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PREFACE 

The program on high-temperature secondary b a t t e r i e s  a t  Argonne National 
Labnratory i s  c a r r i e d  out  p r i n c i p a l l y  i n  t h e  Chemical Engineering Division,  
wi th  a s s i s t a n c e  on s p e c i f i c  problems being given by t h e  Mater ia ls  Scfence 
Divis ion  and, f f o m  rime cu L l u l e ,  Ly o t h e r  Argonnc 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 ,  engineers,  and technic ians  a r e  e s s e n t i a l  t o  the  
success of t h e  program, and recogni t ion  of these  e f f o r t s  is  r e f l e c t e d  by 
t h e  ind iv idua l  con t r ibu t ions  c i t e d  throughout the  r epor 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 s e a r c h ,  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  January-March 1977. 
These b a t t e r i e s  a r e  being developed f o r  e l e c t r i c  v e h i c l e  propuls ion  
and s t a t i o n a r y  energy s t o r a g e .  The p r e s e n t  c e l l s ,  which operaee 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 s m a 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 e c t r o d e  of FeS o r  FeS2, two f ac ing  nega t ive  

. e l e c t r o d e s  of lithium-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 is 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 t h  t h e  u l t i m a t e  goa l  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  f o r  t h e  commercial p roduct 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 , b e i n g  implemented by s e v e r a l  means, i nc lud ing  t h e  assignment 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 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 .  

Tes t ing  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  is  
cont inuing .  During t h i s  pe r iod ,  Li-Al/FeS and Li-A1/FeS2 c e l l s  
from Eagle-Picher I n d u s t r i e s  and ~ i - A l / F e S  c e l l s  from Gould Inc .  

'have been t e s t e d .  The c e l l s  were t e s t e d  i n d i v i d u a l l y  and t h e  Eagle- 
P i che r  c e l l s  were t e s t e d  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 des ign  modifi-  

: sa tdon  and alteraatT-v,e ulaLer.lafs f o r  c e l l s .  Lmproved e l e c t r o d e  and 
c e l l  des igns  a r e  being developed and t e s t e d  a t  ANL, and t h e  promising 
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 ece iv ing  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 des igns  of s t a t i o n a r y  energy s t o r a g e  

. c e l l s ,  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 ,  a l t e r n a t i v e  e l ec , t rode  
s e p a r a t o r s ,  and p e l l e t - g r i d  e l e c t r o d e 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 i gh twe igh t  e l e c t r i c a l  feedthrough;  s t u d i e s  of v a r i o u s  
c u r r e n t - c o l l e c t o r  des igns ;  i n v e s t i g a t i o n  of Y203 powder a s  
s e p a r a t o r  t n a t e r i a l ;  w e t t a b i l i t y  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 ra t ive  examinat ions of c e l l s .  The c e l l  
chemistry s t u d i e s  were concerned w i t h  d i scha rge  mechanisms of FeS 
e l e c t r o d e s ,  w i th  t h e  mechanism of l o s s  of s u l f u r  and i r o n  from FeS2 
e l e c t r o d e s ,  and wi th  o t h e r  t r ans i t i on -me ta l  s u l f i d e s  a s  p o s i t i v e  
e l e c t r o d e  m a t e r i a l s .  The advanced b a t t e r y  e f f o r t  i n v e s t i g a t e d  t h e  
use  of calcium a l l o y s  f o r  t h e  nega t ive  e l e c t r o d e  and t h e  u s e  of 
a n  i r o n  c u r r e n t  c o l l e c t o r  i n  t h e  p o s i t i v e  e l e c t r o d e .  



SUMMARY 

Commercial Development 

A rough d r a f t  of a  s tudy  t o  e v a l u a t e  p o s s i b l e  near-term markets  f o r  t h e  
l i t h i u m / i r o n  s u l f i d e  ba ' t t e ry  i s  i n  progress .  The s i z e  of t h e  market (i.e., 
t o t a l  b a t t e r y  product ion  capac i ty  needed i n  a year )  a t  a  b a t t e r y  c o s t  of 
$l5O/kW-hr is approximately 900 MW-hr/yr, and approaches t h a t  r equ i r ed  f o r  
a n  automated b a t t e r y  p l a n t .  

The p r o j e c t e d  l i f e t i m e  c o s t s  ( i n i t i a l  and ope ra t ing  c o s t s )  f o r  a 
l i t h i u m l i r o n  s u l f i d e  battery-powered compact au tomob i l e . a r e  compared wi th  
t h o s e  f o r  a  gasoline-powered compact automobile.  The.comparison shows t h a t  t h e  
c o s t  .of d r i v i n g  t h e  e l e c t r i c  c a r  i s  about  t h e  same a s ,  o r  s l i g h t l y  l e s s  than ,  
d r i v i n g  the g a s o l i n e  powered c a r  w i t h  g a s o l i n e  p r i ced  a t  t oday ' s  r a t e s .  

An a n a l y s i s  comparing t h e  c o s t  of ope ra t ing  a d i e s e l  bus us. a  l i t h i u m /  
j-ron s u l i i d e  battery-powered bus has Let11 csmplctcd. The comparisnn shnws 
t h a t ,  assuming an  80% f e d e r a l  subs idy  t o  t h e  bus ope ra to r  f o r  t h e  d i e s e l -  
and battery-powered buses ,  about  $2000/yr can be saved by t h e  use  ol: Ll~e 
e l e c t r i c  bus wi th  power a v a i l a b l e  a t  1~/kW-hr  and about $500/yr w i th  power 
a t  2.5~/kW-hr. 

Systems des ign  work was cont inued w i t h  t h e  f a b r i c a t i o n  of t h e  Mark 0 
j a c k e t  f o r  a n  e l e c t r i c - v e h i c l e - b a t t e r y  scheduled f o r  completion about  October 
1977. This  j a c k e t  i s  t o  be  used f o r  s t a t i o n a r y  t e s t i n g  i n  t h e  l abo ra to ry .  

A conceptua l  d e s i g n l c o s t  s tudy  f o r  a  5.6 MW-hr t ruckab le  s t a t i o n a r y  
energy s t o r a g e  module was n e a r l y  completed. This  module c o n s i s t s  of 168 c e l l  
s t a c k s  (8 c e l l s  p e r  s t a c k )  t h a t  a r e  v e r t i c a l l y  a r rayed  i n - a  6  x 28 g r i d .  
The c e l l  t o  h e  used i n  t h i s  module con ta ins  10 nega t ive  and 11 p o s i t i v e  p l a t e s  
pos i t i oned  h o r i z o n t a l l y ,  weighs about  55 kg, and d e l i v e r s  about 4.4 W h r  a t  
t h e  5-hr d i scha rge  r a t e .  

, 
The commercial izat ion p l a n  f o r  l i t h ium/me ta l  s u l f i d e  b a t t e r i e s  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  develop and f a b r i c a t e  
c e l l s ,  c e l l  components, b a t t e r y  components, and b a t t e r y  t e s t i n g  equipment. 
P lanning  a t  Gould Inc .  f o r  50 c e l l s  w i th  hot-pressed FeS2 p o 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  was completed. A t  Eagle-Pieher Indi . is t r ies ,  
I n c . ,  work. i s  con t inu ing  on t h e  product ion  of 58 c e l l s  u1 Loth the  FcS and 
FeSz type,  C a t a l y s t  Research Corp. is cont inuing  t o  develop s i m p l i f i e d  
procedures  f o r  t h e  f a b r i c a t i o n  of c e l l s .  

I n  c o n t r a c t u a l  work d i r e c t e d  toward s e p a r a t o r  development, t h e  product ion  
and s t o c k p i l i n g  of boron n i t r i d e  roving i s  procccding a t  about 1 5  kglmonth 
a t  Carborundum Corporat ion.  A paper-making t r i a l  run us ing  BN f i b e r s  and 
a s b e s t o s  f i b e r s  was s u c c e s s ~ . u l l y  completed a t  t h e  Un ive r s i t y  of F lo r ida .  
Samples of s e p a r a t o r s  u s ing  BN f i b e r s  w i t h  o rgan ic  b i n d e r s  were rece ived  f o r  
t e s t i n g  from F ibe r  Ma te r i a l s ,  Inc .  



I n d u s t r i a l  C e l l  and Ba t t e ry  Tes t ing  

A s e r i e s  of t e s t s  was completed. i n  which Eagle-Picher FeS2 c e l l s  of t h e  
Type 2B b a s e l i n e  des ign  were cycled wi th  v a r i o u s  cu to f f  vo l t ages .  The 
conclusions drawn from t h e s e  t e s t s  were: (1)  ope ra t ing  wi th  a  charge cu to f f  
vo l t age  up t o  t h e  maximum l e v e l  a l lowable  f o r  FeS2 c e l l s  d id  n o t  sho r t en  t h e  
c e l l  l i f e t i m e  b u t  d id  i n c r e a s e  t h e  s p e c i f i c  energy; ( 2 )  t h e  s e r i e s  i n t e r n a l  
r e s i s t a n c e s  of t h e s e  c e l l s  were i n i t i a l l y  8-10162 and they increased  a t  t h e  
end of c e l l  l i f e ;  (3) shal low cyc le s  i n t e r s p e r s e d  wi th  deep c y c l e s  (one 
deep c y c l e  i n  every  t e n  cyc l e s )  d i d  no t  app rec i ab ly  i n c r e a s e  c e l l  l i f e t i m e ;  
(4) u s e f u l  c e l l  l i f e  was 85-125 days and 150-500 c y c l e s ,  t h e  l a t t e r  
i nc lud ing  sha l low c y c l e s ;  and (5) c e l l  and cyc le  l i f e  can be inc reased  
s i g n i f i c a n t l y  by a  ve ry  low charge r a t e  (<4 A) a n d , - t h e r e f o r e ,  poss ib ly  by 
cons t an t  vo l t age  o r  tapering-charge modes. 

Eagle-Picher c e l l s  t h a t  i nco rpora t e  changes from the  b a s e l i n e  des ign  of 
t h e  FeS c e l l  a r e  a l s o  undergoing t e s t i n g .  C e l l s  i n  which y t t r i a  (Y203) f e l t  
w a s  s u b s t i t u t e d  f o r  boron n i t r i d e  (BN) c l o t h  i n  t h e  s e p a r a t o r  f a i l e d  i n  l e s s  
than 21 days. I n  a d d i t i o n ,  a  second genera t ion  c e l l  wi th  a  Y203-separator,  
which had a  molded BN frame around t h e  p o s i t i v e  e l e c t r o d e  t o  over lap  t h e  
Y203 f e l t  a t  t h e  edge, was terminated a f t e r  65 days.  These r e s u l t s  i n d i c a t e  
t h a t  Y203-felt  s e p a r a t o r s  cannot be  used i n  c e l l s  of t h e  p re sen t  des ign .  
Other des ign  changes involved reducing t h e  th i ckness  of t h e  p o s i t i v e  (from 
0.63 t o  0.56 cmj and t h e  nega t ive  e l e c t r o d e  (from 0.72 t o  0.66 cm) a s  w e l l  
a s  i n c r e a s i n g  t h e  d e n s i t y  of t he  n e g a t i v e  e l e c t r o d e .  Th i s  change increased  
t h e  s p e c i f i c  energy from 60 ( b a s e l i n e  des ign)  t o  67 W-hr/kg (modified 
des ign)  a t  a  10-hr r a t e  f o r  FeS c e l l s .  

C e l l  EP-2B8 was s t u d i e d  t o  determine t h e  performance of a c e l l  i n  an 
a i r  atmosphere. This  c e l l  has  now been .opera ted  i n  an a i r  environment f o r  
more than  223 days ,  and i s  performing a s  w e l l  a s  i d e n t i c a l  c e l l s  opera ted  i n  
an i n e r t  atmosphere. 

Thermal eva lua t ion  of a n  FeS2 c e l l  (EP-2B6) showed temperature changes 
of up t o  15OC dur ing  cyc l ing .  A s imple temperature c o n t r o l  and coo l ing  
system w i l l  be  s u f f i c i e n t  t o  keep t h e  b a t t e r y  w i t h i n  t h e  d e s i r e d  temperature 
range. 

Two Could FcE c e l l s  (G-02-002 and G-03-002) have been q u a l i f i c a t i o n  
t e s t e d  a t  ANL. These c e l l s ,  one with'CaC12 i n  t h e  nega t ive  e l e c t r o d e  and t h e  
other without  CaC12, gave' e s s e n t i a l l y  t he  same performance. This  des ign  
showed good p o t e n t i a l  and gave s t a b l e ,  r ep roduc ib l e  c e l l  performance f o r  t h e  
p e r i o d ' t e s t e d  (67 days) .  Gould has opera ted  two c e l l s  i n  t h e t r  f a c i l i t i e s  
wi th  about  t h e  same r e s u l t s .  This  is now considered t o  be t h e  b a s e l i n e  Fe'S 
c e l l  des ign  f o r  12.7 x 17.8 cm c e l l s .  

Tes t ing  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 Lo 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 .  T e s t s  were performed on Ba t t e ry  B7-S (two type B FeS c e l l s  i n  
s e r i e s )  t o  determine the  e f f e c t  of i n t e rmed ia t e  shal low cyc l ing  on subsequent 
deep cyc l ing .  A f t e r  more than  115 cyc le s  a t  a  5-hr d i scharge  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  decrease  i n  performance 
r e s u l t e d  owing t o  i n s u f f i c i e n t  e q u a l i z a t i o n  charge time. A f t e r  s e v e r a l  c y c l e s  
us ing  10-hr eq i i a l i za t ion  t imes,  t h c  performance re turued  t u  i t s  previous  value. 



B a t t e r y  B7-S has  now opera ted  f o r  more than  295 days and 472 cyc le s .  S t a r t -  
up and cond i t i on ing  of t h e  f i r s t  s i x - c e l l  ~ i -Al /FeS2  b a t t e r y  (B10-S) was 
completed i n  a t e s t  chamber: For t h e  f i r s t  f o u r  cyc l e s  a t  low c u r r e n t s  
t h e  peak s p e c i f i c  energy (based on c e l l  weight) w a s  $87 W-hr/kg a t  about  a  
16-hr r a t e .  A f t e r  c y c l i n g  i n  t he  t e s t  chamber, t h e s e  s i x  c e l l s  were placed 
i n  a  vacuum i n s u l a t e d  housing;  performance and temperature measurements were 
then  made. The case  provided good i n s u l a t i o n :  wi th  a  b a t t e r y  temperature of 
435OC, the  e x t e r n a l  temperature of t h e  ca se  was ~ 2 5 ° C .  The power necessary  
t o  maintain t h e  b a t t e r y  a t  ~435OC was 57-60 W. 

B a t t e r y  Chargins Systems 

Proposals  were rece ived  t o  complete a  c o s t  and des ign  s tudy of a  f u l l -  
s c a l e  b a t t e r y  system f o r  t h e  Li-A1/FeS2 b a t t e r y ,  and a  procurement package 
is  be ing  prepared.  A monitor and e q u a l i z e r  c o n t r o l  system has been placed 
i n  ope ra t ion  on a  s i x  c e l l  Li-A1/FeS2 b a t t e r y ,  and is  performing w e l l .  
Cons t ruc t ion  of a 100-A c e l l  and b a t t e r y  c y c l e r ,  t h a t  wPll  llandle four  
Li-A1/FeS2 c e l l s  i n  s e r i e s ,  w a s  s t a r t e d .  One of t h e  25-A "mini-cyclers" has  
been modified t o  a l low c e l l  charging i n  e i t h e r  a  cons t an t  c u r r e n t  o r  cons t an t  
v o l t a g e  mode. 

C e l l  Development and Engineering 

This  p a r t  of t h e  program is d i r e c t e d  toward t h e  developmerlt and t e s t i n g  
of  Li-A1/FeSx c e l l s  having improved performance and lower c o s t .  The work is  
concentrated"'on 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 .  

Two upper-plateau FeS2 c e l l s  were b u i l t  w i th  Li2FeS2 ("x-phase") a s  
t h e  s t a r t i n g  m a t e r i a l  i n  t h e  p o s i t i v e  e l e c t r o d e .  Because Li2FeS2 i s  
r e l a t i v e l y  una f fec t ed  by a i r  o r  mois ture ,  one of t h e  c e l l s  was f a b r i c a t e d  i n  
a i r  and h e l i l ~ r n  atmosphere and t h e  o t h e r  c e l l  j u s t  i n  a i r .  'The r e s u l t s  were 
promising,  and scale-up is  under way. 

Four uncharged, Upper p l a t e a u  FcS2 c e l l s  were tested.  The amuunts of 
l i t h i u m  and aluminum in the 11egaLlve e l e c t r o d e s  v a r i e d  from O t o  +W%. The 
h i g h e r  l i t h i u m  and aluminum concen t r a t ions  y i e lded  b e t t e r  FeS2 u t i l i z a t i o n .  

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 as 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  CB-1, a  charged c e l l  w i t h  a  carbon-bonded 
CuFeS2 e l e c t r o d e ,  has  aecumulatrcl 427 days  and 736 cycleo wi th  only I S X  
d e c l i n e  from i t s  t y p i c a l l y  h igh  va lue  o f . 6 7  A-hr a t  t h e  5-hr d i scharge  r a t e .  
C e l l  KK-5, an  uncharged PeS c e l l  w i t h  a  C U ~ S  a d d i t i v e ,  11as curiiplttcd 460 
c y c l e s  i n  333 days;  i ts  90 A-hr c a p a c i t y  had diminished by l e s s  t han  10% 
when i t  a t t a i n e d  a  l i k e t i m e  'goal 6f 400 cyc le s .  A uciv design df a  molybdanum 
c u r r e n t  c o l l e c t o r  w i th  a welded connect ion has  reduced t h e  r e s i s t a n c e  of 
t h e  KK-series c e l l s  (carbon-bonded e l e c t r o d e s )  from 6-8 t o  4.5n62. 

Tes t s  were performed on two c . e l l s ,  M-1 and M-2, wi th  charged FeS2 
e l e c t r o d e s  and Y203-fel t  s e p a r a t o r s .  The major d i f f e r e n c e  between t h e  two 
c e l l s  was i n  t h e  housing. In Cell M-2 t h e  c u r r e n t  c o l l e c t o r  t r a y s  i n  t he  
nega t ive  e l e c t r o d e  were p a r t  of t h e  housing, and t h i s  made t h e  c e l l  l i g h t e r .  
Although C e l l  M - 1  developed a  s h o r t  c i r c u i t  a f t e r  17 days,  i t  showed good 
upper-plateau performance, wi th  a s p e c i f i c  energy of 98 W-hr/kg a t  a  25-A 
d i scha rge  r a t e  ($90 m ~ / c m ~ ) .  C e l l  M-2 has  been i n  ope ra t ion  more than  14 days,  
and has  shown s l i g h t l y  improved performance over  C e l l  M-1. 



I n v e s t i g a t i o n  is  cont inuing  on t h e  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  elect ' rode i n  engineer ing-s ize  (13 x 13  cm) c e l l s ,  des igna ted  
t h e  FM s e r i e s .  C e l l  FM-3, which has nega t ive  e l e c t r o d e s  of Li-A1-8 w t  % 
Sn, was s t i l l  i n  ope ra t ion  a f t e r  186 c y c l e s  and 109 days; i t s  c a p a c i t y  has  
dec l ined . f rom 57 t o  50 A-hr. The c a p a c i t y  of C e l l  FM-3 is  s i g n i f i c a n t l y  
g r e a t e r  than  t h e  capac i ty  of e i t h e r  C e l l  FM-1 ( I n  a d d i t i v e  i n  t h e  nega t ive  
e l e c t r o d e )  o r  C e l l  FM-2 (Ca a d d i t i v e  i n  t h e  nega t ive  e l e c t r o d e ) .  

Five engineer ing-s ize  c e l l s  (TO-series) w i th  nonwoven c l o t h  s e p a r a t o r s  
have been b u i l t  and t e s t e d .  The t e s t s  showed t h a t  Y203- and BN-felt s e p a r a t o r /  
r e t a i n e r s  have many advantages over BN and Zr02 c l o t h  s e p a r a t o r l r e t a i n e r s .  
A compact, engineer ing-sca le  c e l l  w i t h  a  Y2O3 powder s epa ra to r  is p r e s e n t l y  
i n  ope ra t ion ;  t h e  e a r l y  c e l l  performance looks ve ry  promising. 

Ma te r i a l s  Develo~ment  

The development of a  l i gh twe igh t ,  low-cost, .and l eak - t igh t  e l e c t r i c a l  
feedthrough i s  cont inuing.  The most ou ts tanding  success  h a s  been wi th  t h e  
crimp-type mechanical. feedthough developed a t  ANL. The crimp-type feedthrough 
f o r  a  114 i n .  (6.35 mm) d i a .  conductor has  a  weight of 46 g and a  
p ro j ec t ed  c o s t  of only $1.14. Leak r a t e s  a r e  about  Pa m3/sec wi thou t ,  
and abo.ut 10-lo Pa m3/sec wi th ,  a  secondary s e a l  of s o l d e r  g l a s s .  It is  
a n t i c i p a t e d  t h a t  t h i s  type  of feedthrough w i l l  b e  i n s t a l l e d  i n  t h e  Mark I 
e l e c t r i c - v e h i c l e  c e l l s .  

One of t h e  h2gher c o s t  m a t e r i a l s  of t h e  ~ i A l / ~ i c l - K C l / F e S ~  c e l l s  is  t h e  
c u r r e n t  c o l l e c t o r  f o r  t h e  FeS2 e l e c t r o d e .  The fo l lowing  cu r ren t - co l l ec to r  
des igns  were s tud ied  t o  determine t h e i r  c o s t s :  f l a t - s h e e t  molybdenum, 

. honeycomb molybdenum, and molybdenum porous metal .  This  s tudy  showed t h a t  t h e  
honeycomb des ign  meets our  e a r l i e s t  (1981) c o s t  goa l s ,  whereas t h e  porous 
meta l  and f l a t - s h e e t  des igns  meet our  i n t e rmed ia t e  (1985) c o s t  goa l s .  
None of t h e s e  des igns  meet our  long range (199.0). goa ls .  A few i n d u s t r i a l  
c o n t r a c t o r s  have submit ted proposa ls  f o r  development of lower c o s t  c u r r e n t  
c o l l e c t o r s  f o r  t h e  FeS2 e l e c t r o d e .  These proposa ls ,  most of which involve  
mcrlybdanum bonding, are i l l  var lous  s r a g e s  o t  eva lua t ion .  

A powder ' separa tor  is being developed a s  an a l t e r n a t i v e  t o  t h e  BN f a b r i c  
c u r r e n t l y  used i n  Li-A1/FeSx c e l l s .  A h o r i z o n t a l  c e l l ,  w i th  a n  all-powder 
separator a11d llu frame and sc reen  assembly around t h e  p o s i t i v e  e l e c t r o d e ,  
operated s u c c e s s f u l l y  f o r  41  days be fo re  t h e  t e s t  w a s  v o l u n t a r i l y  terminated.  
C e l l  performance was e x c e l l e n t .  Pos tope ra t ive  examination showed t h a t  t h e  
s e p a r a t o r  had maintained i ts  i n t e g r i t y  and had been e f f e c t i v e  i n  r e t a i n i n g  t h e  
a c t i v e  m a t e r i a l s  w i t h i n . t h e  e l ec t rode .  These d a t a  i n d i c a t e  t h a t  i t  may be  
p o s s i b l e  t o  e l i m i n a t e  t h e  frame and ,  s c reen  Assembly i n  t h e  p o s i t i v e  e l e c t r o d e  
wi th  t h e  use  of all-powder s epa ra to r s .  

An experimental  appara tus  was cons t ruc ted  t o  measure permeabi l i ty  t o  
gas  flow of r i g i d  s e p a r a t o r  candida tes ;  p re l iminary  measurements were made 
on specimens prepared by inco rpora t ing  v o l a t i l e  organic  m a t e r i a l s  wi th  Y203 
powder p r i o r  t o  p re s s ing .  Addi t iona l  flowmeters a r e  being added t o  t h e  
permeabi l i ty  appara tus  t o  improve t h e  accuracy of measurements over a  broader  
range of flow cond i t i ons .  



A commercial dev ice  is be ing  used t o  produce preformed foam by mixing 
ceramic suspens ions  w i t h  preformed foam; t h e  foam s t r u c t u r e  is s o l i d i f i e d  
by r e a c t i o n  of t h e  powder p a r t i c l e s  i n  d i l u t e  n i t r i c  ac id .  

An exper imenta l  a l l o y  w i t h  a composition of Fe-30 w t  % Ni-15 w t  % Mo 
was r ece ived  f o r  e v a l u a t i o n  as a  p o s s i b l e  c u r r e n t - c o l l e c t o r  m a t e r i a l .  The 
f a b r i c a t i o n  d i f f i c u l t i e s  encountered by t h e  vendor i n  r o l l i n g  t h i s  m a t e r i a l  
i n t o  a  0.25 mm s h e e t  were a  r e s u l t  of t h e  presence of a  second phase, which 
w a s  appa ren t ly  caused by i n s u f f i c i e n t  homogenization of t h e  s t a r t i n g  i n g o t .  
This  phase w a s  e l imina ted  by s o l u t i o n  annea l ing  a t  1225OC. Corrosion t e s t s  
on annealed samples i n d i c a t e d  t h a t ,  t h e  a l l o y  should be  s u i t a b l e  f o r  
a p p l i c a t i o n  i n  FeS c e l l s .  

