL-76-81, p. 54). Cell CA-7, an 
engineering-scale test of the c ~ M ~ ~ / F ~ s  system, had a 60 A-hr negative elec- 
trode and a 90 A-hr posftive electrode. The electrolyte composition in mol % 
was LiF, 5.60; LiC1, 43.74; KCl., 10.99; CaC12, 39.67. Operation of this cell 
was terminated after 53 cycles (1500 hr). The ampere-hour efficiency was 
high through 45 cycles but declined rapidly when the temperature was raised 
from 482 to 495OC in an attempt to improve the celX resistance. (The resis- 
tance was .about 50 mQ, which suggested. poor wetting of the BN cloth separator 
by the electrolyte.) A postoperative examination indicated that liquid metal 
had formed in the negative electrode. 

.Engineering evaluations of the Ca-(Mgi~i)/FeS cell began with an 
uncharged cell, CA-0, which had a .negative electrode containing 60 g Mg2Si 
(about 60 A-hr) and an (Fe + CaS) positive electrode of 70 A-hr theoretical 
capacity. The electrolyte composition .(in mol %) was: LiC1, 54.88; KC1, 
38.14; CaC12,' 6.98. The cell was operated for 20 cycles at 500°C when the 
test was terminated because of a short circuit. (Leakage of material.through 
a 1-cm-dia hole in the positive-electrode retainer screen pxobably caused 
the short. circuit.) The cell resistance was quite high (70 mQ) which sug- 
gested poor.wetting of the BN cloth separator by the electrolyte, as in Cell 
CA-7. Cel1:CA-8, prior to development of the short circuit, performed better 
than the cells that were tested earlier. Voltage-2)s.-capacity curves are 
given in Fig. IV-8. The electrodes in Cell CA-8 were very thick (1.2 cm); 
the performance is expected to improve with thinner (0.6 cm) electrodes, 
which are now being fabricated for testing in a 100 A-hr prismatic cell. 

Fig. IV-8. Typical Voltage-us.-Capacity Data for Cell CA-8, 
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V. Li-Si/FeS CELL AND BATTERY DEVELOPMENT--ATOMICS INTERNATIONAL 

A number of small compact bicells with electrodes 5 cm2 in area were 
tested in this period with' FeS electrodes and ~i4Si electrodes. All were 
built in the initially discharged state and all used brazed nickel positive 
electrode structures. Four types of separator materials were used. These 
included BN cloth (plasma-sprayed .with MgA1204); rigid, porous A1N and Si3N4 
plates; and a.separator made by packing A1N powder in a cavity between 
adjacent electrodes. The last has yielded the most promising results, com- 
bining highly active positive material utilization.(78%), low specific resis- 
tance (1.6 0-cm?), and good coulombic and energy (~85%) efficiencies. Except 
for a lower active material utilization (52%), good results were also obtained 
with the porous Si3N4 separator. Cells with the powder separator and the 
porous Si3N4 remain on test. The superior overall results are attributed 
to the high porosity and low tortuosity of both types of separators. 

Research on rigid, porous ceramic separators has been directed to maxi- 
mizing the pore size of Si3N4 (@) and A1N plates to the degree permitted by 
strength requirements. A conductivity cell has been built to permit resis- 
tance measurements of these separators in molten-salt electrolyte. The 
results will be correlated with mercury porosimeter measurements. Prepara- 
tions are being made for the fabrication of these separators in sizes up to" 
23 cm x 23 cm. 

A 1.0 kW-hr multi-electrode demonstration cell placed in operation in 
early August completed 232 cycles in 3,430 hr of operation. The cell perfor- 
mance was excellent for 150 cycles, and an energy dcnsity of 79 W-hr/kg was 
achieved at the 11-hr rate. Thereafter, the coulombic efficiency declined 
steeply from its earlier value of 99%. 

An instrumented 1.0 kW-hr cell is presently under construction for 
thermal characterization of large c.el ls .  Temperature excursions within the 
cell will be measured at a number of locations in the cell under various 
operating conditions. The large volume of data will be stored and processed 
by an automatic data acquisition system (DAS) which will also control the 
cell. The system will be. checked out using the 1.0 kW-hr demonstration cell 
described above. 
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APPENDIX A. Sunnary of Large-Scale Cell Tests 

Operating Characteristics 
Life Characteristics 

Capacity, A-hr 
Initial % Deciine in 

Cell Type of m.a at Rates, hr 
Indicated 

Eff.,b 2 A-hr 
No. Cell Theor. Rates Disch. C5arge A-hr r .+oursC cyclesC capacityd Eff. Remarks 

2A5 Li-A11 69 55.t 5.6 5.6 99+ 85 3050 310 29 8.7 Eagle-Picher thin electrodes. Max. specific 
FeS2-CoSz enezgy, 65.8 W-hr/kg (5.6-hr rate) ; 41.6 W-hr/kg 

(4.1-hr rate) at 200 cycles. Terminated. 