Fu r the r  s t u d i e s  have been conducted on t h e  w e t t a b i l i t y  of porous s e p a r a t o r  
m a t e r i a l s  by mol ten-sa l t  e l e c t r o l y t e .  L i thcoa  LiC1-KC1 was more e f f e c t i v e  
i n  w e t t i n g  hot-pressed boron n i t r i d e  s u r f a c e s  than  t h e  Anderson Physics  
Labora to r i e s '  LiC1-KC1. Aluminum n i t r i d e  appears  t o  be more d i f f i c u l t  t o  
w e t  t han  horon n i t r i d e ,  but  i t  is less s u s c e p t i b l e  t o  subsequent d e ~ ~ e t t j n g .  
Other s u r f a c e  s t u d i e s  showed t h a t  t h e  tendency of t h e  LiC1-KC1 e l e c t r o l y t e  
t o  c r eep  on meta l  s u r f a c e s  i s  increased  markedly by t h e  a d d i t i o n  of LLA1 
a l l o y  t o  t h e  s a l t .  

Owing t o  t h e  degass ing  and a t t e n d a n t  p re s su re  bui ldup t h a t  can occur 
dur ing  t h e  o p e r a t i o n  of a  c e l l ,  a s tudy  was begun t o  c h a r a c t e r i z e  (by mass 
spec t rometry)  t h e  gaseous ' spec i e s  produced wh i l e  c e l l s  a r e  f n  a charge ,  
d i scha rge ,  o r  open-c i r cu i t  mode. I n  a d d i t i o n ,  because t h e  e l e c t r i c a l  
r e s i s t a n c e s  of t h e  v a r i o u s  components of a c e l l  a f f e c t  e f f i c i e n c y ,  a  s tudy  
w a s  i n i t i a t e d  on t h e  e l e c t r i c a l  conduc t iv i ty  of d i s p e r s i o n s  of nonconducting 
s o l i d s  i n  molten LiC1-KC1. 

14aJ UL ~:l lai~ies  in handl ing  ~ r o c e d ~ ~ ~ r ~ s  f nr  m e t a l l o ~ r a p h i c  sampies have 
made p o s s i b l e  t h e  p r e p a r a t i o n  of c e l l  samples s u i t a b l e  f o r  ana lyses  by t h e  
Ion  Microprobe Mass Analyzer. This  technique  w i l l  permit n n a l y o c ~  such 
as t h e  T,i:Al r a t i o s  of t h e  m e t a l l i c  partic les  1x1 ~11e negat ive  c l c c t r o d e s  of 
~ i - A l / F e s ~  c e l l s .  

Pos tope ra t ive  examinations were completed on e leven  engineer ing-sca le  
c e l l s  dur ing  t h i s  per iod .  T e s t s  of t h e s e  c e l l s  were terminated because of 
short c i r c u i t s  o r  d e c l i n i n g  performance. The major causes of t h e  s h o r t  
c i r c u i t s  were: (1)  e x t r u s i o n  o f  a c t i v e  m a t e r i a l s  of one e l e c ~ r o d e  i n t o  thc  
oppos i t e  e l e c t r o d e  because of inadequate  mechanical r e s t r a i n t  and (2)  b u i l d  
up of m e t a l l i c  p a r t i c l e s  w i t h i n  t h e  s e p a r a t o r .  Metal lographic examinations 
of FeS2 c e l l s  have shown t h e  presence of Li2S-iron p r e c i p i t a t e s  i n  t h e  
s e p a r a t o r .  The formation of t h e  Li2S appears  t o  be  r e l a t e d ' t o  t h e  h igh  
s u l f u r  a c t i v i t y  i n  t h e  FeS2 c e l l s .  

C e l l  Chemis'try 

S tud ie s  of s u l f u r  and i r o n  l o s s e s  from FeS2 e l e c t r o d e s  were conducted. 
A r a p i d  dec rease  i n  t h e  s u l f u r - i r o n  r a t i o  of FeS2 was found when an open 
c r u c i b l e  con ta in ing  a  mixture  of Li2S and FeS2 was hea ted  i n  LiC1-KC1 
e l e c t r o l y t e  a t  700 K. Thermodynamic c a l c u l a t i o n s  i n d i c a t e  t h a t  t h e  vapor 
p re s su re  of s u l f u r  over  Li2S and FeS2 mixtures  is  h igh  enough t o  account 
f o r  t h e  obse rva t ions .  Measurements of t h e  s u l f u r  and i r o n  concen t r a t ions  of 



LiC1-KC1 e l e c t r o l y t e  i n  con tac t  wi th  Li2S-FeS2 mixtures  d id  n o t  r e v e a l  an  
unusual ly h igh  s o l u b i l i t y ;  however, t he  s o l u t i o n s  became i n t e n s e l y  co lored  
(yellow-orange). These r e s u l t s  suggest  t h a t  Li2S i n  a  BN s e p a r a t o r  w i l l  no t  
be  r e a d i l y  absorbed by a  p o s i t i v e  e l e c t r o d e  t h a t  i s  r i c h  i n  FeS2. 

A s tudy  was conducted on TiS2 a s  a n  a l t e r n a t i v e  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 .  T e s t s  of a 1 A-hr TiS2 c e l l  i nd i ca t ed  t h a t  t h i s  e l e c t r o d e  ope ra t e s  
we l l .  Large s c a l e  t e s t s  were then  undertaken,  and a  142 A-hr ~ i A l / T i S 2  c e l l  
was cons t ruc t ed .  Its capac i ty  a t  t h e  10-A r a t e  was 90 A-hr (54 W-hrlkg). 
This  system appears  t o  be  promising. 

It i s  suspec ted  t h a t  t h e  decreas ing  capac i ty  of t h e  Li-A1 e l e c t r o d e s  
' 

r e s u l t s  from morphological changes of t h e  a c t i v e  m a t e r i a l  over  a  per iod  
of time. Thus s t u d i e s  were conducted on t h e  u s e  of v a r i o u s  m e t a l l i c  a d d i t i v e s  
t o  t h e  Li-A1 a l l o y  a s  a  means of c o n t r o l l i n g  t h e s e  morphological changes. 
Addit ions of l e a d  (10 w t  %), t i n  (5  w t  %),  o r  copper ( 5  w t  %) d id  n o t  improve 
t h e  capac i ty  r e t e n t i o n  of t h e  e l e c t r o d e .  However, t h e  a d d i t i o n  of indium 
( 1  w t  %) g r e a t l y  improved capac i ty  r e t e n t i o n .  

Advanced B a t t e r v  Research 

Cycl ic  voltammetry is  being used t o  s tudy  t h e  e l ec t rochemica l  behavior  
of cand ida t e s  f o r  e l e c t r o d e  m a t e r i a l s .  R e s u l t s , f o r  Ca-A1, Ca-Mg, Ca-Mg-Si, 
and FeS e l e c t r o d e s  i n  LiC1-KC1-CaC12 e l e c t r o l y t e  a r e  repor ted .  The calcium 
nega t ive  e l e c t r o d e s  gave somewhat lower u t i l i z a t i o n s  than  those  obta ined  w i t h  
LiAl nega t ive  e l e c t r o d e s  i n  LiC1-KC1 e l e c t r o l y t e .  I n - c e l l  t e s t s  demonstrated 
t h a t  t h e  Ca-Mg-Si nega t ive  e l e c t r o d e  performs b e t t e r  t han  t h e  Ca-A1 o r  t h e  
Ca-Mg. The c y c l i c  voltamnogram of t h e  FeS e l e c t r o d e  helped t o  i d e n t i f y  
a  s i g n i f i c a n t  s i d e  r e a c t i o n  i n  t h e  calcium ce l l s - - the  formation of FeC12 
by ox ida t ion  wh i l e  FeS i s  be ing  generated from i r o n  and CaS. This  s i d e  
r e a c t i o n  was suppressed by use  of a  carbon i n s t e a d  of an  i r o n  c u r r e n t  
c o l l e c t o r  f o r  the  FeS e l e c t r o d e  i n  t h e  calcium system. 

P o s i t i v e  e l e c t r o d e s  of FeS o r  FeS2 having c a p a c i t i e s  of 1 t o  2 A-hr 
were prepared i n  smal l ,  g r a p h i t e  housings. The  nega t ive  e l e c t r o d e s  cons i s t ed  
of L i  (LiC1-KC1 e l e c t r o l y t e ) ,  CaA12 (LiC1-KC1-CaC12), o r  Mg (~aCl-Kcl-MgC1~). 
S tud ie s  of t h e s e  c e l l s  i nd ica t ed  t h a t  t h e  calcium and magnesium e l e c t r o d e s  
r e q u i r e  added c u r r e n t  c o l l e c t o r ,  such a s  d i s t r i b u t e d  carbon powder throughout 
t h e  a c t i v e  m a t e r i a l ,  t o  o b t a i n  adequate  u t i l i z a t i o n .  The u t i l ' i z a t i o n  f o r  t h e .  . 

l i t h i u m  e l e c t r o d e  was adequate .  

Two uncharged, p r i sma t i c  Mg2Si/Fe(CaS) c e l l s  of 134 A-hr t h e o r e t i c a l  
capac i ty  were f a b r i c a t e d  and t e s t e d .  The i r  achieved c a p a c i t i e s  were about 

, 50 A-hr. These c e l l s  employed mainly i r o n ' c u r r e n t  c o l l e c t o r s  i n  t h e i r  p o s i t i v e  
e l e c t r o d e s .  C e l l s  employing carbon c u r r e n t  c o l l e c t o r s  a r e  be ing  designed.  

C e l l  and Ba t t e ry  Development a t  Atomics In te rna t iona l -  

Work is i n  progress  on t h e  c o n s t r u c t i o n  of compact, uncharged b i c e l l s  
wi th  A1N powder s e p a r a t o r s ;  one c e l l  of t h i s  type  has  completed 113 cyc le s  
and 100 days of ope ra t ion  wi th  99% coulombic e f f i c i e n c y .  , 



Operat ion of a 1.0 kW-hr LiqSi/FeS-20 mol % Cu2S c e l l  was terminated 
a f t e r  330 c y c l e s  and 142 days. P o s t o p e r a t i v e  examination d i s c l o s e d  t h a t  t h e  
probable  causes  of c e l l  f a i l u r e  were (1)  mig ra t ion  of copper from t h e  ' 

p o s i t i v e  e l e c t r o d e  and (2)  co r ros ion  of t h e  BN-cloth s e p a r a t o r  which had 
been plasma sprayed wi th  Mg0*A1203 s p i n e l .  

An instrumented 1 .0  kW-hr c e l l  w i t h  a l a r g e  number of thermocouples 
w i t h i n  t h e  c e l l  i s  be ing  placed i n  ope ra t ion .  Data w i l l  b e  c o l l e c t e d  f o r  
de te rmining  thermal  g r a d i e n t s  i n  l a r g e  load- leve l ing  c e l l s .  Design of a  
2 .5  kW-hr pre-pro to type  c e l l  f o r  load- leve l ing  is under way. 



I. INTRODUCTION 

Lithium-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 
Nat iona l -Labora tory  (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  devices  f o r  load- leve l ing  on e l e c t r i c  
u t i l i t y  systems and s t o r a g e  of e l e c t r t c a l  energy produced by s o l a r ,  wind, o r  
o t h e r  sources .  Performance and l i f e t i m e  goals  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  a r e  t h e  same a s  those  presented  i n  t h e  prqceding r e p o r t  of t h i s  
s e r i e s  ,(ANL-77-17, p. 8 ) .  However, f u t u r e  r e v i s i o n  o£ . , the goa l s  may be 
a p p r o p r i a t e  a s  t h e  .requirements of t h e s e  two appl i .ca t ions  a r e  i n v e s t i g a t e d  
i n  g r e a t e r  d e t a i l . t h r o u g h  systems des'ign s t u d i e s .  

Table 1-1. Performance Goals f o r  ~ i t h i u m - ~ l u m i n u m / ~ e t a l  Su, l f ide B a t t e r i e s  

E l e c t r i c  Vehicle  S t a t i o n a r y  Energy 
. . Propuls ion  Storage  - 

Mark I Pro to type  BEST Proto type  
Ba t t e ry  Goals 1978 1985 1982 1985 

Power . . 

Peak 
Sustained Discharge 

Energy Output 

S p e c i f i c  ~ n e r ~ ~  ,a W-hr/kg 

  is charge Time, h r  

Charge Time, h r  

Cycle L i f e  

Cost of C e l l s ,  $/kW-hr 

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  is  approxi-  
mately 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  ehc 1385 p ro to type  v e h i c l e  b a t t e r y .  

b ~ r u j e c t e d  cosr ar  a p toduct ion  r a t e  of ZOO0 MW-hrlyr. 

Because of t h e  markedly d i f f e r e n t  performance, l i f e t i m e ,  and c o s t  
requirements  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  'energy s t o r a g e  appl ica-  
t i o n s ,  a c l ea r - cu t  d i s t i n c t i o n  i s  be ing  made i n  - t he  des ign  c h a r a c t e r i s t i c s  
of t h e  c e l l s  and b a t t e r i e s  . t h a t  a r e  be ing  developed f o r  t h e s e  two purposes.  
The Yes2 p o s i t i v e  e l e c t r o d e  i s  c u r r e n t l y  favored f o r  t h e  e l e c t r i c  v e h i c l e  
b a t t e r y  i n  view of i t s  h igh  s p e c i f i c  energy ,and  s p e c i f i c  power. The FeS 
p o s i t i v e  e l e c t r o d e  appears  t o  be  b e t t e r  s u i t e d . t o  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  because of i t s  longer  1ifetTme and p o t e n t i a l  f o r  low c o s t .  

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 w i l l  b e  t h e  f i r s t  f u l l - s c a l e  
(30-50 kW-hr) lithium-aluminum/metal s u l f i d e  b a t t e r y  of t h i s  t ype ,  i s  
scheduled f o r  t e s t i n g  i n  1978, f i r s t  i n  t h e  l a b o r a t o r y  and later i n  a van. 



A conceptua l  des ign  of t h i s  b a t t e r y  has  been completed, and d e t a i l e d  des ign  
s t u d i e s  have been i n i t i a t e d .  A p l a n  i s  a l s o  under way f o r  development and 
f a b r i c a t i o n  of c e l l s ,  an  i n s u l a t e d  b a t t e r y  housing, and a u x i l i a r y  equipment. 
Th i s  p l an  w i l l  a l s o  provide  f o r  t h e  t e s t  equipment and procedures  t o  be  used 
w i t h  t h e  Mark I b a t t e r y .  Before t h e  Mark I b a t t e r y  i s  assembled, p re sen t  
p l a n s  c a l l  f o r  a  p re l imina ry  t e s t  (Mark 0) i n  which a  p a r t i a l  loading of 
c e l l s  w i l l  be  opera ted  i n  t h e  f u l l - s o a l e  i n s u l a t e d  housing f o r  t h e  Mark I ' 

b a t t e r y  . 
Design c o n s i d e r a t i o n s  i n d i c a t e  t h a t  r e l a t i v e l y  s m a l l  (e .g . ,  13' x  18 x 2 

cm, %150 A-hr) c e l l s  w i t h  one c e n t r a l  p o s i t i v e  e l e c t r o d e  and two f a c i n g  
nega t ive  e l e c t r o d e s  would be d e s i r a b l e  f o r  t h e  e l e c t r i c  v e h i c l e  b a t t e r y .  
Modules of t h r e e  para l le l -connec ted  c e l l s  would be  connected i n  s e r i e s  t o  
form t h e  b a t t e r y .  

Conceptual des ign  s t u d i e s  of  a  5.6-MW b a t t e r y  module 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  have a l s o  been-completed. The module c o n s i s t s  
of a weatherproof i n s u l a t e d  h o u s i n g . t h a t  can b e  t r anspor t ed  t o  t h e  p o i n t  of 
u s e  by t r u c k ,  where t h e  c e l l s  a r e  i n s e r t e d  t o  form t h e  b a t t e r y .  The p re sen t  
des ign  concept f o r  t h i s  u n i t  involves  m u l t i e l e c t r o d e  Li-Al/FeS c e l l s  having 
t h e  c o n f i g u r a t i o n  of a 25-cm cube. 

The b a t t e r y  development program inc ludes  both an in-house r e s e a r c h  
and development e f f o r t  a t  ANL and subcon t r ac t s  w i t h  s e v e r a l  i n d u s t r i a l  
l a b o r a t o r i e s .  The ANL e f f o r t  involves  c e l l  chemistry s t u d i e s ,  m a t e r i a l s  
development and e v a l u a t i o n ,  c e l l  and b a t t e r y  development, i n d u s t r i a l  c e l l  
and b a t t e r y  t e s t i n g ,  and commercial izat ion s t u d h s .  A sma l l  e f f o r t  is  a l s o  
i n  p rog res s  a t  ANL on advanced b a t t e r y  systems t h a t  u t i l i z e  low-cost, 
abundant m a t e r i a l s .  The major i n d u s t r i a l  subcon t r ac to r s  a r e  t h e  Atomics 
I n t e r n a t i o n a l  D iv i s ion  of Rockwell I n t e r n a t i o n a l ,  Carborundum Co., 
C a t a l y s t  Research Corp., Eagle-Picher I n d u s t r i e s ,  Inc . ,  and Gould Inc. 
Atomics I n t e r n a t i o n a l  is  conducting a  g e n e r a l  r e s e a r c h  and development 
program w i t h  c u r r e n t  emphasis on Li-Si/FeS c e l l s  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 Carborundum Co. i s  producing boron n i t r i d e  
f i b e r s  f o r  e l e c t r o d e  s e p a r a t o r s .  C a t a l y s t  Research, Eagle-Picher , and 
Gould a r e  involved p r i m a r i l y  w i th  t h e  development and f a b r i $ a t i o n  of c e l l s  
t h a t  a r e  t e s t e d  e i t h e r  a t  ANL o r  i n  t h e i r  own l a b o r a t o r i e s .  



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

  he 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 fve ,  s e l f  - sus t a in ing  indusf r y  capable  of producing a supply of 
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 l o n a l  needs. This  o b j e c t i v e  
is t o  be  accomplished through normal market f o r c e s ,  wi th  a minimum. of 
governmental suppor t .  A commercial izat ion p l an  is under develoyment 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  e lements ,  i. e . ,  t h e  market ,  p roduct ,  and need (d r iv ing  
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 tudy ,  is i n  
a rough d r a f t  form; AM, i s  l ead ing  t h e  s tudy and a s s i s t a n c e  is be ing  g iven  
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  b e  a combination of a 
market survey and an  economic a n a l y s i s .  The market surv& 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  appl ica-  
t i o n s  f o r  t h e ' n e a r  term (1978-1985)'. 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  r a t e s  of '  l i t h i u m / i r o n  s u l f i d e  
E a t t e r i e s  ' to 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  
requirements  t o  suppor t  t h e s e  p r o d u c t i o n ' r a t e s .  In' t h i s  way, t h e  near-term 
markets w i l l  be  used t o  b u i l d  an  i n d u s t r i a l  manufacturing base  wi th  a 
minimum of f e d e r a l  suppor t .  

A. Commercialization S tudies  
(A.  A. Chilenskas,  S. H.  Nelson*)' 

1. Market S tud ie s  
A rough d r a f t  of a s tudy  t o  eva lua t e  p o s s i b l e  near-term markets f o r  . i 

t h e  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  is  i n  progress .  Pre l iminary  e s t ima te s  of 
t h e  annual  market f o r  v a r i o u s  market s e c t o r s  a r e  shown i n  Table 11-1. 

. . 

Table 11-1. P o s s i b l e  Near-Term Markets f o r  
t h e  ~ i t h i u m / I r o n  S u l f i d e  Ba t t e ry  - 

a 
P r i c e  S i ze  of Market, 

Market Sec tor  $/kW-hr MW-hr/yr 

Submarines 2 50 
Mnhi.le Missile Launchers 180 
P o s t a l  Vans and Trucks 170 
P o s t a l  Vehic les  and Ruses 160 
P o s t a l  Vehic les ,  Buses, Mining 150 

. a Pre l iminary  e s t i m a t e s ,  January 1977.. 

A s  can b e  seen  f r o m . t h i s  t a b l e ,  t h e  s i z e  of t h e  market i s  s u b s t a n t i a l  a t  a 
b a t t e r y  c o s t  of $l5O/kW-hr, i.e., ~ 9 0 0  MW-hr/yr, and a p ~ r o a c h e s  t h a t  r equ i r ed  
f o r  an  automated b a t t e r y  plant (1100 MW-.,hr/yr ' ) . 
* 

A member of t h e  ANL Energy and Environmental systems P i v i s i o n .  



Cost of Driving E l e c t r i c  Automobiles 

The p r o j e c t e d  ' l i f e t i m e  ( i n i t i a l  & ope ra t ing )  c o s t s  f o r  a l i t h ium/  . 

i r o n  s u l f i d e  battery-powered compact automobile ,  a r e  compared wi th  those  f o r  
a gasoline-powered compact automobile i n  Table 11-2. It w a s  assumed t h a t  t h e  

Table 11-2. P ro j ec t ed  L i f e t ime  Costs  f o r  Compact 
Automobiles (1977 Do l l a r s )  

Cost Item 

LithiumlMetal 
GasolinerPowered S u l f i d e  Ba t t e ry  

Auto E l e c t r i c  Auto 

Deprec ia t ion  Pe r iod ,  y r  
I n i t i a l  Vehic le  Cost 
I n i t i a l  B a t t e r y  Costa 
~ e ~ a i r s ~ ~ a i n t e n a n c e ~ ~ i r e s ~  
P o l l u t i o n  con t ro lb  
Insurance/Garaging/~axes / ~ e e s  b 

GasolineC 
E l e c t r i c  powerd 
Flnancing Chargee 
Investment Opportuni ty ~ o s s ~  

T o t a l  L i f e t ime  Cost 

Average L i f e t ime  Cost ,   mile 
a 

30 kW-hr a t  $5O/k~-hr  ($35/kW-hr, f a c t o r y  p r i c e ) .  

b ~ a s e d  on in£  ormation i n  Ref. 2 .  
C 

$0.50/gal lon . a t  30 mpg. 

f  peak $0.01-0.028/kW-hr at. 0.33 kW-hr/mile. 
e. 

15% a t  2 yr .  

£7%. 

f i r s t  cos t  of t h e  e l e c t r i c  automobile is  25% higher than t h a t  nf t h e  @ s a l i n e  
automobile.  This  c o s t  d i f f e r e n t i a l  i s  somewhat o f f s e t  by a 12-yr l i f e t i m e  
f o r  t h e  e l e c t r i c  a u t o  a s  compared wi th  a 10-yr l i f e t i m e  f o r  t h e  gasol ine-  
powered au to .  The b a t t e r y  l i f e t i m e  i s  assumed - t o  be  10  y r  ( ~ 1 0 0 0  deep . 

d i scha rge  c y c l e s )  and t h e  sa lvage  va lue  is  equated t o  2 y e a r s  of d e p r e c i a t i o n  
c o s t .  Other important  assumptions a r e  given i n  Table TT-2. The j u s t i f i c a t i o n  
f o r  t h e  u s e  of $0.01-0.028/k~-hr f o r  t h e  e l ec t r i c - ene rgy  c o s t  i s  based upon 
t h e  assumptions t h a t  night- t ime charg ing  i s  employed and t h a t  t h e  off-peak 
e l e c t r i c a l  r a t e s  a r e  t hose  found i n  a r e c e n t  unpublished survey of off-peak 
p r i c i n g ' b y  S. H. Nelson. A summary of r e s u l t s  f r c p  t h i s  survey is g iven  i n  
T a h l ~  11-3. 

The r e s u l t s  of t h e  c o s t  a n a l y s i s  i n  Table 11-2 i n d i c a t e  t h a t  t h e  c o s t  
of d r i v i n g  a compact e l e c t ' r i c  c a r  i s  about  t h e  same as t h a t  f o r  a compact, 



Table 11-3. Rates  For 'of f-peak E l e c t r i c i t y  

u t i l i t y  : ' .  Source  ate, q/kW-hr 

Wisconsin E l e c t r i c  
Power 

Northern S t a t e s  
Power Co. ( ~ i n n e s o t a )  

PSCW Docket 
6630-ER-2 

E l e c t r i c  Rate 
Book 

Vi rg in i a  E l e c t r i c  L e t t e r  To S t a t e  1.00 
Power Corporat ion Council  

conso l ida t id  Edison PSCNY Case 26806 2.56 

Madisons Gas and PSCW Docket 
E l e c t r i c  Co. 3270-UR-1 

Wisconsin Power 
And . Light  

PSCW Docket 
3-U-8505 

'San Diego Gas p u b l i c a t i o n - s t a t e  2.70 
And E l e c t r i c  Co. Energy Commission 

e f f i c i e n t  (30 mpg) gasoline-powered c a r  wi th  g a s o l i n e  p r i c e s  a t  a b o u t . t o d a y l s  
r a t e s  ( $ 0 . 5 0 / ~ a l l o n ,  tax-f r e e  b a s i s ) .  I f  gaso l ine  p r i c e s  i nc rease  more " 

r a p i d l y  t.han t h e  p r i c e  of e l e c t r i c i t y ,  a s  i s  l i k e l y ,  then  t h e  e l e c t r i c  
automobile w i l l  be  i n c r e a s i n g l y  favored i n  terms of d r i v i n g  c o s t  pe r  mi le .  

3 .  Operating Cos t .o f  a  Diese l  Bus us. a n  E l e c t r i c  Bus 

An a n a l y s i s  comparing t h e  c o s t  of ope ra t ing  a d i e s e l  bus us.  a 
. l i t h ium/ i ron  s u l f i d e  battery-powered bus has  been completed. The a n a l y s i s  
assumes t h a t  a  f i r s t - g e n e r a t i o n  b a t t e r y  c o s t s  $l5O/kW-hr, t h a t  i t  h a s . a  
7-yr l i f e ,  and t h a t  i t  i s  rep laced  wi th  a  second-generation b a t t e r y  wi th  a  
10-yr l i f e  t h a t  c o s t s  $5O/k~-hr .  A f e d e r a l  subs idy  of 80% i s  used f o r  bo th  
t h e  d i e s e l  a n d , e l e c t r i c  buses.  Other important  c o s t  assumptions a r e  g iven  
i n  Table 11-4. The c o s t s  f o r  t h e  two types of v e h i c l e s ,  based upon a  

Table 11-4. Cost Comparison of D iese l  us. 
E l e c t r i c  Busa (1976 Do l l a r s )  

Cost Element D iese l  E l e c t r i c  

Bus .. . , $7.5,000 $90,000 

. . Bat t e ry  
Is t Genera tfnn --- 60,000 

. .. ($l5O/kW-hr , yea r  1-7) . 
2nd ,Generat ion --- 20,000 
($5O/kW-hr, yea r  8-15)- 

Fuel  Costs ,  per  m i l e  1 O C  4 - 1 0 ~  

Operating & Maintenence, per  m i l e  17C 1 o C  

L i f e t ime ,  y e a r s  10  15 

a  
For ty- f ive  passenger  



present -va lue  a n a l y s i s  w i t h  t h e  d i scoun t  r a t e  a t  lo%,  a r e  given i n  Table 11-5. 
With e l e c t r i c i t y  p r i c e s  a t  l~ /kW-hr  important .  s u b s t a n t i a l  sav ings  a r e  
pro jec ted '  f o r  t h e  battery-powered. bus; t h e r e  would b e  l e s s e r  sav ings  wi th  
e l e c t r i c i t y  p r i ced  a t  2.5C/kW-hr. This  a n a l y s i s  sugges ts  t h a t  t h e  e l e c t r i c -  
b u s  market should b e  considered as a near-term market f o r  a b a t t e r y  developer  
because of t h e  p o t e n t i a l  sav ings  p o s s i b l e  f o r  t h e  bus ope ra to r .  

Table  11-5. Annual Costs  f o r  Bus 
Operat ion (1976 Do l l a r s )  

- - 

D i e s e l  E l e c t r i c  

Bus ~ e p r e c i a t i o n ~ ,  1500 1200 

B a t t e r y  ~ e ~ r e c i a t i o n ~  
1st Generat ion (yea r  1-7, $15O/kW-hr). -- 
2nd  ene era ti oh (year 8-1.5, $.5O/kW-hr) --, 

Fue l  Cost 
D i e s e l  a t  40C/gal 
E l e c t r i c  a t  lC/k.W-hr 
E l e c t r i c  a t  2.5~/kW-hr 

Operat ing and MainLenance 5100 3000 

T o t a l  Annual Costs  

D i e s e l  

E l e c t r i c  
w i th  1st Generat ion ~ a t t e r ~  , '  -- 7 115 891 5 
wirh 2nd Genera t ion  Ba t t e ry  -- 7400 9 3.nn 

- 
a An 80% Fede ra l  Subsidy i s  assumed. 

b ~ L i  00% Federa l  Subsidy is  assumed f o r  t h e  1st gene ra t ion  backery,  wi>rh 
no subsidy f o r  b a t t e r y  replacement.  

B. Systems Design 
(A. A .  Cllilenskas,  T. E. ~ o r n e k * ,  K. ~ e n t r ~ t  

M. A. Slawecki,  F. Horns t ra ,  R. F. Malecha) 

1. E l e c t r i c  Vehic le  B a t t e r i e s  

A j o i n t  e f f o r t  between ANL and Eagle-Picher ' i s  be ing  d i r e c t e d  
towards t h e  design of a baceery j acke t  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 .  An i n s u l a t i n g  j a c k e t ,  des igna ted  Mark 0 ,  is  t o  b e  used i n  s t a t i o n a r y  
t e s t i n g . . i n  t h e  l abo ra to ry .  Th i s  t e s t i n g  is  d i r e c t e d  mainly towards t h e  
thermal  eva lua t ion  of t h e  vacuum-fo.i.1 i n s u l a t i d n  and t h e  u s e  o f  once-through 
ambient a i r  coo l ing  f o r  b a t t e r y  temperature c o n t r o l .  Fab r i ca t ion  of t h i s  ' . ' 

j a c k e t  is scheduled f o r  completion about  Jan. 1978. 

* 
ANL Engineering Div i s ion  

'gagle-picher I n d u s t r i e s ,  I n c  .. 



2. Truckable U t i l i t y  Module 

A conceptual design/cost  study of a 5.6 MW-hr truckable b a t t e r y  
module t o  be used f o r  s t a t i o n a r y  energy s torage  is  nearing completion. 
The conceptual design has been completed and a cos t  ana lys i s  is under way. 

The conceptual design of a c e l l  t o  be used i n  t h e  t ruckable  b a t t e r y  
module is shown i n  Fig. 11-1. The c e l l  configurat ion is cubic with an  

approximate dimension of 25 cm on a s ide .  The c e l l  conta ins  $bout 10 negative 
and 11 pos i t ive  p l a t e s  posi t ioned hor izonta l ly .  The c e l l  weight is  about 
55 kg including t h e  mild-steel  housing and t h e  compression f e e d t h r o u ~ h .  The 
cel l  is designed t o  d e l i v e r  about 4.4 kW-hr a t  t h e  5-hr discharge rate. The 
bas ic  replaceable b a t t e r y  element is designated t h e  c e l l  s t ack ,  and is shown 
i n  Fig. 11-2. It is designed t o  be removed and replaced wi th  a s i m i l a r  
element, i f  required,  while t h e  b a t t e r y  is a t  operat ing temperatures by 
t h e  use of an  insula ted  cask. The s t ack  contains 8 c e l l s  weighing 440 kg, 
and d e l i v e r s  35 kW-hr a t  t h e  5-hr r a t e .  The conceptual design of the  
t ruckable  module f o r  a s t a t ionary  energy s torage  b a t t e r y  is shown i n  Fig. 
11-3. The module c o n s i s t s  of a weatherproof housing t h a t  is  small enough 
to  be trucked t o  t h e  point  of use. It c o n s i s t s  of 168 c e l l  s t acks  t h a t  are 



Fig. 11-2. C e l l  Stack t o r  Sta t ionary  Energy-Storage Battery 

v e r t i c a l l y  arrayed i n  a 6 x 28 g r i d  arrangement and d e l i v e r s  about 5.6 MW-hr 
a t  t h e  5-hr rate. Provisions f o r  c e n t r a l  instrumentat ion,  heating and 
cooling equipment, and charging equipment a r e  included wi th in  t h e  housing. 

I n d u s t r i a l  Contracts  

1. C e l l  and Bat tery  Development Contracts 
(R, F. Malecha, R. E.  E l l i o t t )  

The i n d u s t r i a l  e f f o r t  t o  develop manufacturing techniques and 
procedures f o r  t h e  des ign,  f a b r i c a t i o n  and t e s t i n g  of c e l l s  is  c o n t i n u h g  
under con t rac t s  with Gould Inc. ,  Eagle-Picher Indus t r i e s ,  Inc.,  and Cata lys t  
Kesearch Corporation. 

Gould has completed t h e  planning necessary t o  f a b r i c a t e  50 upper 
p la teau,  uncharged cells with 13 x 18 cm hot-pressed FeS2 p o s i t i v e  e lec t rodes  
having molybdenum cur ren t  co l l ec to r s .  The c e l l s  a r e  t o  be fabr ica ted  i n  
accordance with a requirements matrix t h a t  provides f o r  var ied  compositions 
and thicknesses of e lec t rodes .  Mater ia ls  have been ordered with t h e  longest  
lea'd-time i t e m ,  molybdenum honeycomb, expected i n  late April .  A f a c i l i t y  
is  being i n s t a l l e d  f o r  t h e  simultaneous t e s t i n g  of 10 c e l l s .  The test 
equipment components are being ordered on a cost-sharing b a s i s  between 
Gould and ANL. 



I Energy-Storage Battery 

A t  Eagle-Picher, work is continuing on t h e  production of 58 c e l l s ;  
these  c e l l s  a r e  of a mixed v a r i e t y ,  L e . ,  FeS and FeS2 types t h a t  are e i t h e r  
charged o r  uncharged. The requirements f o r  t h e  last 24 c e l l s  i n  t h e  group 
have been defined, and include an improved design f o r  a t t ach ing  a honeycomb t o  
t h e  p o s i t i v e  current  lead. The glove-box f a c i l i t y  used f o r  t h e  ANL work 
has been moved t o  a l a r g e r  work a rea  i n  a dry room. The move was necess i t a t ed  
by t h e  add i t iona l  glove boxes recen t ly  purchased f o r  i n s t a l l a t i o n  i n  t h e  
f a c i l i t y .  A 500-ton (4.5 x lo5 kg) press  needed t o  produce 13 x 18 cm 
cold-pressed e lec t rodes  is b e h g  fabr ica ted  f o r  de l ive ry  t o  Eagle-Picher 
i n  June. 

Work on t h e  development of techniques f o r  cas t ing  Li-A1 e lec t rodes  i n  
metal subs t ra tes  has  continued a t  Cata lys t  Research. Both n i c k e l  R e t i m e t *  
and s t a i n l e s s  steel expanded m e t a l  a r e  being considered f o r  t h e  subs t ra te .  
The new glove-box f a c i l i t y  has  recent ly  been i n s t a l l e d  t o  handle phases of 
the  work not s u i t e d  t o  the  dry-room atmosphere. Laser welding of molybdenum 
current  c o l l e c t o r  p a r t s  i s  under inves t igat ion.  

* 
A product of Dunlop, Ltd., Coventry, England 



The f i r s t  gihase of a design study of hardware f o r  a 30 kW-hr 
ba t t e ry  has  been completed by Eagle-Picher. A s  a r e s u l t  of t he  preliminary 
design review, it was decided t o  pursue add i t iona l  design and development 
ideas ,  including methods of connecting c e l l  leads  t o  a bus bar. This 
phase of t h e  work is expected t o  begin i n  April.  Final  design work 
and planning f o r  fabr ica t ion  is scheduxed f o r  October. The design of 
t h e  insula ted ba t t e ry  container ve s se l  is  being invest igated by other  
contractors ,  with Eagle-Picher responsible f o r  the  i n t e r f ace  with the  ba t te ry  
des ign  . 

2. Electrode Separators 
(J. E. Ba t t l es )  

The Carborundum Co. The production and s tockpi l ing of boron n i t r i d e  
roving is proceeding a t  the  r a t e  of about 15 kglmonth. The mate r ia l  is  
being stockpiled as roving i n  order t h a t  it  may be converted t o  e i t h e r  
f a b r i c  or  f e l t  separa tors  as t he  pa r t i cu l a r  app l ica t ion  requires.  The R&D 
cont rac t  f o r  t h e  development of BN-bonded f e l t s  w a s  terminated i n  Nov. 1976. 
However, Carborundum has done add i t iona l  work i n  t h i s  area. A latge number 
of samples with d i f f e r e n t  thicknesses and dens i t i e s  were supplied f o r  ANL 
evaluation. Based on our evaluation of these  samples, a purchase order was 
placed fo r  about 4.65 m2 of BN f e l t  separator  mate r ia l s  having a bulk 
densi ty  of about 8% and thicknesses of 0.7, 1.4, and 3.0 mm. 

Universi ty of Florida.* Relocation and set-up of t h e  continuous 
paper-making machine w a s  completed. The i n i t i a l  t r f a 1  nm using 11nf ired 
BN f i b e r s  and 15  w t  % asbestos f i b e r s  was successful ly  completed. Additional 
runs using Y z 0 3  f i b e r s  and 15 w t  % asbestos f i b e r s  w e r e  l e s s  successful  
because of t h e  f r a g i l e  nature  of t he  Y203fibers. E f fo r t s  a r e  now under way 
t o  make a quant i ty  of separator material f o r  in -ce l l  fesf inn uninn fixed 
By f i b e r s  with 15 w t  % asbestos f i b e r s  a s  t h e  binder. 

Fibcr Mater ia ls ,  Inc. Fiber  Materials, Inc. has provided separalur 
samples t h a t  were prepared using varying lengths of BN f i b e r s  with organic 
binders.  Thermal treatment of these  samples f o r  binder removal resul ted 
i n  an extremely weak s t ruc ture .  The preliminary evaluations of these  

. samples i nd i ca t e  t h a t  t h i s  approach f o r  f ab r i ca t  
- ' s t o  be suer-assf111 . - - 

* 
Contract funded d i r e c t l y  by ERDA. 



111. BATTERY ENGINEERING 
(E. C. Gay) 

Ba t t e ry  engineer ing  inc ludes  (1) t e s t i n g  of i n d u s t r i a l l y  f a b r i c a t e d  
~ i - ~ l l F e S ,  c e l l s  and b a t t e r i e s  assembled. from t h e s e  c e l l s ,  (2) development 
of e l e c t r o d e  and c e l l  des igns  t o  meet 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  
energy s t o r a g e  goa l s  f o r  c e l l  performance, (3)  improvement of c e l l - f a b r i c a t i o n  
techniques ,  and (4) development of c e l l  des igns  t h a t  u s e  lower c o s t  c e l l  
components. A summary of l a r g e  s c a l e  c e l l  t e s t s  is presented  i n  Appendix A. 
S t a t i s t i c a l  d a t a  f o r  t h e  c e l l  t e s t s  a r e  given i n  Appendix B. 

A. I n d u s t r i a l  C e l l  and B a t t e r y  T e s t i n g  
(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 ,  R. Thompson,* P. F. Eshman, 
V.  M. Kolba, G. W.  Redding, J .  L. Hamilton) 

A performance summary of contractor-produced c e l l s  i s  presented  i n  
Appendix A. Some of  t h e s e  a r e  "base l ine  c e l l s , "  i.e., they  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 t h e  same des ign  t o  o b t a i n  b a s e l i n e  
performance d a t a .  I n  l a t e r  c e l l s ,  de s ign  mod i f i ca t ions  were made, and 
t h e  e f f e c t s  of t h e s e  des ign  modi f ica t ions  were determined by comparing 
c e l l  performance t o  t h a t  of t h e  b a s e l i n e  c e l l s .  The des ign  f e a t u r e s  of t h e  
b a s e l i n e  Eagle-Picher c e l l s  were d iscussed  p rev ious ly  (ANL-76-98, p. 15-17). 

a .  ~ a g l e - P i c h e r  C e l l s  

Tes t ing  of Eagle-Picher C e l l  2B7 ( a  b a s e l i n e  FeS2 c e l l  wi th  
t h i c k  e l e c t r o d e s )  was terminated a f t e r  525 c y c l e s  and 106 days.  Af te r  t h e  30th  
c y c l e  t h e  c e l l  was opera ted  under a r e c e n t l y  e s t a b l i s h e d  seven-day cyc l ing  
schedule ( s ee  Table 111-1, ANL-77-17, p. 20). This  was t h e  l a s t  of a s e r i e s  
of tests of Eaglc-Picher t ype  B b a s e l i n e  FeS2 c e l l s .  The conclus ions  drawn 
from t h e s e  t e s t s  were a s  fol lows:  (1)  ope ra t ing  wi th  a charge c u t o f f  
v o l t a g e  up t o  t h e  maximum l e v e l  a l lowable  f o r  FeS2 c e l l s  d i d  not  s h o r t e n  
t h e  c e l l  l i f e ,  b u t  d i d  i n c r e a s e  t h e  s p e c i f i c  energy; (2)  t h e  s e r i e s  
i n t e r n a l  c e l l  r e s i s t a r l ce s  were i n i t i a l l y  8-10 m62, and then  increased  
s i g n i f i c a n t l y  a t  t h e  end of t h e  c e l l  l i f e ;  (3)  sha l low cyc le s  i n t e r s p e r s e d  
wit11 deep cyc le s  (one deep c y c l e  of g r e a t e r  than  50% u t i l i z a t i o n  every t e n  
cyc l e s )  d i d  n o t  app rec i ab ly  i n c r e a s e  c e l l  l i f e t i m e ;  (4 )  u s e f u l  c e l l  
l i f e  ( i . e . ,  t h a t  p a r t  of t h e  cyc l e  l i f e  dur ing  which t h e  c e l l  r e t a i n s  80% of 
i ts  i n i t i a l  s t a b l e ,  b u t  no t  peak, capac i ty )  was 85-125 days and 150-500 
c y c l e s  ( t h e  l a t t e r  i nc lud ing  shal low c y c l e s ) ;  and (5)  c e l l  and c y c l e  l i f e  
can be  prolonged s i g n i f i c a n t l y  by a v e r y  low charge r a t e  (<4  A) and, t h e r e f o r e ,  
poss ib ly  by cons tan t -vol tage  o r  tapering-charge modes. 

A t  p r e s e n t ,  Eagle-Picher c e l l s  t h a t  i nco rpora t e  changes from 
t h e  b a s e l i n e  des ign  a r e  undergoing t e s t i n g .  The f i r s t  c e l l s . f r o m  t h e  
c o n t r a c t o r  i n  which Y2O3 f e l t  was s u b s t i t u t e d  f o r  t h e  BN c l o t h  of t h e  
s e p a r a t o r  f a i l e d  i n  l e s s  t h a n ' 2 1  days (Eagle-Picher C e l l s  I-1-A-1, I-1-A-2, 
1-2-1 and 1-2-2.). Tes t s  on th.ese FeS c e l l s  which were ca?rr ied out p r i o r  

* 
I n d u s t r i a l  P a r t i c i p a n t  from Gould Inc .  



t o  t h e i r  f a i l u r e  showed t h a t  t h e  performance was e s s e n t i a l l y  t h e  same a s  
t h a t  of t h e  b a s e l i n e  FeS c e l l s ,  namely, 60-65 W-hrlkg a t  t h e  10-hr r a t e .  
C e l l  EP-I-1-B-1 was a second-generat ion,  Y203-separator c e l l  w i t h  a molded 
BN frame around t h e  p o s i t i v e  e l e c t r o d e  t o  over lap  t h e  Y2O3 f e l t  a t  t h e  
edge; o p e r a t i o n  of t h i s  c e l l  w a s  terminated a f t e r  66 c y c l e s  and 65 days 
when coulombic e f f i e n c y  dropped sha rp ly .  ,Although t h e  pos tope ra t ive  
ana lyses  of t h e s e  c e l l s  by t h e  M a t e r i a l s  Group a r e  no t  y e t  complete, t h e  
i n d i c a t i o n s  a r e  t h a t  Y2O3 f e l t  s e p a r a t o r s  cannot be used i n  c e l l s  of t h e  
p r e s e n t  design.  Modif ica t ions  i n  c e l l  des ign  appear  to' be  needed t o  
accommodate Y20g-felt  s e p a r a t o r s .  

A second des ign  change from t h e  Type B b a s e l i n e  FeS2 c e l l s  
w a s  an  i n c r e a s e  i n  t h e  s i z e  of t h e  p o s i t i v e  t e rmina l  rod from 0.48 cm 
(3116 i n . )  t o  0.64 cm (114 i n . )  d i a .  This  modi f ica t ion  had no s i g n i f i c a n t  
e f f e c t  on t h c  performance of t h e s e  c e l l s  (EP-I-3-A-1, EP-I-3-A-2). The 
r e s i s t a n c e s  of t h e s e  c e l l s  were e s s e n t i a l l y  t h e  same a s  those  of t h e  
b a s e l i n e  c e l l s ;  t h i s  i n d i c a t e s  that t h e  c o n t r n l l i n g  r p s i s t a n r p  T J ~ S  nn t  i n  
t h e  t e rmina l  rod. 

Other des ign  changes from b a s e l i n e  c e l l s  involved decreases  
i n  t h e  th i cknesses  and p o r o s i t i e s  of t h e  e l ec t rodes .  C e l l s  EP-I-3-B-1 
and EP-I-3-B-2 have a s l i g h t l y  t h inne r  p o s i t i v e  e l e c t r o d e  and s l i g h t l y ,  
denser  and t h i n n e r  nega t ive  e l e c t r o d e s  than those  used i n  t h e  b a s e l i n e  
c e l l s .  I n  t h e  b a s e l i n e  c e l l s ,  t h e  p o s i t i v e  e l e c t r o d e  w a s  0.63 cm t h i c k  
wi th  a capac i ty  of 78.0 A-hr;'and t h e  nega t ive  e l e c t r o d e s  were 0.72 cm 
t h i c k  wi th  a t o t a l  capac i ty  of 78.0 A-hr. I n  t h e  I-3-B c e l l s ,  t h e  p o s i t i v e  
e l e c t r o d e  was 0.56 .cm t h i c k  wi th  a capac i ty  of 63.5 A-hr; and t h e  nega t ive  
e l e c t r o d e s  were 0.66 cm t h i c k  wi th  a t o t a l  capac i ty  of 85 A-hr. Prel imfnary 
t e s t s  of t h e s e  c e l l s  show an increased  s p e c i f i c  energy (67 us. 60 W-hr/kg 
a L  Lhe 10-hr r a t e )  and improved u t i l i z a t i o n  of t h e  p o s i t i v e  e l e c t r o d e  
(84 11s. 702 a, ehe 1U-hr r a t e ) .  

b.  .Gould Cells 02-OO2 and 03-002 

Gould Inc .  d e l i v e r e d  two b?seline-design c e l l s  (G-02-002 and 
G-03-002). These c e l l s  had 1 3  x 18  cm hot-pressed,  uncharged e l e c t r o d e s .  
The a c t i v e  m a t e r i a l s  p re sen t  i n i t i a l l y  i n  t h e  p o s i t i v e  e l e c t r o d e  were a 
mixture  of Li2S, Fe, and Cu. The nega t ive  e l e c t r o d e s  conta. i .n~d T.i-A1 wi th  
a l i t h i u m  content  of 8 a t .  %. This  e l e c t r o d e  composition approximates t h e  
l i t h i u m  content  of a f u l l y  discharged nega t ive  e l ec t rode .  C e l l  G-02-002 
conta ined  CaC12 i n  t h e  nega t ive  e l e c t r o d e .  This  a d d i t i o n  was made t o  t e s t  a 
p o s t u l a t e  t h a t  CaC12 would a f f e c t  t h e  morphology of t h e  nega t ive  e l e c t r o d e  i n  
such a way a s  t o  i n c r e a s e  c e l l  l i f e t i m e .  This  c e l l  a l s o  incorpora ted  a new 
he rme t i c  p o s i t i v e  feedthrough ( a  j o i n t  development n f  Go111c-l' an.d ANL) . 
C e l l  G-02-002 weighed 2.75 kg a n d ' C e l l  03-002 weighed 2.73 kg. 

Q u a l i f i c a t i o n  t e s t s  of C e l l s  G-02-002 and 603-002 showed 
n e a r l y  i d e n t i c a l  performance. A s p e c i f i c  energy of 58 W-hr/kg was measured 
a t  a 10-hr d i scha rge  and 30 'w-hr/kg a t  a 2-hr d i scharge .  The peak s p e c i f i c  
power was about 35 Wlkg. C e l l  G-03-002 was opera ted  f o r  79 cyc le s  and 65 days 
and C e l l  G-02-002 f o r  43 cyc le s  and 45 days. The s e r i e s  r e s i s t a n c e s  of both 
c e l l s  were h ighe r  than  expected.  Gould has  been ope ra t ing  iden t ' i c a l  c e l l s . i n .  
t h e i r  Rol l ing  Meadows, Ill. l abo ra to ry  wi th  r e f e rence  e l e c t r o d e s ,  and they 
have i d e n t i f i e d  t h e  s t r u c t u r e  of t h e  pos i t i ve -e l ec t rode  c u r r e n t  c o l l e c t o r  a s ,  
t h e  major cause of t h e s e  unexpectedly h igh  r e s i s t a n c e s .  Future  des igns  of t h i s  
type  w i l l  i nco rpora t e  improved pos i t i ve -e l ec t rode  c u r r e n t  c o l l e c t o r s .  



I n  conclus.ion, Gould has  developed a c e l l  des ign  t h a t  .shows 
good p o t e n t i a l  and g ives  s t a b l e ,  reproducib le  performance. These a r e  t he  
c r i t e r i a  t h a t  a r e  used t o  q u a l i f y  b a s e l i n e  des igns .  The program a t  Gould 
c,an now move on t o  improved ve r s ions  of t h i s  des ign  w i t h  . t he  confidence 
t h a t  these '  improvements can be  o b j e c t i v e l y  eva lua ted .  

c. ,  Performance of Eagle-Picher Cel l .2B6 

Eagle-Picher C e l l  2B6 has  been used i n  c e l l  temperature s t u d i e s ,  
descr ibed  l a t e r .  Data generated i n  t h e s e  s t u d i e s  a r e  being used t o  i n v e s t i g a t e  
t h e  capac*ty and energy output  of t h e  c e l l  when i t  is opera ted  on (1) t h e  
upper . v o l t a g e  . p l a t e a u  ( t o  1 .5  V) (2)  ' t h e  upper p l a t e a u  and t r a n s i t i o n  reg ion  
( t o  1.25 V ) ,  and (3.) t h e  upper and 1owe.r p l a t e a u s  ( t o  1.1 o r  l . 0  v ) .  The 
u t i l i z a t i o n - a n d  energy output  of t h e  upper p l a t e a u  and t r ans i t i on ' r . eg&ns  
were compared wi th  those  of t h e  lower p l a t e a u  f o r  t h e  v a r i o u s  cases  of 
Table 111-1. The e f f e c t  of charge r a t e  on capac i ty  is a l s o  shown i n  Table 
111-1. I n i t i a l l y  a t  10-A charge and d ischarge  c u r r e n t s  (Case l ) ,  ab0u.t 
60% of t he  energy was obta ined  from t h e  upper p l a t eau .  A f t e r  about 63 days 

. . .  
. . 