2B5 LI-A~/ 149 184.7 8.8 8.8 99+ 8G 2U5 127 2 7 35 Eagle-Picher thick electrodes. Charge cutoff 
FeS2-CoSz 2.1 V .  Capacity 71 W-hr/kg at 2000 hr. Terminated. 

None 

Ncne 

Eagle-Picher thick electrodes, used in evaluation 
of cell heating and cooling. 

Eagle-Picher thick electrodes. Operating on 7-day 
electric vehicle cycling schedule. 

None Start-up and operation,with cell blanketed in 
Xaovool insulation, exposed to air. 

None 

10 

Eagle-Picher thick electrodes. Test of Y203 sepa- 
ratcr. Operated between 1.55 and 1.1 V cutoffs. 

Rssdled uncharged; 20 mol Z Cu2S in PeS; 10 wt Z 
ZaCl2 in LiC1-KC1 eutectic. Terminated. 

4ss&led uncharged; FeS2-CoS in honeycomb struc- 
Lure, pressed A1 wire negative. Terminated. 

4ssmbled uncharged; with LiSi as the starting 
material in honeycomb structure. Terminated. 

.bsmbled uncharged; FeS, no additive. Woven A1 
?lacues with Cu coated strands in negative elec- 
:ro&s. Terminated. 

55 

4 

None 

-4ssembled charged; FeS-Cu2S positive; Li4Si powder 
Ln honeycomb structure as negative. Terminated. 

hssmbled uncharged; negative electrode pressed Al 
wire. Terminated. 

None Upper-plateau cell assembled uncharged. Negative 
elearode, pressed A1 wire; positive electrode, 
hot pressed. 

None None Upper-plateau cell assembled uncharged. Negative 
electrode, pressed A1 wire, partially charged; 
,positive electrode, hot-pressed. 

a~ased on at least five cycles. 

b~ased on at least 10 cycles at the 5-hr rate. 

''The "greater than" symbols denote sontlnuing ?,peration. . - 
e Percent decline from maximum capacity at the 5-hr rate, except where noted. . 



APPENDIX A. (Cont 'd) 

Operating Characteristics 
Life Characteristics 

Capacity, A-hr 
Initial % Cecline in 

Cell Type of 
Max'a at Rates, hr 
Indicated 

~ f f .  ,b % A-hr 
No. Cell Theor. Iiates Disch. Charge A-hr W-hr  ours' cyclesC capacityd Eff. Remarks 

- 

KK-4 Li-All 90 87 5 - 5 100 79 5000 350 49 . 1 Assembled charged; carbon-bonded FeS2-CoS2 and 
FeS2-CoS2 hot-pressed Li-A1; cell resistance 5.8 mSl. 

Kli-5 Li-All 120 9 3 5 10 . 99 85 >5600 >320 5. 1 Assembled uncharged; carbon-bonded Li2S + Fe + Cu 
FeS-CuFeS2 and Al wire plaque + Li-A1 hot-pressed electrodes. 

Resistance has increased to 4.8 mS2. 

KK-6 Li-A11 150 94 5 10 100 72 >4200 >280 15 1 Assembled uncharged; carbon-bonded Li2S + Fe + 
FeS2-CoS2 CoS2 and 32 at. % Li-A1 solid plate electrodes. 

13-A-1 Li-All 15C 125 12 12 99 81 >650 >30 20 1 An Eagle-Picher thick electrode cell which con- 
Fe S-Cu2S tained 10 wt % NaCl in the electrolyte. 

SS-1 Li-All 65Ca 450 
FeS-Cu2S 

EM-2 Li-Al-Ca/ 70 55 
FeS-Cups 

5.: 5.5 98 67 >7800 >562 6 ' 5  Charged, carbon-bonded CuFeSp electrode; hot- 
pressed Li-A1 negative electrode.' Open cell in 
sealed furnace well. Performance very stable. 

11 11 100 , 85 >2000 >92 7 1 Assemblei charged; carbon-bonded FeS-Cu2S and 
Li-A1 in Fe Retimet; designed for utility 
application; 25 x 35 cm electrodes. 

6 6 97 82 >2460 >210 7 4 Charged, thin Eagle-Picher FeS-Cu2S positive 
electrode; Li-A1-4 wt X In negative electrode. 
Performance relatively stable at 5-hr rate;, 
cell resistance 7.3 mS2. 

7 7 99 85 1775 126 24 24 Charged, thin Eagle-Picher FeS-Cu2S positive elec- 
trode; Li-A1-8 wt %Ca negative electrode. Steadily 
declining A-hr efficiency. Cell terminated. 

6 6 99 84 >I45 >6 None None Charged, thin Eagle-Picher FeS-Cups positive elec- 
trode. Li-Al-8 wt % Sn negative electrode. 
Undergoing break-in cycling. 

14 24 87 77 230 6 None None Uncharged, hot-pressed Li2S + CoS + Fe; solid 
Li-A1 negative plaque. In-house made separator. 
Cell developed short, terminated. 