Table ,111-1. Ef f 'ect  of Charge Rate on c e i l  EP-2B6 

Case 1 Case 2 Case 3 

Operat ing Time, days 9 7 2 84 

Charge Current ,  A 10 10  5 

Discharge Current ,  A 10 10  10  

Capaci ty,  A-hr 
Upper P l a t eau  57.9 32.5 57.5 
Lower P la t eau  50.4 42 .1  35.8 

T o t a l  '108.3 74.6 93.3 

Enernv. W-hr 
Upper P l a t eau  90.5 48.0 86.6 
Lower P l a t e a u  60.5 48.4 42.3 

T o t a l  151.0 96.4 128.9 

(Case 2 ) ,  a t  t h e  saue 10-A charge and d i scha rge  c u r r e n t s ,  t h c  a v a i l a b l e  
energy had decreased by %36%, and t h e  f r a c t i o n  of t h e  energy obta ined  from 
the  upper p l a t e a u  decreased t o  %50%. One of t h e  e f f e c t s  of t h e  5-A charge 
r a t e  (Case 3) on t h e  upper p l a t e a u  appears  t o  be t o  r e s t o r e  t h e  c o n t r i b u t i o n s  
of both t h e  energy and capac i ty  t o  t h e i r  i n i t i a l  va lues .  However, on t h e  
lower p l a t e a u  t h e  c o n t r i b u t i o n s  of bo th  energy and capac i ty  decreased by 
about  30%. The t o t a l  e f f e c t  of t h e  low charge r a t e  was t o  r e s t o r e  t h e  
capac i ty  and energy of rhe  c e l l  t o  85% of i t s  i n i t i a l  va lue .  



2. Performance of C e l l  i n  A i r  Atmosphere 
(J. L. Hamilton, G. W. Redding, V. M. Kolba) 

Tes t ing  is be ing  cont inued torldeterniine t h e  e f f e c t  of a i r  on an  
o p e r a t i n g  c e l l  (Eagle-Picher C e l l  2B8); t h i s  test w a s  conducted t o  a s s e s s  
c e l l  performance i n  t h e  event  of leakage of a secondary con ta ine r .  Cycling 
a t  13-A d i scha rge  and charge c u r r e n t s  w a s  resumed o n . c y c i e  157, a f t e r  charge 
rate t e s t s  had been completed. A f t e r  32 such cyc le s ,  t h e  capac i ty  dec l ined  
t o  Q63 A-hr ( ~ 2 6 %  d e c l i n e )  w i th  a s p e c i f i c  energy of 38 W-hrlkg. Next, 
t h e  charge c u r r e n t  w a s  reduced t o  10 A,  wh i l e  t h e  d i scha rge  c u r r e n t  remained 
a t  1 3  A. Over t h e  next  3 1  cyc le s ,  t h e  capac i ty  was ~ 7 4  A-hr wi th  a s p e c i f i c  
energy of ~ 4 7 . 5  W-hrlkg. The charge c u r r e n t  was then  f u r t h e r  reduced t o  
4 A ,  and, a f t e r  t h r e e  c y c l e s ,  t h e  capac i ty  w a s  Q97;5 A-hr w i th  a s p e c i f i c  
energy of ~ 6 6  W-hrlkg. This  s p e c i f i c  energy is  ~ 8 5 %  of t h a t  i n i t i a l l y  
obta ined  i n  c y c l e  11, and was achieved by reducing t h e  charging cu r ren t  by 
a f a c t o r  of ~ 3 .  The energy obta ined  i n  t h e s e  r e c e n t  t e s t s  ' a t  4 A compares 
ve ry  w e l l  w i th  t h a t  ob ta ined  at  4 A during; cyrl..es 1.45450. 

Af t e r  t h e  abovc t e s t s ,  cyc l ing  was continued i n  segments having 13-A 
o r  4-A charges and 13-A d ischarges .  Af t e r  each s e r i e s  a t  t h e  13-A charge ,  t h e  
c a p a c i t y  dec l ined  from about  85 A-hr t o  about  72 A-hr. During t h e  i n t e r m i t t e n t  
c y c l e s  a t  t he  4-A charge r a t e ,  t h e  capac i ty  always reached about 97 A-hr. 

The C e l l  EP-2B8 has  now opera ted  for .more  than  223 days and more 
than  354 c y c l e s  i n  an  a i r  environment. This  c e l l ,  which i s  no t  he rme t i ca l ly  
s e a l e d ,  .has performed a s  w e l l  as i d e n t i c a l  c e l l s  opera ted  i n s i d e  an i -ne r t -  
atmosphere g love  box. . 

3. C e l l  Heat ing and Cooling Experiments 
-- - 

( V .  M. Kolba, J .  L. Hamilton, G. W. Redding) 

A pre l iminary  experiment t o  measure tempcraturc changes, descr iLed 
i n  ANL-76-81, p ,  33 ,  showed t h a t  temperature changco occur dur ing  ce l l  
cyc l ing .  A second experi,ment i s  now be ing  conducted a s  descr ibed  Pi1 ANL-77- 
17 ,  p .  22. Using Eagle-Picher FeS2 C e l l  2B6, t e s t i n g  was done under 5 ,  10, 
15 ,  20, and 25' A cons t an t  c u r r e n t  charge and d i scha rge  cond i t i ons ,  and 
power t e s t s  were conducted a t  25, 50, 75, and 100 A i n  t h e  f u l l y  charged 
s t a t e .  These experiments were conducted wi th  ~ r l i i a l  charge and diochargc 
c u r r e n t s .  When t h e  c.e.11 was c o t  be ing  cydled,  its' nominal temperature was 
420°C. 

The c e l l  e x h i b i t e d  d i f f e r i n g ,  b u t  r ep roduc ib l e ,  temperature changes 
a t  t h e  va r ious  c u r r e n t  r a t e s .  A t  10 A tlze ~naximum temperature occurred a t  
t h e  s t a r t  of the d i scha rge  (end of charge c y c l e ) ,  and the tninimum temperature 
occurred  a t  t h e  end of t h e  upper v o l t a g e  p l a t e a u ,  near  t h e  s t a r t  of t h e .  
t r a n s i t i o n  r eg ion  t o  t h e  lower p l a t eau .  A t  20 A t h e  maximum temperature 
occurred  a t  t h e  end of t h e  d i scha rge  c y c l e ,  wi th  minimum temperature occu r r ing  
a t  t h e  end of t h e  charge cyc le .  This  e f f e c t  may be due t o  t h e  f a c t  t h a t  t h e  
major p o r t i o n  of t h e  d ischarge  ( ~ 9 0 % )  a t  t h i s  c u r r e n t  i s  on t h e  lower p l a t eau .  
Th i s  r e s u l t  is  cor robora ted  by average d i scha rge  v o l t a g e s  of 1.39 V a t ,  
10  A and 1.16 V a t  20 A. On t h i s  p l a t e a u ,  t h e  e n t r o p i c  hea t  (TAS) ' is  a d d i t i v e  
t o  t h e  ohmic h e a t  (I*R) on t h e  . . d i scha rge  phase of t h e  cyc l e .  The cumulative 



e f f e c t  of . t e s t i n g  a t  t h e  va r ious  c u r r e n t  l e v e l s  i n  t h i s  quas i - ad iaba t i c  
system i s  shown i n  Fig. 111-1, where t h e  c e l l  maximum and minimum temperatures  
a r e  p l o t t e d .  

a a n L  . MAXIMUM-, / 

410 1 1 I 
0 5 10 15 20 25 

CURRENT, A 

Fig. 111-1. Temperature us. Current  f o r  
C e l l  EP-2B6 ( cu to f f  v o l t a g e s ,  
2.0 V charge and 1.0 V d i s -  
charge; equal  charge and 
d i scha rge  c u r r e n t s )  

Discharge cu to f f -vo l t age  l e v e l s  were a l s o  s t u d i e d  r e l a t i v e  t o  
c e l i  temperature e f f e c t s .  The tempera ture . spread  was about  t h e  same 
( -10 .5"~)  r e g a r d l e s s  of t h e  cu to f f  vo l t age .  

It was concluded from t h e  above d a t a  t h a t  cool ing  may be requi red  
f o r  t h e  s i x - c e l l  FeS2 b a t t e r y  (descr ibed  i n  Sec t ion  111. A. 4 of t h i s  
r e p o r t )  a t  h igh  cu r ren t  r a t e s .  This  s i t u a t i o n  may be amel iora ted ,  however, 
i f  charging a t  lower r a t e s  reduces t h e  temperature of t h e  system. To 
eva lua t e  t h i s  p o s s i b i l i t y ,  tests were conducted on t h e  temperature e f f e c t  
of d i scharg ing  and charging a t  mixed r a t e s .  The o v e r a l l  temperature 
swing a t  a  10-A d i scha rge  and a  5-A charge was about t h e  same a s  t h a t  
p rev ious ly  found wi th  10-A d ischarge  and a  10-A charge; however, when t h e  
5-A charge was used, t h e  nominal temperature was about  S O C  lower than  when 
t h e  10 A charge was used. 

The e f f e c t s  of short- term (15 s e c )  and l o n g - t e a  (.up t o  5 min) 
h igh  c u r r e n t  pu l se s  were a l s o  s tud ied .  The 15-sec t e s t s  were conducted on 
c y c l e  86. They showed a s l i g h t  coo l ing  e f f ec . t  (-l0C) a t  25 A, 



ve ry  s l i g h t  coo l ing  a t  50 A, and a  very s l i g h t  r i s e  (<0.5OC) a t  75 and 
100 A. The peak s p e c i f i c  power a t t a i n e d  was about 38 W/kg a t  75 A. With 
t h e  c e l l  e s s e n t i a l l y  f u l l y  charged, a  5-min d i scha rge  a t  50 A r e s u l t e d  i n  
a  temperature r i s e  of about  1°C. This  d i scha rge  was followed immediately by 
a  5-min d i scha rge  a t  25 A, which r e s u l t e d  i n  a  decrease  i n  temperature 
of about  0.5"C. A subsequent  5-min d ischarge  a t  1 5  A f u r t h e r  decreased t h e  
temperature by about  0.75OC. 

During o p e r a t i o n ,  an 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  b e  sub jec t ed  
t o  a  v a r i e t y  of charge-discharge condi t ions .  The normal range of ope ra t ing  
cond i t i ons  f o r  a  c e l l  have been i n v e s t i g a t e d  i n  t h e  experiments descr ibed  
above. Only smal l  temperature e f f e c t s  have been noted.  Based on t h e s e  
s t u d i e s ,  it appears  t h a t  a  simple temperature c o n t r o l  and cool ing  system 

w i l l  be  su f£ i c i en t '  t o  keep t h e  ' b a t t e r y  w i t h i n  t h e  d e s i r e d  temperature 
range.  

4. B a t t e r y  T e s t i n g  
(V. M. I < ~ l b d ,  G. W; Keddlx~g, J. L. Hamilcon) 

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  bo th  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  be  conducted i n  combined p a r a l l e l - s e r i e s  arrangements.  The c e l l s  
t e s t e d  i n  t h i s  program were i n d i v i d u a l l y  monitored i n  t h e  b a t t e r i e s  f o r  
v o l t a g e ,  and charge o r  d i scha rge  w a s  terminated 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  c o n f i g u r a t i o n  reached i t s  v o l t a g e  l i m i t .  Descr ip t ions  of t h e '  
b a t t e r i e s  a r e  given i n  Table 111-2 along wi th  l i f e t i m e  s t a t u s .  A summary 
of b a t t e r y  performance d a t a  is  g i v e n . i n  Appendix A. 

Table 111-2. nescriptian nf R a t t e r i p s  

--- 
Rat t e ry  No. 

B7-S B9-S B10-S -- 
C e l l  Type . .  FeS ( t h i c k )  FeS ( t h i n )  FeS2 ( t h i c k )  

C e l l  No. 

Capaci ty,  A-hr 149 6 9 156 

T o t a l  Operating Time 
Days >295 
Cycles >472 

S t a t u s  Operat ing Tc?mj,nat ed  Opera t i n g  

a .  Two-Cell Ba t t e ry  Tes t  B7-S 

During t h i s  per iod ,  cyc l ing  of Eagle-Picher FeS C e l l s  
1B4 and 1B6 i n  s e r i e s  (designated B a t t e r y  B7-S) was cont inued.  Tes t s  were 
performed 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 l ing  i n  t h e  b a t t e r y .  A f t e r  more than  115 cyc le s  under 



the cycling mode, described i n  ANL-77-17, p. 24, a trend of decreasing 
performance ( ~ 1 0 %  a t  the  5-hr r a t e )  was noted. This trend resul ted from 
in su f f i c i en t  equalization charge time. After several  cycles employing 10-hr 
equal izat ion times, the  c e l l s  were brought i n t o  balance, and the  performance 
a t  the  5- and 10-hr r a t e s  was approximately the  same a s  t ha t  obtained 
previously. The spec i f i c  energy of the  ba t te ry  is now about 33 W-hr/kg 
a t  t he  5-hr ra te .  The ba t te ry  has operated f o r  more than 295 days and 472 
cycles. C e l l  EP-1B4 i n  t h i s  ba t te ry  has operated f o r  more than 344 days 
and 516 cycles. 

b. Two-Cell Battery Test.B9-S 

During t h i s  period, t e s t i ng  of Eagle-Picher FeS th in  C e l l s  
EP-1A7 and lA8 i n  s e r i e s  (designated Battery B-9s) was voluntar i ly  terminated 
t o  permit i n s t a l l a t i o n  and check-out of equalization equipment f o r  the  six- 
c e l l  ba t t e ry  tests. The c e l l s  had been tes ted  on the new energy s torage 
cycle, a s  described i n  ANL-77-17, p. 24, using bulk charging only. The 
achievable capacity and energy continually declined under t h i s  regime. One 
c e l l  (lA8) l imited the discharge while the  other  c e l l  (lA7) l imited the  
charge. The capacity under t h i s  mode declined about 50% i n  125 t o t a l  cycles. 
The coulombic eff ic iency remained high, a s  did the  energy efficiency.  
During the  checkout of the  new equipment, C e l l  lA8 was inadvertently over- 
charged. C e l l  lA7 was individually tes ted  and yielded a capacity of 
53 A-hr with a spec i f i c  energy of ~ 4 9  W-hr/kg a t  the  5-hr ra te .  This is 
s l i g h t l y  grea te r  than the  spec i f i c  energy of 45 W-hr/kg tha t  was achieved 
by the  ba t te ry  ear ly  i n  i ts  l i f e .  Ce l l  lA8 has been submitted t o  the  
Materials Group f o r  postoperative analysis  (see  Section I V .  A. 9). 

c. Six-Cell Battery Test B10-S 

~ i t h i u m / i r o n  su l f i de  c e l l s  have been successfully t es ted  a s  
b a t t e r i e s  i n  heated t e s t  chambers. The next phase of the  program is t o  
demonstrate the  operation of a ba t te ry  i n  a portable,  insulated case. An 
insulated case, with r e f l ec t i ve  f o i l  insu la t ion  i n  a vacuum annulus i n  
a l l  a reas  except f o r  the  f ron t  access plug, was obtained from Linde* during 
the  l a s t  reporting period. To permit use of t h i s  case f o r  t e s t i ng  of the  
s i x  c e l l s ,  design modifications were made t o  the  f ron t  plug and in t e rna l  
support s t ruc tu re s  w e r e  designed. Provisions were made f o r  current leads,  
voltage leads,  equalization leads,  heater  power leads,  thermocouples, and gas 
purge l i n e s  a s  w e l l  a s  f o r  or ientat ion,  support, and clamping of the  ce l l s .  
The assembled u n i t  is shown i n  Fig. 111-2. Figure 111-3 is  a view of the  
c e l l  package with the voltage,  equalization,  and c e l l  interconnection leads. 

The s i x  Eagle-Picher Type B FeS2 (two-plateau) c e l l s  
(1-5-1, -3, -4, -5, -7, and -8) w e r e  assembled using mica sheets  f o r  
e l e c t r i c a l  insulat ion,  and were connected i n  series f o r  test purposes. This 
assembly was successfully s t a r t ed  up and conditioned i n  a t e n t  chamber. 
Discharge and charge currents  of 7.5 A were used f o r  t he  i n i t i a l  break-in 
cycles. The performance of the  six-cell battery during the  f i r s t  four 
cycles is given i n  Table 111-3. 

* 
A Division of t he  Union Carbide Corp. 



Fig. 2 &a&led S ~ X - C P Z I  Battery 

Table 111-3. First ANL Test d f  Six-Cell 
Li tl~icuu/Metal Sulfide Battery 

, ,  _C_ .- 

Current, A 
Ave. Voltage, V 
Capacity, A-hr 
Energy, W-hr 
Specific Energy, W-hr/kg 
Coulombic Efficiency, % 
Energy Efficiency, % 

Discharge No. 

L 2 3 4 



it t e r y  , - 

After cycling i n  the  test chamber, t h e  c e l l s  were assembled 
a s  shown i n  Fig. 111-3, and placed i n  a vacuum insula ted  housing (Fig. 111-2); 
performance and temperature measurements were then made. This w a s  our f i r s t  
attempt t o  place cells i n  an insu la ted  container.  Many of t h e  an t i c ipa ted  
problems were confirmed, and new ones w e r e  revealed by t h i s  exercise.  Some 

! of these  problems are t h e  need f o r  t h e  following: weight reduction,  higher 
p u r i t y  atmosphere, b e t t e r  thermal and e l e c t r i c a l  insu la t ion ,  and b e t t e r  
i n t e r c e l l  connections (probably brazed). 

I The case provided good insu la t ion :  wi th  a b a t t e r y  temperature 

F of 435OC, t h e  ex te rna l  temperature of t h e  case was <25OC. A t  t h e  i n t e r f a c e  

i of t h e  f r o n t  of t h e  case with the  insu la ted  plug, t h e  ex te rna l  case 
L temperature was about 45-50°c. The hea t  l o s s  was less than an t i c ipa ted  with 
F 
J t h e  addi t ion  of t h e  modified plug, leads ,  etc. The power necessary t o  
b 
I >  

maintain t h e  temperature of t h e  b a t t e r y  a t ~ 4 3 5 O C  was 57-60 W, which is 
about 23% more than t h a t  indica ted  by previous d a t a  from tests using a -; . [: plug with no penetrat ions.  I 

L: There was a 15OC temperature d i f fe rence  from the  f r o n t  f ace  
t o  t h e  center  of t h e  cel l  s t ack ,  and a f u r t h e r  8OC d i f fe rence  t o  t h e  back 
face  of t h e  c e l l  s tack.  There was a 2OC d i f fe rence  from c e l l  top t o  bottom. 



Because the  multi-pin connectors and the  other interfaces  
with the plug were not  leak-tight,  the  ba t te ry  was purged continuously 
with argon. An analysis  of the  atmosphere i n  the case with the ba t te ry  
a t  its normal operating temperature indicated 0.1% 02; 0.8% H20; 5% C02; 
5% other (including hydrocarbons), 22% N2; and balance argon. 

5. P e l l e t  C e l l  Development 
(R. Thompson, P. F. Eshman) 

A new type of c e l l  construction is being developed t o  make 
possible  the  appl icat ion of high-speed electrode pressing technology fo r  
any s i z e  c e l l .  This is done by cold-pressing small plaques o r  p e l l e t s  
(2.5 x 2.5 x 0.5 cm) from a mixture of 46 w t  % FeS, 16% CuzS, and 38% 
e lec t ro ly te .  These p e l l e t s  a r e  then sl ipped i n t o  a welded gr id  s t ruc ture  
of metal channels. Advantages of t h i s  method are:  (1) small, high-speed 
automated presses can be  u t i l i zed  i n  makihg electrodes of any s ize ;  (2) control  
of t he  d i s t r ibu t ion ,  thickness and density o f  the  ac t ive  mater ia l  i s  enhanced; 
and (3) current co l lec t ion  is probably improved. ~ h b s  f a r ,  two pos i t ive  
pellet-grid electrodes and one pa i r  of negative pellet-grid half  electrodes 
have been fabricated.  One FeS c e l l  (PC-1-01) using a pellet-grid posi t ive  
e lectrode and Eagle-Picher type B negative electrodes is  i n  operation. 
After 102 days and 137 cycles at charge and discharge current dens i t i es  of 
44 d / cm2 ,  t h i s  c e l l  is consistently achieving: (1) a u t i l i z a t i o n  of 67%; 
(2) a coulombic eff ic iency of >99%; (3) a watt-hour eff ic iency of 85%; and 
(4) a measured i n t e r n a l  res is tance of 5-7 mn (15-sec in te r ruGion:  AVII). 
Hence, the p e l l e t  design appears t o  r e s u l t  i n  s ign i f ican t ly  lower c e l l  
res is tances  than those of the baseline c e l l s  ( typ ica l ly ,  8-10 d). 

B. Battery Charging and Control Systems 

1. C ~ I A L . ~ ~ I L ~  Qys LHIIU IUL ~l -~ l /F t fS : ,  Ele~cric-Vahicle Battery 
(F. Hornstra) 

Proposals were received from TRW and Gulton, Tnc. t o  cmple t e  a 
cos t  and design study f o r  a ful l -scale  ba t te ry  charging system complete with 
c e l l  equalizers f o r  the  Li-A1/FeS2 electric-vehicle battery.  The proposals 
have been reviewed, a se lec t ion  has been made, and a procurement package is 
being prepared. 

2. Electronic Development 
(F. Hornstra, W. W. Lark, J. M. Paul*) 

A s ix-ce l l  monitor and equalizer control  system tha t  has been 
placed i n  operation on the  s ix-ce l l  Li-dl/FeS2 ba t te ry  (B10-S) is  performing 
w e l l .  

The de ta l l rd  design of a 100-A c e l l  and ba t te ry  cycler was  
completed, and construction has s ta r ted .  This device w i l l  handle up t o  
four Li-A1/FeS2 c e l l s  connected i n  series. The cycler h a s  capabi l i t i es  

* 
ANL ~ i e c t r o n i c s  Division 



f o r  constant-power d i scha rge  and cu r ren t - l imi t ed ,  cons tan t -vol tage  charge. 
Other f e a t u r e s  i nc lude  t imers  f o r  l eng th  of d i scha rge ,  open-c i rcu i t  time a f t e r  
charge and open-c i rcu i t  t ime a f t e r  d i scharge .  The c y c l e r  is  being cons t ruc t ed  
from a comrnerctally a v a i l a b l e  r egu la t ed  power supply. 

One'of t h e  25-A "mini-cyclers" has  b.een modified t o  a.l.10~ c e l l  
ch&rging i n  e i t h e r  a cons tan t -cur ren t  o r  a donstant-vol tage mode. This  
modi . f icat ion al lows c e l l  charging t o  be completed a t  a cons tan t  v o l t a g e ,  
which should i n c r e a s e  t h e  c e l l  capac i ty  over  t h a t  achieved when'charging 
is  terminated i n  t h e  cons tan t -cur ren t  mode. A mod i f i ca t ion  package i s  
be ing  designed t o  a l low r e t r o f i t t i n g  ,o f  o t h e r  mini -cyc lers  a s  r.equi.red. 

C. C e l l  Development and Engineering 
(H. Shimotake) 

The e f f o r t  i n  t h i s  p a r t  of t h e  program is  d i r e c t e d  toward t h e  development 
and t e s t i n g  of Li-A1/FeSx c e l l s  having improved performance and c y c l e  
l i f e  w i t h  low c o s t .  Technica l  advances r e s u l t i n g  from t h i s  e f f o r t  a r e  
incorpora ted  i n t o  t h e  c e l l s  t h a t  a r e  f a b r i c a t e d  by i n d u s t r i a l  f i rms .  The 
work is  concent ra ted  on t h e  development of c e l l s  t h a t  a r e  p a r t i c u l a r l y  
adap tab le  t o  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 ,  w i th  emphasis on h igh  s p e c i f i c  
energy a t  t h e  2- and 4-hr d i scha rge  r a t e s .  S p e c i f i c  ene rg i e s  over  100 W-hr/kg 
a t  t h e  4-hr r a t e  were obta ined  wi th  c e l l s  u s ing  an advanced s e p a r a t o r /  
r e t a i n e r ,  such a s  Y203 f e l t .  E f f o r t s  a r e  a l s o  under way t o  u se  powder 
s e p a r a t o r s  i n  compact engineer ing  c e l l s .  An assembly of "upper-plateau" 
FeS2 c e l l s  i n  air  was i n i t i a t e d  dur ing  t h i s  q u a r t e r .  A summary of performance 
r e s u l t s  of t h e  t e s t  c e l l s  is  presented  i n  Appendix A. 

I. C e l l  P.erformance and L i f e t ime  ImprovcSment 

a. Uncharged C e l l s  w i th  Hot-Pressed FeS7 E lec t rodes  
(L. G. BarLhulme, E. Voss,* H. Shimotake) 

Two upper-plateau FeS2 c e l l s ,  VB-1 and VB-2, were b u i l t  w i th  
Li2FeS2 ( a  d i scha rge  product  of an  upper-plateau c e l l ,  commonly known a s  
"X-phase") a s  t h e  s t a r t i n g  m a t e r i a l  i n  t h e  p o s i t i v e  e l e c t r o d e .  This  
m a t e r i a l  is  r e l a t i v e l y  l inaffected by a i r  o r  mois ture .  Therefore ,  a p o s i t i v e  
e l e c t r o d e  of t h i s  type  w i t h  an  aluminum plaque can b e  assembled i n  a i r  t o  
form an uncharged c e l l ;  t h i s  technique h a s  p o t e n t i a l  a s  a method f o r  
f a b r i c a t i n g  an  upper-plateall c e l l .  C e l l  VB-1 was built: p a r t i a l l y  i n  a i r  
and p a r t i a l l y  i n  a helium atmosphere, and VB-2 was f a b r i c a t e d  completely i n  a i r .  
Potassium c h l o r i d e ,  i n s t e a d  of LiC1-KC1 e u t e c t i c ,  was used a s  t h e  b inder  f o r  
t h e  p o s i t i v e  plaque and f o r  pre t rea tment  of t h e  BN f a b r i c  s epa ra to r .  The 
performance of t h e s e  c e l l s  ( u t i l i z a t i o n ,  coulombic e f f i c i e n c y ,  c e l l  vo l tage ;  
e t c . )  was equ iva l en t  t o  t h a t  of s i m i l a r  c e l l s  b u i l t  i n  a helium atmosphere. 
Scale-up of c e l l s  f a b r i c a t e d  i n  t h i s  method i s  under way. 

'Four uncharged, upper-plateau FeS2 c e l l s  (R-25, -26, -27, and 
-29) were b u i l t .  I n  t h i s  s e r i e s  of ce l . l s ,  t h e  amounts of excess  l i t h i u m  
and aluminum i n  t h e  nega t ive  e l e c t r o d e s  v a r i e d  from 0 t o  +50%. The h igher  

* 
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l i t h i u m  and aluminum concen t r a t ions  y i e lded  b e t t e r  FeS2 u t i l i z a t i o n ;  
t h i s  improvement w a s  a t t r i b u t e d  t o  t h e  a d d i t i o n a l  c u r r e n t  c o l l e c t i o n  provided 
by t h e  excess  l i t h i u m  and aluminum. I n  some c e l l s ,  t h e  excess  l i t h i u m  i n  
t h e  nega t ive  e l e c t r o d e  was added i n  t h e  form of s h e e t s  of t h i n  l i t h i u m  f o i l .  
t h a t  had been p re s sed  between l a y e r s  of aluminum f o i l .  ' The f o i l s  a r e  l e s s  
s u b j e c t  t o  contaminat ion by gaseous i m p u r i t i e s  than  Li-A1 powder. 

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

C e l l  CB-1, cons t ruc ted  as an  unsea led ,  charged c e l l ,  w a s  
designed t o  test 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 ly  prepared Li-A1 nega t ive  
e l e c t r o d e s .  A f t e r  736 cyc le s  -and 427 days,  c e l l  capac i ty  dec l ined  only 15% 
from i t s  t y p i c a l l y  h igh  va lue  of 67 A-hr a t  t h e  5-hr d i scha rge  r a t e  (12.5 A ,  
65 mA/cm2). The d i scha rge  and charge cu to f f  vo l t ages  have been maintained 
a t .  0.9 V and 1 .75  V (IK inc luded) ,  r e s p e c t i v e l y .  C e l l  r e s i s L a ~ ~ c e  has  heen 
s t a b l e  a t  approximately 1 3  m i l ,  and t h e  coulombic efficiency has ~ ' imained  a t  
%9 3%. 

One of t h e  s i g n i f i c a n t  f i n d i n g s  i n  r e c e n t  carbon-bonded 
e l e c t r o d e  development i s  t h e  s t a b i l i t y  of t h e  carbon s t r u c t u r e  dur ing  
ope ra t ion  of t h e  uncharged e l ec t rode .  A photomicrograph of Ce l l  TK-13 
e x h i b i t e d  "carbon r ings"  a f t e r  50 c y c l e s ,  . thereby sugges t ing  t h e  e x i s t e n c e  
of a tenac ious  carbon c u r r e n t - c o l l e c t i n g  mat r ix .  For s i m i l a r  e l e c t r o d e s  
prepared wi th  f u r f u r a l  a l c o h o l  r e s i n , +  t e s t s  have shown carbon powder f i l l e r  
t o  provide  b e t t e r  o v e r a l l  e l e c t r o d e  performance than  g r a p h i t e  powder f i l l e r .  
Although g r a p h i t e  s l i g h t l y  reduced t h e  e l e c t r o d e  r e s i s t a n c e ,  gas  absorp t ion  
was be l i eved  t o  lower t h e  e l e c t r o d e  capac i ty .  Promising r e s u l t s  were 
ob ta ined  i n  t h e  development uT " e l e c t r o l y t e  spongcd" e l e c t r c r d ~ a  fnr 
r educ t ion  o t  excess  e lecr r rq ly te .  011e such celljTK-16, an uncharg~d FeS 
s e l l  f a h r i  r a t e d  i n  air. used ~ o s i t i v e  and nega t ive  e l e c t r o d e s  conta in ing  
5 v o l  % Y203 tn  a i d  e l e c t r o d e  wet t ing .  Two prewetted e l e c t r o d e s  sepa ra t ed  
by a prewetted RN c l o t h  d i s k  were assembled wi~1.1 t h e  exccss  eleccrol.yLe 
d ra ined  o f f .  This  type  of e lec t , rode  r e s u l t e d  i n  a r educ t ion  of about 
30% i n  the  e l e c t r o l y t e  conten t .  A t  p r e s e n t ,  t h e  c e l l  is ope ra t ing  wi th  
s t a b l e  capac i ty .  

C e l l s  KJS-5,' -6, -7 ,  and -9 a f e  s ea l ed  p ~ l s l l l d t i c  c c l l o j  t h e i r  
p h y s i c a l  c h a r a c t e r i s t i c s  appear i n  Appendix A. c e l l  KK-5, an  uncharged 
FeS c e l l  w i th  Cu2S a d d i t i v e ,  has  completed' 460 c y c l e s  i n  '333 days wi th  a  
d ischarge  cu to f f  v o l t a g e  of 1 .0  V. I ts 90 A-hr ca.pacity had diminished 
by <lo% when i t  a t t a i n e d  a  l i f e t i m e  goa l  of 400 cyc le s .w i th .99+% coulombic 
e f f i c i e n c y .  Its r e c e n t  ope ra t ion  has been-hampered by a s h o r t  . c i r c u i t  i n  
t h e  feedthrough. Af t e r  d i smant l ing  t h e  feedthrough,  99.52 coulo~nbic 
e f f i c i e n c y  was r e s t o r e d .  The c e l l  r e s i s t a n c e  remains low a t  '4 .5  mC2. 
A new des ign  of a  molybdenum c u r r e n t  c o l l e c t o r  w i th  a welded connect ion  
has  reduced t h e  r e s i s t a n c e  of t h e  KK-series FeS2 c e l l s  from 6-8 1162 t o  
4.5 I&, as demonstrated by C e l l  KK-7. The welded connect ion,  which uses  

* 
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a qua r t e r ed  molybdenum rod des ign ,  is  loca t ed  i n s i d e  t h e  e l e c t r o d e  r a t h e r  
than  on a tab .  C e l l s  KK-9 and EP-2B5 enabled a comparison t o  be made between 
carbon-bonded and cold-pressed FeS2 e l e c t r o d e s .  'These types  of . e l ec t rodes  
have shown s i m i l a r  performance, b u t  t h e  carbon-bonded e l e c t r o d e  d id  n o t  
r e q u i r e  break-in c y c l e s  t o  a t t a i n  i t s  f u l l  capac i ty  whereas t h e  cold-pressed 
e l e c t r o d e  d id .  

c .  Charged C e l l s  wi th  Hot-Pressed FeS7 Elec t rodes  
(F. J .  Martino) . 

To c h a r a c t e r i z e  charged, upper-plateau FeS2 c e l l s  w i th  a 
compact c e l l  des ign ,  a s e r i e s  of t e s t s  was performed on c e l l s  having hot- 
pressed ,  charged e l e c t r o d e s  and an advanced s e p a r a t o r l r e t a i n e r  m a t e r i a l  
such a s  ~ 2 0 3  f e l t .  Lithium-aluminum a l l o y  con ta in ing  55 a t .  % L i  w a s  used 
i n  t h e  nega t ive  e l e c t r o d e .  

Two such c e l l s ,  M-1 and M-2, have been b u i l t  and p laced  i n  
ope ra t ion .  Both c e l l s  a r e  p r i s m a t i c  (13 x 1 3  cm). Each c e l l  has  a 
p o s i t i v e  e l e c t r o d e  c o n s i s t i n g  of a hot-pressed mixture  of F ~ s ~ - 1 0  mol % 
CoS2 and 60 v o l  % LiC1-KC1. e u t e c t i c .  Molybdenum hone$comb.current c o l l e c t o r s  
were welded t o  a 0.64 cm (114 i n . )  d i a  molybdenum t e rmina l ,  a s  shown i n  
Fig. 111-4. The p o s i t i v e  e l e c t r o d e  was p laced  between two nega t ive  e l e c t r o d e s  
c o n s i s t i n g  of a hot-pressed mixture  of L'i-A1 (55 a t .  % Li)  and 30 v o l  % LiC1- 
K C 1  e u t e c t i c  i n  i r o n  honeycomb t r a y s .  A s e p a r a t o r l r e t a i n e r  c o n s i s t i n g  of 
double l a y e r s  of Y203 f e l t  (94% p o r o s i t y ,  4 mm t h i ckness )  was placed between 
the  e l ec t rodes .  The major d i f f e r e n c e  between the  two c e l l s  was i n  t h e  C e l l  
M-2 housing. I n  C e l l  M-2 t h e  nega t ive  e l e c t r o d e  c u r r e n t - c o l l e c t o r  t r a y s  
.were an i n t r i n s i c .  pa r t .  of t h e  housing,  t hus  making t h e  c e l l  cons iderably  
l i g h t e r  t han  C e l l  M-1. 

Although C e l l  M-1 developed a s h o r t  c i r c u i t  a f t e r  17 cyc le s  
and 17 days,  i t  showed unusual ly  good upper-plateau performance ( s e e  Fig. - 
111-5), w i t h  a capac i ty  of 144 A-hr and a s p e c i f i c  energy of 98 W-hrlkg a t  
a 25-A discharge rate (curient density, 92 d / c m 2 ) .  This  corresponds t o  an  
upper-plateau u t i l i z a t i o n  of 98%. The c o n t r i b u t i o n  of t h e  welded molybdenum 
connect ion t o  improved performance was r e f l e c t e d  i n  t h e  low c e l l  r e s i s t a n c e  
of 2.7 t o  4.8 mil. The h igh  average d i scha rge  v o l t a g e  (1.60 V) demonstrates  
t h e  b e n e f i c i a l  e f f e c t  of t h e  l i t h ium- r i ch  Li -A1  a l l o y .  

The above performance was e s s e n t i a l l y  reproduced wi th  d e l l  
M-2. Because of t he  modified c e l l  des ign  t h a t  r e s u l t e d  i n  a weight r educ t ion  
of 360 g ,  t h e  s p e c i f i c  energy of C e l l  M-2 was increased  by 10% over  t h a t  of 
C e l l  M-1,  from 98 t o  110 W-hrlkg a t  t h e  25-A d i scha rge  r a t e .  This  c e l l  
has  accumulated 15  cyc le s  and 14 days of o p e r a t i o n  t o  da t e .  A d i s t r i b u t i o n  
of t h e  component weights  of t h e s e  two c e l l s  i s  l i s t e d  i n  Table 111-4. 

2;  Large-Scale C e l - l  
(F. J. Martino, T. D. Kaun) 

C e l l  SS-1, a 25 x"35 cm compact c e l l  con ta in ing  a charged, 
carbon-bonded FeS-Cu2S p o s i t i v e  e le .c t rode  and nega t ive  e l e c t r o d e s  of 
py rometa l lu rg i ca l ly  prepared Li-A1 i n  i r o n  Retimet," has  been s e a l e d  and p u t  

* 
A porous m e t a l l i c  m a t e r i a l  produced by Dunlop, Ltd . ,  Coventry, England. 
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Fig. 111-4. Schematic Diagram of C e l l  M-1 , 

back i n t o  opera t ion .  It has accumulated 195 cyc le s  and 180 days of c p e r a t i o n  
wi th  c a p a c i t i e s  i n  t h e  range of 280 t o  450 A-hr whi le  d ischarg ing  a t  c u r r e n t s  
a s  h igh  a s  80 A (50 m~/cm'). Although t h e  coulombic e f f i c i e n c y  gene ra l ly  
remained >98%, the  c e l l  capac i ty  dec l ined  by about 30%, from an  e a r l i e r  
t y p i c a l  va lue  of 400 A-hr t o  t he  p re sen t  t y p i c a l  va lue  of 280 A-hr. The 
c e l l  r e s i s t a n c e  was doubled, t o  3 mS2, by moving t h e  p o s i t i v e  e l e c t r o d e  vo l t age  
t e rmina l  f a r t h e r  away from t h e  e l e c t r o d e  dur ing  t h e  s e a l i n g  procedure. 

During ope ra t ion  of t h e  c e l l ,  t h e  s u r f a c e  of t h e  LiC1-KC1 e l e c t r o -  
l y t e *  s o l i d i f i e d  around t h e  p o s i t i v e  e l e c t r o d e  te rmina l .  It was not  p o s s i b l e  
t o  remelt  t h e  sal t  by r a i s i n g  t h e  temperature from 450 t o  430°C. An a n a l y s i s  
of a s a l t  sample revea led  t h a t  i t  was no longer  a  e u t e c t i c  composition and 
t h a t  t h e  K C 1  con ten t  was reduced by n e a r l y  one h a l f .  The s o l i d  l a y e r  was 
d i s so lved  by adding f r e s h  e l e c t r o l y t e  sp iked  wi th  $5 w t  % KC1.  

* 
Procured from t h e  Lithium Corporat ion of America, Bessemer C i ty ,  N.C. 
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3. E lec t rode  Development 

a. Li-A1 Alloy Negat ive E lec t rodes  wi th  Addi t ives  
(F. J. -Martino, H. Shimotake) .. 

Engineering-size c e l l s  (13 x 1 3  cm) a r e  be ing  opera ted  t o  
e v a l u a t e  t h e  e f f e c t s  of t h e  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  
(FM s e r i e s  c e l l s ) .  These c e l l s  c o n s i s t  of a  commercially f a b r i c a t e d  (Eagle- 
P i c h e r ) ,  cold-pressed FeS-Cu2S p o s i t i v e  e l e c t r o d e  (70 A-hr t h e o r e t i c a l  
capac i ty )  p laced  between two nega t ive  e l e c t r o d e s  i n  which t h e  three-metal  
a l l o y  has been loaded i n t o  i r o n  R e t i m e t  c u r r e n t  c o l l e c t o r s .  'l'he charge-dis- 
d i scha rge  c u r r e n t  For t h e s e  t e s t  c e l l s ,  t h e  IR-included cu to f f  v o l t a g e s ,  
and t h e  ope ra t ing  temperature ar.e be ing  he ld  cons tan t  a t  8.0 A ,  1.00-1.70 V ,  
and 450°C, r e s p e c t i v e l y .  . 

The t e s t .  of Cell. FM-1, which had nega t ive  e l e c t r o d e s  of 
Li-A1-4 w t  % I n  (85 A-hr t h e o r e t i c a l  c a p a c i t y ) ,  was terminated a f t e r  
310 cyc le s  and 154 days. An apparent  s h o r t  c i r c u i t  had developed, a s  
i n d i c a t e d  by a d e c l i n e  i n  t h e  coul.nmhic. e . f f ic iency  from 100 t o  about  86%. 
A s  a r e s u l t ,  t h e  c e l l '  c apac i ty  dec l ined  %30%, from a t y p i c a l l y  h igh  va lue .  
o f  55 t o  39-A h r .  C e l l  FM-1 i s  c u r r e n t l y  undergoing pos tope ra t ive  a n a l y s i s .  
C e l l  FM-2, which had nega t ive  e l e c t r o d e s  of Li-A1-8 w t  % Ca (90 A-hr 
t h e o r e t i c a l  c a p a c i t y ) ,  was terminated a f t e r  74 days and 126 cyc le s .  
The r e s u l t s  of t h i s  c e l l  were r epo r t ed  previous ly  (ANL-77-17, p. 30).  
C e l l  FM-3, s t i l l  i n  ope ra t ion  a f t e r  186 cyc le s  and 109 days,  has  nega t ive  
e l e c t r o d e s  of Li-A1-8 w t  % Sn (86 A-hr t h e o r e t i c a l  capac i ty ) .  The 
c a p a c i t y  has  dec l ined  about l o % ,  from 57 t o  50 A-hr; s i m i l a r l y ,  t h e  coulombic 
e f f f i c i e n c y  h a s  dec l ined  from about  100 t o  89%. A s  i n d i c a t e d  i n  Fig. 111-6, 
t h e  capac i ty  of C e l l  FM-3 is s i g n i f i c a n t l y  g r e a t e r  than t h e  capac i ty  of 
e i t h e r  Cell FM-1 or Cell FM-2. 

I n  a d d i t i o n  t o  t h e  above c e l l s ,  a  new s e r i e s  of f.el3s i s  
be ing  f a b r i c a t e d  t o  t e s t  t h e  more promising three-metal  a l l o y s  a g a i n s t  
commercially i -abr ica ted  ( ~ a g l e - P i c h e r )  FeS?-CoS2 p o s i t i v e  elertrodes. 

Fig .  111-6. C a p a c i t i e s  of C e l l s  FM-1, 
FM-2, and FM-3 
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b. Eleci5rodes.with Advanced Separators 
(T. W. Olszanski, H. Shimotake) 

Five-cells, (TO-2, -3, -4, -5, -6) each of approximately 120 
A-hr capacity with compact designs and nonwoven, cloth separators, have been 
built and tested. (See Appendix A for individual performance data.) These 
test cells have shown that the Y203 and BN felt separator/retainers have 
many advantages over the BN and Zr02 cloth separatorlretainers presently 
in use in full-scale engineering cells. These advantages include: 
(1) achievement of a >60% weight savings in separator material; (2) attainment 
of lower internal resistances; (3) ease of wettability and minimal outgassing, 
therefore permitting more immediate and.uniform utilization of electrodes; 
(4) a significant cost savings in separator materials; (5) an effective 
particle retainer and insulator contained in one; and ( 6 )  a reduction in the 
amount of electrolyte retained in the separator. 

A compact engineering-scale cell utilizing a Y2O3 powder 
separator (ANL-77-17, p. 35) has been built,.and is presently in operation. 
All components were pressed together in two hot-pressing operations. The 
final product was placed in a can and sealed.. The electrolyte content, is less 
than 300 g (20 wt % of cell weight), which corresponds to a weight 
reduction of approximately 200 g from a similar cell: Internal resistance 
at start-up was relatively low, despite the low loading of electrolyte. 



I V .  TECHNOLOGY DEVELOPMENT 
(R. K.  Steunenberg) 

A. M a t e r i a l s  Development 
(J. E. B a t t l e s )  

' E f f o r t s  i n  t h e  m a t e r i a l s  program a r e  d i r e c t e d  toward t h e  development of 
v a r i o u s  c e l l  components ( e l e c t r i c a l  feedthroughs,  e l e c t r o d e  s e p a r a t o r s ,  
c u r r e n t  c o l l e c t o r s ,  c e l l  hardware, e t c . ) ,  t e s t i n g  and e v a l u a t i o n  of c e l l  
m a t e r i a l s  ( c o r r o s i o n ,  w e t t a b i l i t y ,  e t c . ) ,  and p o s t o p e r a t i v e  examination of 
c e l l s  t o  e v a l u a t e  t h e  behavior  of t h e  e l e c t r o d e s  .and t h e  c o n s t r u c t i o n  m a t e r i a l s .  

1. E l e c t r i c a l  Feedthrough 
(K. M. Myles and J .  L. S e t t l e )  

The c o r r o s i v e  environment w i t h i n  L ~ - A ~ / L ~ C ~ - K C ~ / F ~ S ~  c e l l s  prec ludes  
t h e  ready a d a p t a t i o n  of mosr commercially available e l r c ~ i i c a l  feedt l~soughs .  
The few t h a t  a r e  compatible  w i t h  t h e  c e l l  environment do no t  meet t h e  
t e c h n i c a l  goa l s  of weight ,  c o s t ,  and l eak - t igh tnes s .  Perhaps t h e  b e s t  long- 
term s o l u t i o n  would invo lve  a  brazed feedthrough,  b u t  t o  d a t e  no r e l i a b l e  
feedthrough h a s  been found, a l though some s i g n i f i c a n t  p rog res s  has  been 
made. The ANL crimp-type, mechanical feedthrough has been s u f f i c f e n r l y  
r e f i n e d  t o  o f f e r  an  a l t e r n a t i v e  t o  t h e  brazed feedthrough i n  every r e spec t  
o t h e r  than  t h e  most s t r i n g e n t  s i z e  l l m l t a t i o n s .  * 

Throughout t h e  p a s t  s e v e r a l  y e a r s  exp lo ra to ry  programs have been 
undertaken by commercial feedthrough manufacturers .  Most of t h e s e  e f f o r t s  
a t tempted  t o  p r o t e c t  t h e  m e t a l l i c  b r a z e  i n t e r f a c e  from c o r r o s i v e  a t t a c k ;  
however, i n  every  case ,  t h e  r e s u l t a n t  feedthroughs  e x h i b i t e d  premature f a i l u r e s  
i n  s imulated c e l l  t e s t s .  Thus, t h e  l i k e l i h o o d  of f i n d i n g  a  s u i t a b l y  p ro t ec t ed  
m e t a l l i c  b r a z e  was concluded t o  b e  poor.  

A brazed feedthrough is  only consi.dered possih1.e through t h e  use of 
a  b r a z e  m a t e r i a l  t h a t  i s  c o r r o s i o n  r e s i s t a n t . ,  Accordingly, Coors Po rce l a in  
w a s  con t r ac t ed  t o  produce a  nonmeta ' l l ic  b raze  f o r  Y203. Y t t r i a  was s e l e c t e d  
because of t h e  i n t r i n s i c  co r ros ion  r e s i s t a n c e  of t h e  oxide.  I n  a d d i t i o n ,  
t h i s  ox ide  h a s  p r o p e r t i e s  which sugges t  t h a t  .a b raze  may be  more adherent  t o  
i t  than  t o  a l t e r n a t i v e  oxides .  Seve ra l  b r a z e s  have been s u f f i c i e n t l y  
developed t o  warran t  t e s t i n g  of t h e  c o m p a t i b i l i t y  of Y2O3 br.aze combination 
(molybdenum s h e e t s  bonded t o  Y20g-braze t e s t  r i n g s ) .  The r e s u l t s  of t h e s e  
c o m p a t i b i l i t y  t e s t s  i n d i c a t e  t h a t  t h e  Y20s 'braze  combination i s  a b l e  t o  
w i ths t and  t h e  c e l l  environment. Some d i f f i c u l t y  was experienced i n  bonding 
t h e  molybdenum onto  t h e  Y203 because of d i f f e r e n c e s  i n  thermal  expansion 
between t h e  two m a t e r i a l s .  This  is  a f a m i l i a r  problem i n  bonding meta ls  . to  
ceramics,  and Coors b e l i e v e s  t h a t  a  s o l u t i o n  can b e  found through proper  
des ign .  

A s  descr ibed  i n  t h e  previous  r e p o r t  (ANL-77-17, p. 3 2 ) ,  s e v e r a l  
s i g n i f i c a n t  mod i f i ca t ions  have been incorpora ted  i n t o  t h e  Conax mechanical 
feedthrough t h a t  have r e s u l t e d  i n  a  des ign  t h a t  b e t t e r  meets t h e  needs 
of t h e  b a t t e r y  program. The ANL crimp-type feedthrough opt imizes  t h e  des ign  
i n  such a  way a s  t o  reduce t h e  o v e r a l l  weight of a  feedthrough f o r  a  114-in. 
(6.35 mm) conductor t o  only  46 g and t h e  p o t e n t i a l  c o s t  t o  $1.14. A p r e s s  
has  been designed f o r  t h e  crimping of feedthroughs wh i l e  a t t ached  t o  assembled 



c e l l s ;  i t  is  ,near completion i n  t h e  machine shop. Most r e c e n t l y ,  a  d i e  and 
ram comb'ina'tion was designed t h a t  forms a  precompacted p e l l e t  of t h e  BN 
s e a l a n t  powder. The p e l l e t  can be  handled i n  t h e  glove-box considexably 
e a s i e r  than the  loose  powder t h a t  was used previou'sly. Drawings f o r  t h e  
feedthrough,  crimping p r e s s ,  and compaction d i e  s e t  a r e  be ing  s e n t  t o  
~ a g l e - p i c h e r  f o r  u se  i n  f u t u r e  c e l l s  and t o  Atomics I n t e r n a t i o n a l  f o r  
e v a l u a t ~ o n .  Opera t iona l  i n s t r u c t i o n s  and s p e c i f i c a t i o n s  w i l l  a l s o  be  
s e n t  a s  soon a s  s u f f i c i e n t  ope ra t ing  experience is accummulated. The 
crimp-type" feedthroughs w i l l  probably b e  used on some of t he  Mark-I e l e c t r i c -  
v e h i c l e  c e l l s .  

2. Current Co l l ec to r  Development 
(K. M. Myles) 

Cost p r o j e c t i o n s  of t h e  L ~ A ~ / L ~ c ~ - K c ~ / F ~ s ~  c e l l s  i n d i c a t e  t h a t  
t h e  c u r r e n t  c o l l e c t o r  f o r  t h e  FeS2 e l e c t r o d e  is  one of t h e  more expensive 
components. A program is under way t o  examine t h e  long-term c o s t s  of 
va r ious  c u r r e n t - c o l l e c t o r  des igns ,  t o  determine t h e  q u a n t i t y  and d i s t r i b u t i o n  
of c u r r e n t  c o l l e c t o r  r equ i r ed ,  t o  develop a l t e r n a t i v e  m a t e r i a l s  t o  molybdenum, 
and t o  f i n d  methods of f a b r i c a t i n g  cu r r en t - co l l ec to r  assemblies .  The 
r e s u l t s  of t h i s  e f f o r t  a r e  s t i l l  pre l iminary ;  however, s u f f i c i e n t  in format ion  
has been accumulated t o  i d e n t i f y  t h e  a r e a s  where a d d i t i o n a l  d a t a  are 
requi red .  