EC-1 Li-All 121) 114 5 10 99 82 462 24 50 50 Assembled uncharged, positive electrode: hot- 
FeS2-CoS pressed. Negative electrode: Li-A1 cast plaque. 

a~ased on at least fiv? cycles. 

b~asad on at least 10 :ycles at the 5-hr rate. 

 he "greater than" symbols denote continuing operation. 
d~ercent decline from maximum capacity at the 5-hr rate, except where noted. 
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APFENDIX B. Summary of Battery Bests 

Operating Characterfstics 

krfomnce Life Chara-teristics 
at Indicated .Rates % Decline from Max. 

Rate, hr l4ax. Initial at 5-hr Rate 
Nax . 

Battery Battery Equali- Capacity, Er~ergy; Eff., % A-hr W-hr 
Number ' Description Disch. Charge zatlon A-hr h r  A-hr W-hr kIours3 cyclesa A-hr Eff. W ~ h r  Eff. Remarks 

B7-S 2 Eagle-Picher 23.4 23.4 4 ll? 2 89 98 80 >4152 >225 9 None 14 2 Total life of 1B4 is 
Li-Al/FeS-Cu2S 10.0 8.5 4; 100 E 46 99 80 5337 hr, 289 cycles; 
thick cells in 5.1 6.2 4; 7 7 176 99 74 life of 1B6 is 4695 hr. 

. . series. Theo. 2.8 4.1 . 4 57 . 124 99 72 . 262 cycles. Now being ' 

capacity, 149 1.4 3.5 4 35 78 99 70 operated with equali- 
A-hr. Total . ' : zation after every 
cell wt, L.0 kg cycle. 

B8-S 2 Eagle-Picher 9.3 10.0 0 50 14 0 98 7.3 2256 379 24 None 39 17 Total life of each cell 
Li-A1/FeS2-CoS2 5.0 . 4.5 01 50 135 99 78 (2A3 and 2A4) is 2736 
thin cells in 2.2 6.2 01 ' 44 103 99 66 hr, 409 cycles. 
series. Theo. 1.1 4.9 0 24 47 98 53 Testing voluntarily 
capacity, 69 terminated. 
A-hr. Total 
cell wt, 2;6 kg 

B9-S 2 Eagle-Picher 10.6 10.0 0 53 15 4 98 85 >74!, >66 10 None 13 'None Cells lA7 and lA8 now 
Li-A1/FeS4u2S 7.0 7.0 0 53 134 99 86 being operated with 
thin cells in 5.1 5 .O O .  51 12 7 99 83 bulk charge only. 
series. Iheo. 3 . 2  4.9 0 49 . 115 99 78 
capacity, 69 
A-hr. Total 
cell wt, 2'. 7 kg 

a ~ h e  "greater than" synbols denote continuing operation. 



APPENDIX C .  

STATISTICAL DATA ON THE CELL AND BATTERY TESTS 

Table C-1 shows t h e  s t a t u s  of twenty-one exper imenta l  and i n d u s t r i a l  
c e l l s  t h a t  were opera ted  dur ing  October-December 1976. A s  can be  seen  from 
t h i s  t a b l e ,  some of t h e s e  c e l l s  have been terminated dur ing  t h i s  pe r iod ;  
o t h e r s  are. s t i l l  i n  ope ra t ion .  F igure  C-1 d e p i c t s  t h e  number of '  cyc l e s  
achieved by t h e s e  FeS and FeS2 c e l l s .  A d e t a i l e d  d e s c r i p t i o n  of c e l l  des ign  
and ope ra t ing  cond i t i ons  can be found i n  Appendixes A and B. The cyc le  
l i f e t i m e  d a t a  of Fig.  C-2 were der ived  from t h e  d a t a  i n  F ig .  C-1. 

Table C-1. S t a t u s  of FeS and FeS2 C e l l s -  

FeS C e l l s  FeS2 C e l l s  C e l l  Total: 
Cause of C e l l  

Termination No. ' % . . No. % '  No. . . % 

Separa tor  Cut -- - - 2 18.2 2 .:9 .5 
Extrus ion  of Mat' 1 -- -- 2' 18.2 , 2  9.5 
Metal S u l f i d e  i n  Sep. 1 1 0  -- -- 1 4.8 
Metal i n  Sep. -- - - 1 9.1  1 4.8 
Qua l i t y  c o n t r o l  -- - - 1 9 .1  1 4.8 
Vo lun ta r i l y  Term. -- - - : 2  . 18.2 2 9 .5  
Unknowna 4 40 - - - - 4 . 19.0 

Operat ion Continuing 5 50 3 27.2 8 38.1 

a  
Most of t h e s e  c e l l s  d i d  n o t  undergo pos tope ra t ive  examination. 



Fig. C-1. Number of Cycles Achieved 
by FeS and FeS2 Ce.11~ 
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Fig. C-2. Cycle Lifetime Data 
of FeS and FeS2 Cells 
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