The fo l lowing  cu r ren t - co l l ec to r  des igns  were s tud ied  t o  determine 
t h e i r  c o s t s :  f l a t - s h e e t  molybdenum, honeycomb molybdenum, and molybdenum 
porous metal .  The r e s u l t s  i n d i c a t e  t h a t  t h e  honeycomb i s  t h e  most expensive 
c o l l e c t o r  des ign .  The honeycomb des ign  would meet only our  e a r l i e s t  (1981) 
c o s t  goa l s ,  whereas t h e  porous meta l  and f l a t - s h e e t s  des igns  would meet 
our  i .ntermediate (1985) c o s t  goa ls .  None of t h e  des igns  would meet ou r  
long-range (1990) goa ls .  One p o s s i b l e  s o l u t i o n  t o  meeting ou r  long-range 
c o s t  goa l s  i s  the  development of a compatible coa t ing  f o r  i r o n  c u r r e n t  
c o l l e c t o r s .  An e f f o r t  t o  l o c a t e  competent o u t s i d e  o rgan iza t ions  t o  develop 
such coa t ings  i s  under way, and s e v e r a l  r e sea rch  proposa ls  have been 
receivod and a r c  bc ing  reviewed. 

The development of a  method of bonding molybdenum cu r ren t - co l l ec to r  
components is one of our  more immediate needs. Molybdenum r e c r y s t a l l i z e s  
i n t o  a b s i ~ ~ l e  form upon convent iona l  welding; t o  circumvent t h i s  problem, 
a  program i s  under way a t  Chemetal t o  i n v e s t i g a t e  t h e  p o s s i b i l i t y  of forming 
a bond by vapor depos i t i on  of molybdenum onto t h e  c o l l e c t o r  assembly. 
Amax S p e c i a l t y  Metals is  looking  i n t o  d i f f u s i o n  bonding and high-frequency, 
tungs ten  iner t -gas  (TIG)  welding f o r  t h e  same purpose. Both of t h e s e  
programs a r e  j u s t  beginning,  and no s i g n i f i c a n t  r e s u l t s  have been produced 
a s  ye t .  

3 .  Elec t rode  Separa tor  Dev-elopment 
(J. P.,M+thers and C .  W.  Boquist)  

Paper ,  f e l t ,  and powder 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  t o  t h e  BN f a b r i c  which is  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  L ~ - A ~ / L ~ c ~ - K c ~ / F ~ s ~  c e l l s .  These cand ida t e  s e p a r a t o r s  a r e  
expected t o  be  cons iderably  l e s s  expensive 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 e n 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 .  



Work on t h e  development of an  all-powder e l e c t r o d e  s e p a r a t o r  w a s  
cont inued t h i s  p a s t  q u a r t e r  w i th  t h e  c o n s t r u c t i o n  and ope ra t ion  of C e l l  
SC-14. Th i s  c e l l  w a s  assembled i n  t h e  uncharged s t a t e  using a hot-pressed 
mix tu re  of Li2S, Fe, and LiC1-KC1 f o r  t h e  p o s i t i v e  e l e c t r o d e  and a pressed 
p laque  of A 1  w i r e  f o r  t h e  nega t ive  e l ec t rode .  The c e l l  w a s ' c y l i n d r i c a l  
( 7 . 6  cm d i a )  w i t h  h o r i z o n t a l  e l e c t r o d e s .  The p o s i t i v e  e l e c t r o d e ,  c u r r e n t  
c o l l e c t o r ,  and t h e  upper and lower e l e c t r o d e  s e p a r a t o r s .  were assembled i n  
a s i n g l e  hot -press ing  ope ra t ion  us ing  e l e c t r o l y t e  (LiC1-KC1) as t h e  b inder  
,(Fig. I V - 1 ,  t op ) .  The s i d e s  of t h e  e l e c t r o d e s  were i n s u l a t e d  from t h e  c e l l  
housing by s e p a r a t o r  powder t h a t  was packed i n t o  p lace .  A schematic  diagram 
of t h e  assembled c e l l  is shown i n  F ig ,  I V - 1 ,  bottom.. 

, CATHODE 

HOT-PRESSED CATHODE 

Fig. IV-1 .  Separa tor  Tes t  C e l l  SC-14 

The s e p a r a t o r  cons i s t ed  of 70 w t  % coa r se  Y203 powder :(150-250 pm) 
and 30 w t  % f i n e  Y2O3 powder (1-10 vm). Coarse powder was s e l e c t e d  because i t  
does no t  mig ra t e  i n t o  t h e  p o s i t i v e  e l e c t r o d e  o r . t h r o u g h  t h e  325-mesh sc reen  
used t o  cover t h e  nega t ive  e l ec t rode .  The f i n e  Y203 p a r t i c l e s  were expected t o  
occupy t h e  pores  between t h e  l a r g e r  Y2O3 p a r t i c l e s  and 1 i m i . t  t h e  migra t ion  of 
f i ne .  e l e c t r o d e  p a r t i c l e s  through t h e  sepa ra to r .  The th i ckness  of each sepa ra to r  
layer after hot-pressing was 2 mm. 

The c e l l  was cycled cont inuously a t  a c u r r e n t  d e n s i t y  of 60 d c m 2  
f o r  over 1000 h r  (78 cyc l e s )  be fo re  i ts  ope ra t ion  was v o l u n t a r i l y  terminated.  
The e l e c t r i c a l  performance of t h i s  c e l l  was e x c e l l e n t ;  . the coulombic e f f i c i e n c y  
remained nea r  100% wi th  a u t i l i z a t i o n  of 40-50% throughout i t s  opera t ion .  



Post - tes t  examination of t h e  s e p a r a t o r  revea led  t h e  presence of a 
few f i n e  p a r t i c l e s  from t h e  p o s i t i v e  e l e c t r o d e  ad jacen t  t o  t h a t  e l e c t r o d e ,  
bu t  t h e  remaining th i ckness  of t he  s e p a r a t o r  (~90%) w a s  f r e e  of e l e c t r o d e  
p a r t i c l e s .  The s e p a r a t o r  maintained a uniform th i ckness  around t h e  p o s i t i v e  
e l e c t r o d e ,  and d i d  n o t  con ta in  any l a r g e  voids.  

These r e s u l t s  a r e  ve ry  encouraging. They i n d i c a t e  t h a t  i t  may 
be  p o s s i b l e  t o  e l i m i n a t e  t h e  p o s i t i v e  frame and sc reen  assembly wi th  powder 
s e p a r a t o r s ,  thus  e l imina t ing  t h e  co r ros ion  problem as soc ia t ed  wi th  t h i s  
component of FeS2 c e l l s .  

Work is. c u r r e n t l y  i n  progress  t o  e v a l u a t e  s e p a r a t o r  powders 
t h a t  have a lower c o s t  p o t e n t i a l  than  Y203 and t o  e v a l u a t e  t h e  performance 
of all-powder s e p a r a t o r s  i n  v e r t i c a l ,  p r i s m a t i c  c e l l s .  Work is a l s o  i n  
progress  t o  determine more f u l l y  t h e  a b i l i t y  of BN f a b r i c  t o  r e t a i n  t h e  
a c t i v e  m a t e r i a l s  of a c e l l  w i t h i n  t h e  e l e c t r o d e s .  

4. Ceramic Mate r i a l s  Development 
.(W. D. Tuohig and J. T. Dusek)* 

The performance of b a t t e r y  s e p a r a t o r s  is  known t o  b e  governed by 
pore volume f r a c t i o n ,  s i z e  and s i z e  d i s t r i b u t i o n ,  and connec t iv i ty  of t h e  
s e p a r a t o r  m a t e r i a l . 3 , 4  These same c h a r a c t e r i s t i c s  determine t h e  e a s e  wi th  
which a f l u i d  may be  made t o  flow through a porous m a t e r i a l  under a p re s su re  
g rad ien t .  F lu id  conduc t iv i ty ,  o r  pe rmeab i l i t y ,  can be  regarded a s  a p h y s i c a l  
proper ty  of a porous s o l i d ,  a s  f i r s t  demonostrated by Darcy i n  1856. 
Darcy found t h a t  t h e  f l u x  of a f l u i d  through a body is  p ropor t iona l  t o  t h e  
appl ied  p re s su re  g r a d i e n t  according t o  t h e  fol lowing equat ion:  

where q i s  t h e  f l u x  of f l u i d ,  p i s  t h e  v i s c o s i t y  of f l u i d ,  dP/dx i s  t h e  
p re s su re  g r a d i e n t ,  and K i s  a cons t an t  f o r  t h e  m a t e r i a l .  

A schematic  diagram of t h e  exper imenta l  appara tus  cons t ruc t ed  t o  
measure permeabi l i ty  is  shown i n  Fig. IV-2. It is s i m i l a r  t o  t h a t  used 
by Eusner and ShaplandY6 and adopted by t h e  American Socie ty  f o r  Tes t ing  
and Mate r i a l s  Two speciment ho lde r s  have been placed i n  p a r a l l e l  t o  
permit  d i r e c t  comparison under i d e n t i c a l  flow condi t ions .  A manometer i s  
used t o  measure t h e  d i f f e r e n t i a l  p re s su re  a c r o s s  t h e  specimen. By-pass flow 
around t h e  specimen is  prevented by a high-compliance rubber  gaske t  t h a t  i s  
c a s t  d i r e c t l y  onto  t h e  specimen. 

Pre l iminary  measurements have been made on specimens t h a t  were 
prepared by inco rpora t ing  v o l a t i l e  o rgan ic  m a t e r i a l s  w i th  Y2O3 powder p r i o r  
t o  p re s s ing .  Upon h e a t i n g  t o  e l eva t ed  temperatures ,  t h e  organic  a d d i t i v e s  
cvapora te ,  t hus  l eav ing  vacant  t h e  volume which thcy had occupicd i n  t h e  
powder compact. The remaining oxide powder p a r t i c l e s  bond toge the r  by normal 
s i n t e r i n g  processes  t o  form a h igh ly  porous s o l i d .  F igure  IV-3 shows scanning- 
e l e c t r o n  microscope photographs of two specimens prepared i n  t h i s  manner. 
The m a t e r i a l  i n  Fig.  IV-3a was f a b r i c a t e d  from as-received powder, whereas 

* 
ANL Mate r i a l s  Science Div is ion .  
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Fig.  TV-2. Experimental Apparatus f o r  Determining t h e  
Permeabi l i ty  of I n t e r e l e c t r o d e  Separa tors .  

t h e  m a t e r i a l  i n  Fig. IV-3b w a s  made from powder t h a t  had been ca l c ined  a t  
h i g h  temperatures .  Specimen 3a has  a  t o t a l  p o r o s i t y  of 41%, and e x h i b i t s  
a broad range of pore "s izes"  w i t h  c l u s t e r s  of high-densi ty  m a t e r i a l .  
Specimen 3B i s  more homogeneous and has  a  s l i g h t l y  lower p o r o s i t y  (36%).  
The pe rmeab i l i t y  of Specimen 3a  i s  7.4 m i l l i d a r c i e s ,  whereas t h a t  of 
Specimen 3b is  11.4 m i l l i d a r c i e s  . Thus, a l though Specimen 3b con ta ins  
l e s s  apparent  p o r o s i t y ,  i ts  r e s i s t a n c e  t o  flow is n e a r l y  h a l f  t h a t  of 
Specimen 3a. Table I V - 1  compares p o r o s i t y  w i th  pe rmeab i l i t y  for common 
porous maceriafs. 

Addi t iona l  flowmeters a r e  c u r r e n t l y  being added t o  t h e  permeabi l i ty  
appa ra tus  t o  improve t h e  accuracy of measurements over  a broader  range of . 

flow cond i t i ons .  These d a t a  w i l l  a l low q u a n t i t a t i v e  comparison of bo th  
t l e x L b l e  and r i g i d  s e p a r a t o r  cand ida t e s ,  and w i l l  s e r v e  a s  a  b a s i s  f o r  
p r e d i c t i n g  s e p a r a t o r  performance.. 

A commercial device* is  being used t o  produce preformed foam by 
mixing aqueous s o l u t i o n s  of o rgan ic  m a t e r i a l s  and a i r  under p re s su re .  The 
cons is tency  of t h e  foam i s  determined by t h e  r a t i o  of l i q u i d  t o  a f r .  A 
t y p i c a l  foam has  a  d e n s i t y  of about 0.05 g/cm3. This  preformed foam i s  then '., 

mixed wi th  an  aqueous s l i p  of Y2O3 powder i n  d i l u t e  n i t r i c  ac id .  A s  d i scussed  
p rcv ious ly  (ANL-77-17, p. 35) t h e  a c i d  causes  t h e  s t r u c t u r e  t o  s o l i d i f y  
i n t o  a  r i g i d  form t h a t  r e t a i n s  i ts  foamed s t r u c t u r e .  The process  is  completed 
by f i r i n g  a t  e l e v a t e d  temperatures .  

* 
Model OT10-1A f,oam gene ra to r ,  t h e    earl Corp., ~ o s e l i e  pa rk ,  N J .  



Fig. 3a. Porous Y203 Prepared from As- 
Received Powder 
(Magnification 300X) 

Fig. 3b. Porous Y2O3 Prepared from 
Calcined Y2O3 
(Magnification 3000X) 



' Table IV-1. permeabilities of Familiar Porous Substances 

Permeability, 
Material Porosity millidarcies References 

Si02 Powder 0.37-0.49 
Sand 0.37-0.50 
Common Brick 0.12-0.34 
Refractory Brick 0.15-0.22 
Coke 0.21 
Limes tone 0.04-0.10 
Sandstone 0.08-0.38 
Specimen 3a 0.41 
Specimen 3b 0.36 
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This report 

5. Material Studies 
(J. A. Smaga and K. M. Myles) 

The development of a reasonably low-cost alloy with suitable 
corrosion resistance in the positive electrode is one part of the present 
current-collectar program. Initial investigations have focused on the 
corrosion behavior of iron-base alloys in the Fe-Mo-Ni ternary system 
(ANL-76-9, p. 46). One composition, Fe-30 wt % Ni-15 wt % Mo, was 
selected for additional evaluation and refinement. 

AMAX Specialty Metals Corp. was contracted to fabricate a 0.25-mm 
(0.10-in.) sheet of the above alloy and was unable to roll this material 
without trequent heat treatments. This problem was not expected on the 
basis ot preliminary rolling results.* Examination of samples from 
intermediate rolling steps revealed the presence of a "Chinese script" type 
phase, identified by the scanning electron microprobe+ as rich in nickel 
and molybdenum. In the as-received 0.25-mm sheet, the second phase had 
been spheroidized and reduced in amount by the additional processing. This 
phase was evidently present throughout rolling owing to insufficient 
homogenization of the starting ingot. 

To eliminate thio occond phaac in thc as received material, portions 
of the alloy sheet were solution-annealed at 1225OC for time intervals 
ranging from 1 to 22 hr. Metallographic examination revealed that most of 
the second phase was eliminated after the shorter annealing times, and 
the material appeared homogeneous after the longer anneals. Static 
corrosion tests, conducted at 400°C for 500 and 1000 hr, confirmed these 
findings by showing declining corrosion rates with increasing annealing 
times. In an equal-volume mixture of FeS and LiC1-KC1, average corrosion 
rates of 67, 57, and 43 pm/yr were determined for the as-received alloy, 
the 1-hr solution-annealed condition, and the 22-hr solution-annealed 
condition, respectively. In a similar mixture of FeS2 and ~iC1-KC1, 

* 
H. Thresh, ANL Materials Science Division. 

+w. Shinn, ANL Chemical Engineering Division. 



t h e  r a t e s  were 1300, 1100, and 650 um/yr f o r  t h e  same r e s p e c t i v e  cond i t i ons .  
Furthermore, i n t e r g r a n u l a r  a t t a c k  was minimized wi th  t h e  22-hr annea l .  The 
cor ros ion  s tudy  i n  FeS2 and LiC1-KC1 i n d i c a t e s  t h a t  f u r t h e r  work is  requ i r ed  
t o  opt imize t h e  a l l o y  composition f o r  p o s s i b l e  a p p l i c a t i o n  i n  FeS2 c e l l s .  
The 0.25-mm a l l o y  s h e e t  i n  t h e  annealed cond i t i on  should be  usable  i n  FeS 
c e l l s ,  and w i l l  be  made a v a i l a b l e  f o r  such use.  However, because exces s ive  
g r a i n  growth a t  1225OC h inde r s  f a b r i c a t i o n ,  t h e  c u r r e n t  c o l l e c t o r  must be 
formed i n t o  t h e  d e s i r e d  conf igu ra t ion  p r i o r  t o  so lu t ion-annea l ing .  

6. C e l l  Wetting S tud ie s  
(J. G.  Eberhart)  

A r e c u r r i n g  problem i n  c e l l  des ign  is t h e  w e t t a b i l i t y  of t h e  
porous s e p a r a t o r  m a t e r i a l  by the  molten-sal t  e l e c t r o l y t e .  I n  an e f f o r t  t o  
improve p e n e t r a t i o n  of t h e  s e p a r a t o r  by t h e  e l e c t r o l y t e ,  measurements were 
made of advancing and receding con tac t  ang le s  of va r ious  mol ten-sa l t  
e l e c t r o l y t e s  on hot-pressed BN s u r f a c e s .  Over o rd ina ry  c e l l  ope ra t ing  
temperatures ,  LiC1-KC1 e u t e c t i c  from Li thcoa  had t h e  b e s t  wet t ing  p r o p e r t i e s ;  
LiC1-KC1 e u t e c t i c  from Anderson Physics  Laboratory and a  qua ternary  system 
of 2 w t  % LiF-26% LiC1-11% KC1-61% CaC12 had in t e rmed ia t e  we t t i ng  p r o p e r t i e s ;  
and a  s a l t  composed of LiC1-KC1 e u t e c t i c  from Anderson Physics  Laboratory and 
1 3  w t  % CaC12 had t h e  poores t  we t t i ng  p r o p e r t i e s .  The advancing con tac t  ang le s  
f o r  a l l  e l e c t r o l y t e s  showed nonwetting, whereas t h e  receding angles  a l l  
showed we t t i ng ,  except  f o r  t h e  LiC1-KC1-CaC12 s a l t .  This  poores t  we t t i ng  
s a l t  was s t u d i e d  f u r t h e r  by BN f a b r i c  p e n e t r a t i o n  t e s t s .  Evacuation and 
abrupt  r e p r e s s u r i z a t i o n  of t h e  t e s t  chamber only caused t h e  s a l t  t o  p e n e t r a t e  
t h e  l a r g e r  spaces  between t h e  BN yarns ,  b u t  no t  t h e  sma l l e r  spaces between 
t h e  f i b e r s .  * 

Aluminum n i t r i d e  (A1N) i s  ' be ing  considered a s  an advanced c e l l  
s e p a r a t o r  m a t e r i a l .  Contact .angle measurements showed t h a t  hot-pressed 
A1N has  poorer  w e t t a b i l i t y  than  BN f o r  advancing sa l t ,  b u t  b e t t e r  w e t t a b i l i t y  
f o r  receding s a l t .  Thus, A1N s e p a r a t o r s  should be  more d i f f i c u l t  t o  p e n e t r a t e  
w i th  s a l t ,  b u t  l e s s  s u b j e c t  t o  dewett ing once i t  i s  penet ra ted .  

S tud ie s  were a l s o  conducted on t h e  tendency of t h e  LiC1-KC1 e l e c t r o -  
l y t e  t o  c reep  a long  meta l  s u r f a c e s .  Creepage of e l e c t r o l y t e  i s  be l ieved  t o  
r e s u l t  from complete we t t i ng  of t h e  s t e e l  c e l l  housing and a  g rad ien t  i n  t h e  
molten-sal t  s u r f a c e  t ens ion  ( t h e  Marangoni e f f e c t ) .  Pure salt doea no t  w e t  
s t e e l  s u f f i c i e n t l y  w e l l  f o r  c reeping  t o  occur .  Thus, experiments were performed 
t o  observe t h e  e f f e c t  of Li-A1 s a t u r a t i o n  on mol ten-sa l t  we t t i ng  behavior .  On 
a hot-pressed BN s u r f a c e  t h e  a d d i t i o n  of Li-A1 powder t o  t h e  s a l t  made no 
s i g n i f i c a n t  d i f f e r e n c e  i n  t h e  we t t i ng  ang le s  of t h e  s a l t .  On a  Type 316 
s t a i n l e s s  s t e e l  s u r f a c e ,  however, t h e  p u r e ' s a l t ,  which was s l i g h t l y  nonwe'tting, 
spread  over t h e  s u r f a c e  w i t h i n  a  minute a f t e r  Li-A1 was added t o  t h e  s a l t .  
Thus, s a t u r a t i o n  with Li-A1 appears  t o  . be  khe "cause" ' o f  e l ec t ro ly t e :  
creepage. . These experiments a l s o  sugges t  a  s imple remedy f o r  t h e  problem. 
A coa t ing  of a  nonwettable ceramic (such a s  BN, A l N ,  o r  C) depos i ted  on t h e  
upper i n s i d e  s u r f a c e  of t h e  c e l l  housing (above t h e  e l e c t r o l y t e  l e v e l )  
would provide a b a r r i e r  t o  t h e  advancing e l e c t r o l y t e .  

*' 
I n  f u r t h e r  t e s t s ,  D. R. Vissers of t h e  C e l l  Chemistry Group obta ined  some 
improvement i n  p e n e t r a t i o n  through repea ted  evacuat ion  and r e p r e s s u r i z a t i o n  
of t h e  system. 



7. C e l l  Degassing S tud ie s  
(J. G. Eberhar t )  

The degass ing  and t h e  a t t e n d a n t  p re s su re  build-up which can occur 
dur ing  t h e  ope ra t ion  of a  c e l l  is  probably de t r imen ta l  t o  i t s  e f f i c i e n c y  
and l i f e t i m e .  Thus, a s tudy  w a s . i n i t i a t e d  t o  c h a r a c t e r i z e ,  by mass 
spec t rometry ,  t h e  gaseous s p e c i e s  produced whi le  c e l l s  a r e  i n  a charge,  
d i scha rge ,  o r  open-cf rcu i t  mode. A vacuum system and a  c e l l ' w h i c h  
pe rmi t s  v i s u a l  obse rva t ion  of t h e  e l e c t r o d e s  have been designed f o r  t h i s  
s tudy .  Drawings have been submit ted t o  t h e  g l a s s  shop f o r  f a b r i c a t i o n  of t h e  
vacuum system and c e l l .  

8. E l e c t r i c a l  Conduct ivi ty  S t u d i e s  
(J. G. Eberhar t )  

The e l e c t r i c a l  r e s i s t a n c e s  of t h e  v a r i o u s  components of a  c e l l  have 
an  important  e f f e c t  on i t s  e f f i c i e n c y .  Thus, a  s tudy  w a s  i n i t i a t e d  on one 
of t h e  key components of t o t a l  c e l l  r e s i s t a n c e ,  namely, t h e  e l e c t r i c a l  
conduc t iv i ty  of molten LiC1-KC1 e l e c t r o l y t e  i n  which is  d ispersed  a  second, 
s o l i d ,  nonconducting phase of c e l l  s e p a r a t o r  m a t e r i a l .  The i n i t i a l  e f f o r t s  
of t h i s  s tudy  have involved a n  examination of t h e  l i t e r a t u r e  on t h e  i o n i c  
conduc t iv i ty  of molten LiC1-KC1 and t h e  t h e o r i e s  r e l a t e d  t o  t h e  conduct iv i ty  
of mixtures  of conduct ing and nonconducting phases.  E x i s t i n g  measurements 
and t h e o r i e s  permit  r e l i a b l e  e s t ima t ion  of t h e  conduc t iv i ty  of some composite 
systems of i n t e r e s t  . t o  our  program, and a  s e p a r a t e  r e p o r t  w i l l  b e  w r i t t e n  
on t h e s e  two t o p i c s .  

9 .  Pos tope ra t ive  C e l l  Examinations 
(F. C. Mrazek, K. G .  C a r r o l l ,  J. E. B a t t l e s )  

Pootopcro t ivo  o x r r m i n ~ f i ~ n s  are conducted on t e s t  rells primarily 
t o  e v a l u a t e  t h e  performance of v a r i o u s  c o n s t r u c t i o n  mater iaks  and components-- 
i n  p a r t i c u l a r  feedthroughs,  c u r r e n t  c o l l e c t o r s ,  e l e c t r o d e  s e p a r a t o r s ,  and 
c e l l  housings.  These examinat ions provide  important  informaeion, not  only 
on t h e  c o m p a t i b i l i t y  of c e l l  components with o t h e r  m a t e r i a l s  i n  t h e  c e l l ,  
b u t  a l s o  on t h e  performance and behavior  of t h e  Li-A1 and me ta l - su l f ide  
e l e c t r o d e  m a t e r i a l s .  The examination procedures  have been descr ibed  
p rev ious ly  (ANL-8109, p. 72). 

Table IV-2 p r e s e n t s  a  summary of c e l l s  t h a t  were examined du r ing .  
t h i s  p e r i o d ,  a long wi th  some c o n c l u s i ~ n s  a s  t o  t h e  causes of c e l l  f a i l u r e .  
A major mode of c e l l  f a i l u r e  was e l e c t r i c a l  s h o r t  c i r c u i t s  caused by t h e  
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 one e l e c t r o d e  and subsequent  con tac t  wi th  
t h e  o t h e r  e l e c t r o d e ,  a s  shown i n  Fig. IV-4. Another cause of s h o r t  c i r c u i t s  
was t h e  presence  of rdecal l ic  and s u l f i d e  p & ~ i c l e s  i n  t h e  sepa ra to r .  

a. Lithium-Aluminum Analyses by Ion  Microprobe Mass Analyzer ( I N )  

Major changes i n  handl ing  procedures  f o r  meta l lographic  
samples have made p o s s i b l e  t h e  p r e p a r a t i o n  of samples s u i t a b l e  f o r  IMMA 
examination. This  technique w i l i  permit  de te rmina t ion .  of ~ i : ~ l  r a t i o s  of 
t h e  m e t a l l i c  p a r t i c l e s  a t  v a r i o u s  l o c a t i o n s  i n  t h e  nega t ive  e l e c t r o d e s  of 
Li-A1/FeSx c e l l s .  



'Table IV-2. Summary of 'Cell Pos tope ra t ive  Examinations 

Type of Days .of Number 'Reason f o r  
C e l l  No. C e l l  Operation o'f Cycles Termination .Pos tope ra t ive  Examination 

'FM- 2 Li-Al- Ca/ 7 7 127 Declining Thisl c e l l  eva lua ted  t h e  e f f e c t s  of 'an 
FeS-Cu2S performance 8 w t  % Ca a d d i t i o n  t o  t h e  normal L i A l  

used i n  t he  nega t ive  e l e c t r o d e .  Met- 
a l l og raph ic  examination revea led  a 
l a r g e  amount of unusual c r y s t a l l i n e  
m a t e r i a l  i n  t h e  BN s e p a r a t o r ,  l a t e r  
i d e n t i f i e d  by X-ray d i f f r a c t i o n  and 
e l e c t r o n  microprobe (EMP) a s  CaS. 
Fur ther  bu lk  a n a l y s i s  of t h e  va r ious  
po r t ions  of t h e  c e l l  showed t h a t  most 
of t h e  Ca had migrated from t h e  nega- 
t i v e  e l e c t r o d e  i n t o  the  s e p a r a t o r .  

R-24 LiA1/FeS2-CoS2 2 1 27 . Short  c i r c u i t  The s h o r t  c i r c u i t  i n  t h i s  ce l1 ,was  
caused by massive upward e x t r u s i o n  of 
t h e  p o s i t i v e  e l e c t r o d e  m a t e r i a l s  and C- 

Cn 
i t s  subsequent con tac t  w i th  t h e  
negat ive  e l ec t rode .  

1 Shor t  c i r c u i t  Very l a r g e  aluminum p a r t i c l e s  p l u s  
smal l  Al2S3 p a r t i c l e s ,  a s  determined by 
EMP, were observed i n  t h e  s e p a r a t o r .  
The A 1  p a r t i c l e s  a r e  be l ieved  t o  be  
r e spons ib l e  f o r  t h e  s h o r t  c i r c u i t .  

9 Short  c i r c u d t  The negat ive  e l e c t r o d e  i n  t h i s  c e l l ,  
o r i g i n a l l y  a c a s t  plaque of LiA1, more 
than  doubled i n  th ickness  dur ing  
cycl ing.  This  excess ive  expansion 
caused t h e  s h o r t  c i r c u i t  by compressing 
t h e  p o s i t i v e  e l e c t r o d e  and f orc'ing 
p o s i t i v e  e l e c t r o d e  m a t e r i a l  through t h e  
bottom corner  of t h e  s e p a r a t o r ,  and 
t h i s  m a t e r i a l  contacted t h e  housing. 



Table IV-2. Summary 02 C e l l  Pos t cpe ra t ive  E x a m i n a t i ~ n  (Contd.) 

Type of Days of Number Reason f o r  
C e l l  No. C e l l  w e r a t i o n  of Cycles Termination Pos tope ra t ive  Examinations 

MP- 2 ~ i A l / F e s ~ - C o S ~  . 

- -~ - -  

3 0 3 4 Short  c i r c u i t  

106 ,155 Short  c i r c u i t  

38 36 Short  c i r c u i t  

121  . ,200 .Short c i r c u i t  

Macroexamination showed t h a t  t h e  s h o r t  
c i r c u i t  was caused by inadequate  
r e s t r a i n t  of t h e  p o s i t i v e  e l e c t r o d e  . 

which allowed i t  t o  move and con tac t  
t h e  negat ive  e l e c t r o d e  frame. 

Microexamination revealed a  l a r g e  
amount .of m e t a l l i c .  p a r t i c l e s ,  i n  
s t r i n g e r - l i k e  formation,  b r idg ing  t h e  
BN s epa ra to r .  These s t r i n g e r s  a r e  
be1 ieved t o  be  r e spons ib l e  f o r  t h e  
massive s h o r t  c i r c u i t  cond i t i on  
throughout t h i s  c e l l .  EMP showed t h e s e  
p a r t i c l e s  t o  be  an Fe-A1 a l l o y  of 
vary ing  composition. . . 

Th5s c e l l ' s  nega t ive  e l e c t r o d e  was 
or i .g ina l ly  made by p u t t i n g  Li f o i l  
between l a y e r s  of A 1  w i r e  and e l e c t r o -  
chemically forming t h e  LiA1. Micro- 
exanina t ion  showed t h a t  t h e  L i  f o i l  
hac r eac t ed  and t h a t  t h e  s e p a r a t o r  
contained a  m e t a l l i c  contaminant which, 
because of i t s  h ighly  r e a c t i v e  n a t u r e ,  
may have been f r e e  Li .  Fur ther  ana lyses  
a r e  i n  progress  t o  i d e n t i f y  t h e  m a t e r i a l  
w i t h i n  t h e  sepa ra to r .  

Thls  c e l l  was. a  m u l t i p l a t e  des ign  
conta in ing  two carbon-bonded p o s i t i v e  
e l e c t r o d e s  and fou r  nega t ive  e l ec t rodes .  
A s p e c i f i c  a r e a  of s h o r t i n g  could n o t  

' 

be . . l oca t ed  b u t  Fe and A 1  p a r t i c l e s  were 
observed i n  t he  sepa ra to r .  



Table 3CV-2. Summary of Cell Postoperative Examination (Contd.) 

Type of Days of Number Reason f o r  
C e l l  No. C e l l  Operation of Cycles Termination Postoperative Examinations 

EP-1-2-2 LiAl/FeS-Cu2 S 15 20 Short c i r c u i t  This c e l l  had a Y2O3 f e l t  separator. 
The short  c i r c u i t  resulted from 
extrusion of posi t ive  electrode 
material  through the corners of the 
f e l t  because of inadequate re ta ining 
brackets wf t h i n  the electrode.  The 
Y2O3 f e l t  was f r e e  of ac t ive  mater ia l  
i n  a l l  other locations examined. 

Overcharged Overcharging t h i s  c e l l  by 0.3 V above 
the normal 1.6 V caused a rapid 
decline i n  performance. Catastrophic 
corrosion e f f ec t s  were observed on the  
mild s t e e l  current col lector  i n  the 
posi t ive  electrode. Large i ron  
par t ic les ,  "'150'~m long, encapsulated 
the separator f i be r s ,  thus indicat ing 
i n  situ formation. 

Short c i r c u i t  The negative electrode was or ig ina l ly  
a cas t  plaque of so l id  LiA1. The back 
third  of the  plaque thickness was 
unreacted, whereas the  remaining 
two-thirds was broken up in to  smaller 
par t ic les .  The la rge  expansion of the  
negative electrode caused an upward 
extrusion of the  pos i t ive  electrode 
and a short  c i r c u i t  between the 
electrodes. 



Fig. IV-4. Cross-section of C e l l  1-2-2 
(ext rus ion of e lec t rode  mate r i a l  
i n  lower l e f t  corner).  

Applicat ion of t h i s  technique t o  the  charged Li-A1 e lec t rode 
of C e l l  LT-2 indicated  a s u b s t a n t i a l  l i th ium concentrat ion gradient  across 
t h e  thickness of t h e  electrode.  Lithium concentrat ions w e r e  a s  high a s  
68 at .  % near t h e  f r o n t  face,  as low a s  6 at. % near t h e  back face. a 
l i th ium concentrat ion gradient  had been previously indicated  by e a r l i e r  
chemical ana lys i s  and microscopic examinations. 

b. Formation of Li2S i n  Electrode Separators 

A s  previously described (ANL-77-17, p. 39) examinations of 
FeS2 c e l l s  have shown t h e  presence of a continuous band of Li2S (with i ron)  
i n  t h e  e lec t rode  separa tors .  This band i s  p a r a l l e l  t o  t h e  e lec t rode  face ,  
and genera l ly  loca ted  c lose r  t o  t h e  negative than t o  t h e  p o s i t i v e  electrode.  
Addit ional  FeS2 c e l l s  have been examined s ince  ANL 77-17, and these  c e l l s  along 
wi th  t h e  FeS2 c e l l  previously reported a r e  l i s t e d  i n  Table IV-3, Lithium 
s u l f i d e  was present  i n  t h e  separa tors  of a l l  FeS2 c e l l s  i n  Table IV-3 
with t h e  exception of S-86, S-87, R-15, R-25 and A-3. The absence of Li2S 
i n  t h e  separa tors  of c e l l s  S-86 and S-87, has been t e n t a t i v e l y  a t t r i b u t e d  t o  
a r eac t ion  of FeS2 wi th  the  Hastelloy B current  c o l l e c t o r  which resul ted  i n  
reduced s u l f u r  a c t i v i t y ,  and t o  reduced charge cutoff voltage. The presence 
of A12S3 and an Fe-A1 i n t e r m e t a l l i c  compound i n  t h e  separa tor  of C e l l  R-15 
ind ica tes  t h a t  t h i s  c e l l  was subjected t o  some abnormal condit ions during 
operat ion.  C e l l  A-3 a l s o  showed t h e  presence of A12S3 and l a r g e  masses of 
aluminum metal which encapsulated the  separa tor  f i b e r s ;  t h i s  behavior may have 
r e s u l t e d  from an overdischarge of the  c e l l .  The absence of Li2S i n  t h e  
separa tor  of t h i s  c e l l  was a t t r i b u t e d  t o  the  f a c t  t h a t  a f u l l  charge t o  FeS2 
was not  achieved. 

The c e l l s  l i s t e d  i n  Table IV-3 include those assembled i n  
both t h e  charged and uncharged states, and operated a s  upper-plateau and 
two-plateau c e l l s .  The da ta  show no c o r r e l a t i o n  between t h e  presence of 
Li2S and t h e  type of c e l l  (upper- o r  two-plateau) o r  assembly procedure. The 
only cor re la t ion  observed thus f a r  is  t h a t  t h e  c e l l  must have a FeS2 pos i t ive  
e lec t rode ,  s ince  Li2S does not  form i n  t h e  separa tor  of c e l l s  with FeS p o s i t i v e  
e lec t rodes .  This behavior suggests t h a t  t h e  formation of Li2S i n  the  



4 9  

Table IV-3. Separa tor  Examinations of FeS2 C e l l s  

C e l l  No.. ~ e ~ s r a t o r  

Y e s  
Yes 
Yes 
Yes 
Y e s  
Yes 
Yes 
Yes 
Yes 
Yes 
No 
No 
No 
No 
Yes 
Yes 
No 
Yes 
Yes 

Charge 
Cutoff 

Temp. , L i f e ,  Voltage,  
O C Days Cycles Addit ive V 

450a 7 9  140 CO-S 2.0 
425-435a 114 409 CO-S 2.1 
%450 3  6  3  8  Co-S overcharged 

475 144 522 CO-S 2.0-2.1 
450b 5  25 Co-S 2.3 
475 867 707 None 2.2-2.3 
450 8  9  111 None ----- 
450 62 7  6  None ----- 
450 8 10 CO-S ----- 
430 18 9  CO-S 2.23+2.11 
450 219 405 Co-S 1.96 ( 1 . 8 0 ) ~  
450 144 368 Co-S 1.96 ( 1 . 8 0 ) ~  
450 38 66 CO-S 2.3 

%450f 10 7  155 CO- S  2.1 
450 21 2  7  CO-S 2 .1  
4  30 11 7 CO-S 2.1 
425 1 <1 CO-S 2.0 
450 121  200 CO-S 2 .1  
440 17 17 CO-S 2.12-2.20 

---- 

a 
Peak power t e s t  conducted on t h e s e  c e l l s .  

b ~ e l l  temperature 512OC dur ing  s t a r t -up .  
C 
Has t e l loy  B c u r r e n t  c o l l e c t o r .  

d ~ w o  d i f f e r e n t  charge cu to f f  vo l t ages  used. 
e  
L i  m e t a l  o r  L i  a l l o y  o b s e r v e d . i n  s e p a r a t o r .  

f 
A12S3 and a n  i n t e r m e t a l i c  compound of Fe-A1 observed i n  s epa ra to r .  

g ~ p p e r  p l a t e a u ,  uncharged. Shorted b e f o r e  completion of 
f i r s t  charge. 

s e p a r a t o r  is r e l a t e d  t o  t h e  h igh  s u l f u r  a c t i v i t y  i n  FeS2 c e l l s  and may be 
prevented by reducing t h e  s u l f u r  a c t i v i t y .  This  e f f e c t  was observed i n  
c e l l s  S-86 and S-87. 

B.  C e l l  Chemistry 
. (M. F. Roche) 

The o b j e c l i v e s  of t h e  c e l l  chemistry s t u d i e s  a r e  (1) t o  i n v e s t i g a t e  
s p e c i f i c  chemical and e lec t rochemica l  problems t h a t  a r i s e  i n  t h e  development 
of c e l l s  and B a t t e r i e s ,  (2) t o  conduct s t u d i e s  t h a t  a r e  expected t o  l e a d  
t o  improvements i n  t h e  e l e c t r o d e s  and i n  c e l l  des ign ,  and (3) t o  provide  
a  b a s i c  understanding of t h e  processes  t h a t  occur  w i t h i n  c e l l s .  



1. S t u d i e s  of S u l f u r  and I r o n  Losses  from FeS2 E lec t rodes  
.(A. E. Mar t in ,  Z. ~omczuk ,  M. F. Roche) 

Powders of FeS2, FeS2 + Li2FeS2, or.FeS2 + Li2S were added t o  
LiC1-KC1 e l e c t r o l y t e  and t h e s e  mixtures  were. hea ted  a t  700 K i n  6 cm3 
alumina c r u c i b l e s  t h a t  were open t o  a  helium glove-box atmosphere. The 
mixtures  c o n s i s t e d  of about  0.2 g  of each powder i n  1 g of e l e c t r o l y t e .  
Assuming t h a t  t h e  weight  l o s s e s  were from t h e  FeS2 f r a c t i o n  i n  each mixture ,  
t h e  FeS2 l o s t  2.4% of i t s  o r i g i n a l  weight i n  3  days and 2.5% i n  6  days. For 
t h e  Fe2S + Li2FeS2 mixture ,  no s i g n i f i c a n t  weight l o s s  w a s  de t ec t ed .  However, 
s u b s t a n t i a l  l o s s e s ,  namely 4.9% i n  3  days and 8.3% i n  6  days ,  were obta ined  
wi th  t h e  Li2S + FeS2 mixture.  Thus, t h e  Li2S appeared t o  a c c e l e r a t e  t h e  
weight  l o s s  of t h e  FeS2. Because t h e  vapor  p r e s s u r e  of s u l f u r  over  FeS2 
i s  only  7.3 x  Pa (7.2 x  atm) a t  700 K', t h e  h igh  i n i t i a l  l o s s  
( f i r s t  3 days)  f o r  t h e  mixture  of FeS2 i n  e l e c t r o l y t e  is  s u r p r i s i n g .  The 
expected change i n  s u l f u r / i r o n  r a t i o  f o r  t h i s  sample was n o t  confirmed 
m e t a l l ~ g r a p i c a l l ~ .  

Meta l lographic  examinations were conducted on t h e  products  of t h e  
t h r e e  t e s t s .  Because of  t h e  observed weight l o s s  i n  t h e  FeS2-e lec t ro ly te  
mixture ,  a .  s u p e r f i c i a l  l a y e r .  of Fel-XS w a s  expected t o  have formed on t h e  
FeS2 p a r t i c l e s ,  b u t  n o . l a y e r  of any k ind  was. de t ec t ed .  The mixture  of 
FeS2 and Li2FeS2 'had been converted t o  FeS2, Li4Fe2S5, and Fel,,, w i t h  l oose  
l a y e r s  of ~ i , . , F e ~ ~ g  on t h e  FeSz p a r t i c l e s .  I n  t h e  Li2S and FeS2 mixture ,  a 
r e a c t i o n  l a y e r  had formed on t h e  FeS2 p a r t i c l e s .  ' This  r e a c t i o n ' l a y e r  was 
recognized a s  a  phase p rev ious ly  observed when Li2S and FeS2 powders were 
r e a c t e d  i n  t h e  absence of e l e c t r o l y t e .  I n  t h e s e  e a r l i e r ' : t e s t s ,  t h e  
composition of t h i s  phase was es t imated  t o  b e  LigFegSg,.which is  s l i g h t l y  
more s u l f  u r - r ich  than  LikFe2S5. 

'I'hermodynamlc calculaLlulcs lrastd an imf mcaburcmcnto o f  sells 
CANL-77-17. P.  46) and l i t e r a t u r e  da ta8  i n d i c a t e  t h a t  t h e  r e a c t i o n  
2FeS7 + 2Li2S -+ LiqFe7Sg + S e x e r t s  a  s u l f u r  vapor  p re s su re  of 26 k P a '  
( 0 . 3 5  n t m )  at 700 K ( s u l f u r  a c t i v i r y  of 0.335).  Thus, t h e  thermodynamic 
c a l c u l a t i o n s  l end  suppor t  t o  t h e  obse rva t ion  of a  high s u l f u r ' l o s s  Lor 
mixtures  of Li2S and F'eS2. 

Evidence f o r  formation of a yellow-orange s o l u t i o n  s p e c i e s  upon 
h e a t i n g  mixtures  of Li2S,  FeS2 and LiCL-KC1 e l e c e r o l y r e  has bee11 r rpuL~ed. '  
Pre l iminary  measurements of t h e  i r o n  and s u l f u r  concentration of ~111s su lu t io i l  
were made. Lithium s u l f i d e  (2 g) and FeS2 (2 g) were he ld  i n  a n  alumina 
c y l i n d e r  having a p r e s s - f i t  porous g r a p h i t e  face .  This  assembly w a s  placed 
i n  255 g of LiC1-KC1 e l e c t r o l y t e ,  and was e q u i l i b r a t e d  f o r  24 h r  a t  t h r e e  
tempera tures  (718, 736, and 776 K). During t h i s  e q u i l i b r a t i o n ,  t h e  e l e c t r o l y t e  
was s t i r r e d  t o  promote t r a n s p o r t  of s o l u b l e  s p e c i e s  through Chr porous 
g r a p h i t e  i n t o  t h e  e l e c t r o l y t e  ba th .  Samples of t h e  e l e c t r o l y t e  were then  
taken i n  U-shaped q u a r t z  sampling tubes.  The f rozen  samples had a yel lowish 
orange co lo r .  The r e s u l t s  of ana lyses*  f o r  i r o n  and s u l f u r  a r e  compared 
w i t h  e a r l i e r  r e s u l t s  f o r  Li2S a lone  and FeS2 a lone  i n  Table IV-4.1° 

* 
Analyses performed by K.  J. Jensen ,  A n a l y t i c a l  Chemistry Laboratory. 



. Table IV-4. Analyses of LiC1-KC1 E l e c t r o l y t e  
Equ i l i b ra t ed  wi th  Li2S, FeS2, o r  
Li2S and FeS2 (ppma) 

Li2S and F ~ s ~ ~  

T , K .  . Li2 S FeS2 Li2 S EeS2 

%icrograms of compound pe r  gram of LiC1-KC1 
e l e c t r o l y t e .  

b ~ r o n  w a s  assumed t o  be  p re sen t  a s  FeS2; t h e  
remainder of t h e  s u l f u r  was assumed t o  be  Li2S. 

Although a l l  t h e  s o l u t i o n s  were h ighly  co lo red ,  on ly  sma l l  amounts of i r o n  
were fourid. These pre l iminary  r e s u l t s  sugges t  t h a t  t h e  s p e c i e s  r e s p o n s i b l e  
f o r  t h e  s o l u t i o n  c o l o r  is  n o t  p re sen t  a t  an unusual ly  h igh  concent ra t ion .  
However, i n  view of t h e  s u l f u r  vapor l o s s e s  over  Li2S-FeS2 mixtures ,  some 
method of s e a l i n g  t h e  system t o . p r e v e n t  vapor l o s s e s  must be devised t o  
o b t a i n  accu ra t e  s o l u b i l i t y  d a t a .  

The s i t u a t i o n  descr ibed  i n  t h e  above experiments (coexis tence  
of Li2S and FeS2) i s  no t  one t h a t  is  normally encountered dur ing  c e l l  ope ra t ion ;  
FeS2 is  p re sen t  near  f u l l  charge,  whereas LI2S is  formed l a t e r  i n  t h e '  
d i scharge .  However, t h e  t e s t s  sugges t  t h a t  Li2S i n  t h e  BN.separator  of a  
c e l l  w i l l  no t  b e  r e a d i l y  absorbed by a  p o s i t i v e  e l e c t r o d e  t h a t  is  r i c h  
i n  FeS2. 

A v a r i e t y  of o t h e r  p o s s i b l e  abnormal ~ i t u a t i ~ n s  t h a t  might e x i s t  
dur lng  charg ing  of the  p o s l t l v e  e l e c t r o d e  have been sub jec t ed  t o  a 
pre l iminary  thermodynamic a n a l y s i s ,  bu t  have n o t  been observed experimental ly .  
Calcu la ted  emfs (ANL-77-17, p. 47) f o r  some r e a c t i o n s  t h a t  a r e  capable  of 
producing t h e  undes i r ab le  s p e c i e s ,  FeC12 o r  l i q u i d  s u l f u r ,  a r e :  

FeS2 + 2A1 + 2L2C1 +: FeC12(10-3~)'  + 2s  + 2 L M  2.33 V 

The f i r s t  t h r e e  r e a c t i o n s  might occur i n  pos i t i ve -e l ec t rode  r eg ions  r i c h  i n  
Li2S, L14Fe2SS, o r  FeS; t h e  emfs of t h e s e  r e a c t i o n s  a r e  lower than  t h e  
cha rge -cu to f f . vo l t age  of 2.2 V normally used i n  LiA1/FeS2 c e l l s .  The l a s t  
r e a c t i o n  is prevented by use  of a  2.2 V charge c u t o f f .  Addi t ives  capable 
of prevent ing  formation and escape of s u l f u r  o r  FeC12 a r e  now being sought.  



2. Titanium D i s u l f i d e  E lec t rode  Development, 
(K. E. Anderson, D. R . .  V i s se r s )  

T e s t s  of a 1 A-hr (0.2 ~ - h r / c m ~ )  TiS2 c e l l  i n d i c a t e d  t h a t  t h i s  
e l e c t r o d e  o p e r a t e s  w e l l  (ANL-77-17, p. 47). The e l e c t r o d e  contained only 
15% e l e c t r o l y t e  by volume : a f t e r , c y c l i n g ;  however, t h i s  low voLume f r ac . t i on  
of  e l e c t r o l y t e  d id  n o t  l i m i t  t h e  Tis2 u t i l i z a t i o n .  A u t i l i z a t i o n  of 97% 
w a s  ob ta ined  a t  a d i scha rge  c u r r e n t  d e n s i t y  of 100 m ~ / c m ~ .  

Larger  s c a l e  t e s t s  of TiS2 a r e  now being conducted. A p r i sma t i c  
' c e l l  (12.5 x 12.5 x 4.4 cm) was cons t ruc t ed  wi th  a  2-cm-thick, 142 A-hr TiS2 
p o s i t i v e  e l e c t r o d e  sandwiched between two 0.7-cm-thick, 75 ,A-hr LiAl 
n e g a t i v e  e l e c t r o d e s .  The TiS2 w a s  cold-pressed wi thout  e l e c t r o l y t e  onto  
a  molybdenum c u r r e n t  c o l l e c t o r  k t  75. t ons  (6.8 x l o 4  kg) t o  a d e n s i t y  of 
2.05 g/cm3 (64% of t h e o r e t i c a l ) .  The c e l l  was opera ted  a t  430°C. Its 
r e s i s t a n c e  was 6 mi2 and i t s  average d i scha rge  v o l t a g e  was 1.7 V.. The achieved 
capac i ty ,  a t  10-A d i scha rge  and charge c u r r e n t s  (33 m ~ / c m ~ )  was 98 A-hr, which 
corresponds t o  a  s p e c i f i c  energy of 54 W-hrlkg. 

A t  20-A d i scha rge  and charge c u r r e n t s  t h e  capac i ty  was 70'A-hr. 
During the  seventh charge ,  t h e  charge-cutoff v o l t a g e  was increased  from 
2.28 t o  2.33 V i n  a n  a t tempt  t o  i n c r e a s e  t h e  s p e c i f i c  energy. This  
h i g h e r  cu to f f  v o l t a g e  caused t h e  coulombic e f f i c i e n c y  t o  d e c l i n e  from 95% 
t o  about 30% by c y c l e  17 ,  a t  which t ime t h e  t e s t  w a s  terminated.  The 
c e l l  was then  cross-sec t ioned  and examined. T h e , p o s i t i v e  e l e c t r o d e  liad 
expanded by 30%, t o  a th i ckness  of 2.6 cm. The BN f a b r i c  s e p a r a t o r ,  l oca t ed  
between t h e  LiAl and TiS2 e l e c t r o d e s ,  'had become conductive. This  e f f e c t  
probably occurred because l i q u i d  l i t h i u m ,  which fornied, i n  t h e  nega t ive  
e l e c t r o d e s  as a r e s u l t  of t h e  h igh  charging v o l t a g e ,  had pene t r a t ed  through 
che separator. 

I n  s p i t e  of t h e  problems wi th  t h e  f irst  engineer ing-sca le  TiS2 c e l l ,  
t h e  system appears  t o  be  promising. Addi t iona l  c e l l s  a r e  now be ing  f a b r i c a t e d  
t o  b e t t e r  c h a r a c t e r i z e  t h e  TiS7 e l ec t rode .  

3. Performance of Li-A1 E lec t rodes  wi th  Addi t ives  
(D. R. V i s se r s  and K. E. Anderson) 

I n v e s t i g a t i o n s  a r e  cont inuing  on mod i f i ca t ions  of t h e  L i -A1  . e lec t rode  
t h a t  may r e s u l t  i n  s u s t a i n e d  h i g h  c a p a c i t i e s  dur ing  extended cyc l ing .  It is  
suspec ted  t h a t  t h e  decreas ing  capac i ty  of t h e  Li-A1 e l e c t r o d e s  r e s u l t s  
from morphological changes of t h e  a c t i v e  m a t e r i a l  over  a  per iod  o f -  time. 
The p re sen t  s t u d i e s  a r e  focused on t h e  use, of v a r i o u s  m e t a l l i c  a d d i t i v e s  t o  
t h e  Li-A1 b i n a r y  a l l o y  as a p o s s i b l e  means of c o n t r o l l i n g  o r  modifying 
' t h e s e  morphological changes. The a d d i t i v e s  t h a t , a r e  c u r r e n t l y  under 
i n v e s t i g a t i o n  a r e  indium, l e a d ,  t i n ,  and copper. 

The Li-A1-M (M = m e t a l - a d d i t i v e )  e l e c t r o d e s  were prepared by 
me l t ing  mixtures  of t h e  d e s i r e d  composition a t  about  800-900°C i n  tantalum 
c r u c i b l e s . "  The a l l o y  was ground t o  a  powder and placed i n  an i r o n  Retimet 

* 
These m a t e r i a l s  were prepared by A ,  E. Martin.  



d i s k ,  which was enclosed i n  a  325-mesh s t a i n l e s s  s t e e l  s c reen  baske t  td: 
c o n t a i n . t h e  p a r t i c u l a t e  m a t e r i a l .  This  e l e c t r o d e  was opera ted  a g a i n s t  a  
l i qu id - l i t h ium counter  e l e c t r o d e  wi th  t h e  same a r e a  (15.6 ' cm2') i n  LPC1-KC1 
e l e c t r o l y t e  a t  ~425OC. The Li-A1-M e l e c t r o d e s  were about 0.8 cm t h l c k ,  and 
had t h e o r e t i c a l  c a p a c i t i e s  of approximately 10 A-hr. 

The performance of t h e  te rnary-a l loy  e l e c t r o d e s  was eva lua ted  by 
comparing t h e  capac i ty  of t h e  c e l l s  a t  v a r i o u s  c u r r e n t  d e n s i t i e s  (0.05 t o  
0.10 ~ / c m ~  dur ing  charge  and 0.05 t o  0.30 ~ / c m ~  dur ing  d ischarge)  .' The 
IR-free c u t o f f  p o t e n t i a l s  f o r  d i scha rge  and charge were 0.15 and 0.70 V,  
r e s p e c t i v e l y ;  t h e s e  c u t o f f s  permi t ted  a  p o l a r i z a t i o n  of t h e  LiAl e l e c t r o d e  
t h a t  is  s i m i l a r  t o  i ts p o l a r i z a t i o n  i n  LiAl/metal s u l f i d e  c e l l s .  Ear ly  
r e s u l t s  were r epo r t ed  i n  ANL-76-98, p. 44. 

The l a t e s t  r e s u l t s  of t h i s  s tudy  of a d d i t i v e s  a r e  summarized i n  
Table IV-5. Addit ions of l ead  (10 w t  %) ,  t i n  (5 w t % ) ,  o r  copper (5 w t  %) d i d  
not  improve t h e  capac i ty  r e t e n t i o n  c h a r a c t e r i s t i c s  of t h e  e l e c t r o d e s ,  
a l though t h e  t i n  a d d i t i o n  improved t h e  capac i ty  d e n s i t y  dur ing  e a r l y  cyc l ing .  
I n  c o n t r a s t ,  t h e  a d d i t i o n  of indium (3.9 w t  %) g r e a t l y  improved t h e  capac i ty  
r e t e n t i o n ;  t h e  r a t e  of capac i ty  d e c l i n e  per  cyc l e  was <0.01%, a s  compared 
wi th  a  r a t e  of 0.06% f o r  a  Li-A1 e l e c t r o d e  wi th  no ad&i t ive .  ~ h o t o m i c r o ~ r a p h i c  
examination of t h e  t e s t  e l e c t r o d e s  showed t h a t  t h e  major morphological 
d i f f e r e n c e s  exh ib i t ed  by t h e  Li-Al-In e l e c t r o d e  was t h e  presence of d e n d r i t i c  
p a r t i c l e s  w i th  h igh  s u r f a c e  a rea .  S tud ie s  a r e  be ing  cont inued wi th  
a d d i t i v i e s  of antimony and z inc .  

C. Advanced Ba t t e ry  Research 
(M. F. Roche) 

f i e  o b j e c t i v e  of t h i s  work is  t o  develop new secondary c e l l s  t h a t  use  
inexpensive,  abundant m a t e r i a l s .  The experimental  work ranges from 
c y c l i c  vo l tamet ry  s t u d i e s  and pre l iminary  c e l l  t e s t s  through t h e  c o n s t r u c t i o n  
and ope ra t ion  of engineer ing-sca le  c e l l s  f o r  t h e  most 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  
molren-salr e l ece ro lyees .  

1. Cycl ic  Voltammetry S tud ie s  
(S. K.  P r e t o ,  M. F. Roche) 

Cycl ic  voltammetry i s  be ing  used t o  i n v e s t i g a t e  t h e  e lec t rochemica l  
behavior  of candida te  e l e c t r o d e  m a t e r i a l s  f o r  c e l l s  t h a t  have calcium 
nega t ive  e l e c t r o d e s  and mol ten-sa l t  e l e c t r o l y t e s .  Resu l t s  f o r  Ca-A1 
e l e c t r o d e s  i n  NaC1-CaC12 e l e c t r o l y t e  and LiAl e l e c t r o d e s  i n  LiC1-KC1 
e l e c t r o l y t e  were presented  i n  a  prev ious  r e p o r t  (ANL-76-81, p. 49). Resul t s  
f o r  e l e c t r o d e s  wi th  i n t e r m e t a l l i c  compounds (calcium and aluminum, m a g n e s i d ,  
o r  Mg2Si) i n  LiC1-KC1-CaC12 e l e c t r o l y t e  as w e l l  a s  r e s u l t s  f o r  FeS e l e c t r o d e s  
i n  e i t h e r  LiC1-KC1 o r  LiC1-KC1-CaC12 e l e c t r o l y t e  a r e  presented  i n  t h i s  , . r e p o r t .  
I n  LiC1-KC1, t h e  r e f e rence  and counter  e l e c t r o d e s  were LiAl + aluminum; i n  
LiC1-KC1-CaC12, they were CaA14 p l u s  aluminum. The working e l e c t r o d e s  f d r  . 
t h e  calcium i n t e r m e t a l l i c s  were contained i n  i r o n  housings of 3-cm2 a r e a  
and 0.4-cm th ickness .  I r o n  s u l f i d e  working e l e c t r o d e s  were loaded i n t o  
molybdenum housings of 5-cm2 a r e a  and 0.3-cm th ickness .  



Table IV-5. Performance and ~Zapacity Retent ion of L i A l  E lec t rodes  wi th  AddTtives 

Charge ~ t i l i z a  t ima a t  Discharge Current Density Capacity 
Current Density Decl ine,  b 

Addi t ive  - d /c rn2  50 m.A/cm2 100 mt/cm2 200 mA/cm2 300 mA/cm2 %/cyc le  u t i l i z a t i o n b  
--- - - - - - - - - - - - -- - - - - 

None 5 0 92.3 i39.2 84.6 81.9 
100 80.2 76.. 6 76.6 65.16 

0.06 87.0 

-- - - - -- - - -- - - - - - -  -- 

a Percent  of t h e o r e t i c a l  l i t h i m  capac i ty .  Data obta ined  dur ing  f i r s t  50 cyc les .  

b ~ e a s u r e d  a t  50 . m ~ / c m ~  charp; :&nd d i scha rge  c u r r e n t  d e n s i t i e s  a f t e r  100 cyc les . '  



The Ca-A1 voltammetry r e s u l t s  were e s s e n t i a l l y  t h e  same i n  LiC1-14-5 
rnol % KC1631 rnol .% CaC12 a t  500°C and i n  LiC1-37 rnol % KC1-9 mol % CaC12 a t  
485OC. A voltammogram from t h e  s tudy  i n  t h e  former e l e c t r o l y t e  i s  shown 
i n  Fig.  IV-5. I n  a d d i t i o n  t o  t h e  Ca-A1 doub le t ,  which i s  a l s o  found i n  t h e  
NaC1-CaC12 e l e c t r o l y t e  (ANL-76-81, p. 49) ,  a  LiAl peak is  c l e a r l y  ev iden t  
on t h e  ca thod ic  s i d e .  It i s  p re sen t  because of incomplete u t i l i z a t i o n  of t h e  
aluminum by calcium r e a c t i o n s ,  which leaves  some aluminum a v a i l a b l e  f o r  
L i A l  formation. The peak is  absent  on d i scha rge  because t h e  LiAl r e a c t s  
w i th  CaC12 i n  t h e  e l e c t r o l y t e  t o  form L i C l  and t h e  calcium-aluminum 
compounds. A s  t h e  working e l e c t r o d e  was cyc led ,  t h e  LiAl peak became 
sma l l e r  r e l a t i v e  t o  t h e  calcium peaks, thereby i n d i c a t i n g  t h a t  breakup of 
t h e  i n i t i a l l y  coa r se  aluminum p a r t i c l e s  permi t ted  t h e  calcium r e a c t i o n s  
t o  proceed more r e a d i l y .  A Ca-Mg voltammogram i n  LiC1-37 rnol % KC1-9 rnol % 
CaC12 a t  457OC is  shown i n  Fig. IV-6. Here t h e  l i t h i u m  i n t e r a c t i o n  was no t  
observed; l i t h i u m  does n o t  form a Li-Mg compound. A voltammogram f o r  t he  
t e r n a r y  Ca-Mg-Si e l e c t r o d e  i s  shown i n  Fig. 1V-7. Its complexity prec ludes  
peak assignments.  

/ SCAN RATE = 0.038 r n V l f  

Fig. IV-5. Voltammogram f o r  200 mg Aluminum 
i n  LiC1-KC1-CaC12 a t  500°C. 

Af t e r  10 t o  20 cyc le s  t o  permit e l e c t r o d e  formation,  t h e  percent  
u t i l i z a t i o n  of t h e  e l c t r o d e  a t  va r ious  scan  r a t e s  was determined by measuring 
t h e  a r e a s  of t h e  d i scha rge  peaks ( i n  mA-hr) and comparing t h e s e  va lues  w i t h  
t h e  t h e o r e t i c a l  e l e c t r o d e  c a p a c i t i e s .  The r e s u l t s  f o r  CaA12, CaMg2, and 
Ca,(Mg2Si) i n  LiCl-37 rnol Z KC1-9 rnol % C a C 1 2  a t  485, 457, and 450°C, 
r e s p e c t i v e l y ,  and f o r  LiAl i n  LiC1-KC1 ( e u t e c t i c )  a t  465OC a r e  given i n  Fig.  
TV-8. These e l e c t r o d e s  had 50-70 mA-hr/cm2 t h e o r e t i c a l  capac i ty  d e n s i t i e s ,  A 
scan r a t e  of 0 . 1  m ~ / s  i s  roughly equ iva l en t  t o  a  1-hr charge and d ischarge  of 
t he  e l e c t r o d e s .  The very  good performance of LiAl i s  a t t r i b u t e d  t o  t h e  very  
h igh  permeabi l i ty  of l i t h i u m  through aluminum and t h e  i n t e r m e t a l l i c '  ' compound 
LiA1. The s o l u b i l i t y  of l i t h i u m  i n  aluminum and i n  LiAl i s  about  10 a t .  %, b u t  
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Fig.  IV-6.' Voltarmnogram f o r  364 mg CaMg2 
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Fig:IV-7. Voltammogram for  200 mg Mg2Si in  
LiC1-KC1-CaC12 a t  460'OC , 
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Fig. IV-8. Percent  U t i l i z a t i o n  us. Voltammetric 
Scan Rate f o r  LiA1, CaA12, CaMg2, 
and Ca, (Mg2 S  i )  

t h e  s o l u b i l i t y  of calcium i n  t h e  phases t h a t  e x i s t  i n  b ina ry  calcium sysfAms 
is  gene ra l ly  l e s s  than  1. a t .  %. l 2  This  lower s o l u b i l i t y  (and probably 
a  lower d i f f u s i o n  c o e f f i c i e n t  f o r  calcium than  f o r  l i t h ium)  r e s t r i c t s  t he  
performance of t h e  b ina ry  calcium i n t e r m e t a l l i c  e l ec t rodes .  However, i n - c e l l  
t e s t s  have demonstrated t h a t  t h e  Ca-Mg-Si t e r n a r y  system performs b e t t e r  
than  CaA12 o r  CaMg2 and approaches t h e  performance of LiAl (ANL-77-17, p. 53.). 
Voltammetry r e s u l t s  i n  Fig. IV-8 f o r  a  70 mg/cm2 Mg2Si e l e c t r o d e  support  
t h i s  f i n d i n g :  assuming 1 A-hr Ca/g Mg2Si t h e o r e t i c a l  c a p a c i t y ,  t h e  
u t i l i z a t i o n  i n  LiC1-37 mol % KC1-9 mol % CaC12 a t  460°C was 90% a t  a  scan  
ra . te  of 0.025 mV/s, 7.7% a.t  0.1.0 m ~ / s ,  a.nd 242 at.  1. m.V/s.  

The behavior  of FeS i n  LiC1-KC1 e u t e c t i c  is  i l l u s t r a t e d  i n  Fig. IV-9. 
The voltammogram shown i s  t y p i c a l ;  t h e  c u r r e n t  t r a c e s  over lay  one ano the r  
on repea ted  cyc l ing .  The peaks below t h e  a x i s  (d ischarge)  a r e  i n t e r p r e t a b l e  
because of a  meta l lographic  s tudy  (ANL-77-17, p.  42) which showed t h a t  t h e  
s u r f a c e  and i n t e r i o r  of FeS p a r t i c l e s  had d i f f e r e n t  d i scha rge  pa ths .  B r i e f l y ,  
t h e  t h r e e  d ischarge  peaks, reading  from r i g h t  t o  l e f t  a r e  ass igned  t o :  (1) 
d i scha rge  of t h e  p a r t i c l e  s u r f a c e  t o  J phase (LiK6Fe24S26C1), (2) d i scharge  
of t h e  i n t e r i o r  of t h e  p a r t i c l e s  ( v i a  Li2FeS2) t o  Li2S and Fe, and (3) 
d i scha rge  of t h e  J phase on t h e  s u r f a c e  t o  Li2S and Fe. The dominant 
d i scha rge  peak i s  q u i t e  broad;  i t  is be l ieved  t o  be  a  doub le t  t h a t  i s  
unresolved because t h e  d i scha rge  is occurr ing  through a  J-phase l a y e r .  The 
peaks above t h e  a x i s  (charge)  sugges t  a  charge mechanism t h a t  is  q u i t e  s imple  
compared wi th  t h e  d i scha rge  mechanism. Each peak r e p r e s e n t s  50% of t h e  charge. 
The f i r s t  peak r e p r e s e n t s  t h e  formation of Li2FeS2 from Fe and Li2S, and 
t h e  second peak r e p r e s e n t s  t h e  f u r t h e r  r e a c t i o n  of Fe and Li2FeS2 t o  form 
FeS. J-phase formation may occur a s  an  in t e rmed ia t e  s t e p  dur ing  t h e  second 
charge peak, and is  f r equen t ly  observed me ta l log raph ica l ly  i n  charged FeS 
c e l l s .  This  s tudy  of t h e  r e a c t i o n s  of l i t h ium i o n s  w i t h  FeS was made t o  a i d  
i n  understanding t h e  behavior  of FeS i n  the  presence of calcium ions .  



V vs LiAl 
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Fig. IV-9. Voltammogram f o r  20 mA-hr FeS and 100 mg 
Fe Powder i n  LiC1-KC1 a t  430°C 

The behavi'or of FeS . i n  LiC1-37 .mol % KC1-9 mol % CaC12 i s  
i l l u s t r a t e d  i n  Fig. IV-10. The major charge and d ischarge  peaks r e s u l t  from 
t h e  calcium-ion reac't ion. The minor (unlabeled)  peaks, which a r e  a t  a lower '. 

v o l t a g e  than  the  calcium-ion peaks, r e s u l t  from t h e  li thium-ion re.actions 
j u s t  described.  These l i thium-ion peaks a r e  i n i t i a l l y  l a r g e r  than t h e  
calcium-ion peak; bu t  become smal ler  wi th  cycl ing  and eventual ly  d isappear  
a s  t h e  e l e c t r o d e  p a r t i c l e s  become very f i n e .  . - 

Fig. IV-10. Voltammogram f o r  20 mA-hr FeS 
and 100 mg Fe Powder i n  LiC1- 
KC1-CaC12.at 460°C 



A major problem, p a r t i c u l a r l y  n o t i c e a b l e  i n  t h i s  voltammogram, is  
t h a t  t h e  FeS charge peak (above t h e  a x i s )  i s  loca t ed  on a  gene ra l  upsweep 
i n  c u r r e n t  t h a t  r e s u l t s  from a h igh ly  undes i r ab le  s i d e  react ion-- the 
formation of s o l u b l e  FeC12 by ox ida t ion  of i r o n .  The upsweep (between 1.4 
and 1 .6  V )  i s  s o  pronounced because only  10% u t i l i z a t i o n  of t h e  FeS was 
achieved i n  t h i s  t e s t .  The problem of i r o n  ox ida t ion  was l a r g e l y  e l imina ted  
i n  a  l a t e r  experiment i n  which no excess  i r o n  was added and t h e  FeS was 
incorpora ted  i n t o  a  carbon-foam cu r ren t  c o l l e c t o r .  The FeS u t i l i z a t i o n  
i n  t h i s  l a t e r  experiment was 60%, which was t h e  same a s  t h e  u t i l i z a t i o n  i n  
t h e  l i thium-ion voltammetry experiment of Fig. IV-9. These experiments 
i n d i c a t e  t h a t  d i s t r i b u t e d  carbon, no t  i r o n ,  i s  a  s a t i s f a c t o r y  c u r r e n t  c o l l e c t o r  
f o r  t h e  FeS e l e c t r o d e  i n  a  calcium syst:em. 

2. U t i l i z a t i o n ' o f  I r o n  S u l f i d e s  
( Z ,  Tomczuk, A. E. Martin) 

P o s i t i v e  e l e c t r o d e s  of FeS o r  FeS2 having c a p a c i t i e s  of 1 t o  2 A-hr 
were prepared i n  sma l l ,  g r a p h i t e  housings of 5-cm2 a r e a  and 0.6-cm 
th ickness .  The u t i l i z a t i o n  of t h e  t h e o r e t i c a l  capac i ty  a t  a  c u r r e n t  
d e n s i t y  of 10 m.A/cm2 was measured a t  450°C i n  LiC1-KC1 e u t e c t i c ,  LiC1-37 mol % 
KC1-9 mol % CaC12, o r  NaC1-20 mol % KC1-50 mol % MgC12. The nega t ive  : 

e l e c t r o d e s  cons i s t ed  of L i ,  CaA12,,and Mg, r e s p e c t i v e l y ,  and had much l a r g e r  
c a p a c i t i e s  than  t h e  p o s i t i v e  e l e c t r o d e s .  The r e s u l t s ,  which a r e  summarized 
i n  Table IV-6, i n d i c a t e  t h a t  i r o n - s u l f i d e  e l e c t r o d e s  i n  calcium and magnesium 
c e l l s  r e q u i r e  added c u r r e n t  c o l l e c t o r  (e.g. ,  carbon powder d i s t r i b u t e d  
throughout t h e  a c t i v e  m a t e r i a l )  t o  o b t a i n  adequate  u t i l i z a t i o n .  ( I r o n  
provides adequate  c u r r e n t  c o l l e c t i o n ,  b u t  i s  too  e a s i l y  oxid ized  t o  b e  
p r a c t i c a l . )  Optimizat ion of t h e  c u r r e n t - c o l l e c t o r  m a t e r i a l  and des ign  may 
l ead  t o  u t i l i z a t i o n s  g r e a t e r  than  90%. 

Metal lographic s t u d i e s  revea led  t h a t ,  i n  t h e  absense of added 
c u r r e n t  c o l l e c t o r ,  l a y e r s  of CaS o r  MgS, which a r e  probably nonconductive, 
were formed on t h e  i r o n  s u l f i d e s  only i n  t h e , r e g i o n  near  t h e  g r a p h i t e  housing. 
These lavers appear  t o  have prevented e l e c t r o n i c  conduction t o  t h e  i r o n  
s u l f i d e  p a r t i c l e s  t h a t  were no t  i n  d i r e c t  con tac t  w i th  t h e  housing. 

I n  t h e  l i t h ium systems a  s e p a r a t e  Li2S phase does no t  form wi th  
e i ther :  FeS OT F P . S ~  i i n t i l  'in2 11ti l . izat ion is achieved. This Lips i s  
probably s t i l l  a  good e l e c t r o n i c  conductor s i n c e  i t  con ta ins  a  s u b s t a n t i a l  
amount of d i s so lved  FeS (about 10 a t .  X ) .  The i r o n  s u l g i d e s  themsel.ves 
a r e  known t o  be  f a i r l y  good e l e c t r o n i c  conductors;  t h e  ve ry  h igh  u t i l i z a t i o n  
(>go%) i n  t h e  l i thium-ion systems i n d i c a t e s  t h a t  o t h e r  s u l f i d e s ,  formed a s  
t h e  e l e c t r o d e  d ischarges  . (e. g., Li4Fe2S5 and Li2FeS2) , a r e  a l s o  good 
e l e c t r o n i c  conductors.  

3. Engineering S tud ie s  
(J, a. .Arntzen, K.. E. Anderson, D. R. Visse r s )  

. Engineering-scale t e s t s  of t h e  ca lc ium/ i ron  s u l f i d e  system have 
concent ra ted  on eva lua t ioqs  of v a r i o u s  nega t ive  e l e c t r o d e s  (CaA12, Ca2Si, 
CaMg2, and CaxMg2Si) i n  conjuc t ion  wi th  an  FeS p o s i t i v e  e l e c t r o d e  (ANL-77-17, 
p. 54).  The FeS p o s i t i v e  e l e c t r o d e s  have had i r o n  c u r r e n t  c o l l e c t o r s  t h a t  
ox id i ze  t o  form FeClp i n  s o l u t i o n  wh i l e  FeS is  be ing  generated from i r o n  



Table IV-6. U t i l i z a t i o n  of I r o n  
S u l f i d e  E lec t rodes  

.. % U t i l i z a t i o n  

With Lithium Ions  

FeS 
FeS2 

With Calcium Ions  

FeS 
FeS2 

a 
FeS + Fe Retimet 7 0 
FeS2 .+ carbon 7 0 
FeS2 (15 w t  % CoS2) + carbon 70 

With Magnesium Tnns 

FeS2 ' 

FeS2 + carbon 

a 
This  test was conducted wi th  t h e  m a t e r i a l s  i n  
an i r o n  housing. 

and CaS. (see  Sec t .  I V .  C. 1 ) .  (This  problem i s  n o t  s e r i o u s  i n  l i t h i u m l i r o n  
s u l f i d e  c e l l s  because FeS forms from Fe and Li2S a t  a lower p o t e n t i a l . )  The 
FeC12 forms an  i r o n  d e p o s i t  on t h e  nega t ive  e l e c t r o d e  and, i f  t h i s  d e p o s i t  
p e n e t r a t e s  through t h e  s e p a r a t o r ,  a s h o r t  c i r c u i t  should occur.  This would 
e x p l a i n  many of t h e  s h o r t  c i r c u i t s  i n  t h e  r e c e n t  engineer ing-sca le  calcium 
c e l l s .  The l abo ra to ry - sca l e  calcium c e l l s  have gene ra l ly  had h igh  coulombic 
e f f i c i e n c i e s .  These c e l l s  were opera ted  wi th  an e l e c t r o d e  s e p a r a t i o n  of 
about  0.5 cm which e l imina ted  t h e  p o s s i b i l i t y  of s h o r t i n g  by a s e p a r a t o r  t h a t  
had become conduct ive.  On t h e  o t h e r  hand, engineer ing-sca le  c e l l s  were 
opera ted  w i t h  t h e  e l e c t r o d e s  pressed  a g a i n s t  2-m-thick BN s l n t h ,  and this 
cond i t i on  inc reased  t h e  p r o b a b i l i t y  of s h o r t  c i r c u i t s .  Curren t -co l lec tor  
ox ida t ion  can a l s o  cause poor e l e c t r o d e  u t i l i z a t i o n  i f  gaps between t h e  
c u r r e n t  c o l l e c t o r  and a c t i v e  m a t e r i a l  a r e  formed a s  a r e s u l t  of t h e  
ox ida t ion  process .  

The se r iousness  of t h e  i r o n  ox ida t ion  problem i n  the  calcium c e l l s  
has  been only  r e c e n t l y  recognized. The c e l l s  t e s t e d  dur ing  t h i s  r e p o r t i n g  
pe r iod  had i r o n  c u r r e n t  c o l l e c t o r s .  Two uncharged, p r i sma t i c  (12.5 x 12.5 x 
4 cm) calcium c e l l s ,  CA-10 and -11, were f a b r i c a t e d  and t e s t e d .  The p o s i t i v e  
e l e c t r o d e  of each c e l l  cons i s t ed  of hot-pressed m i x t u r ~  of CaS, Fe, and 
LiC1-37 mol% KC1-8 mol % CaC12 powders. I n  C e l l  CA-10 h a l f  of t h e  mixture 
was pressed  onto  each s i d e  of an i r o n  c u r r e n t - c o l l e c t o r  s h e e t .  I n  C e l l  
CA-11, s i x  s h e e t s  of expanded i r o n  mesh and 5 w t  % ace ty l ene  b l ack  were 
incorpora ted  i n t o  t h e  hot-pressed mixture.  The two uncharged, nega t ive  
e l e c t r o d e s  of each c e l l  (one on each s i d e  of t h e  p o s i t i v e  e l e c t r o d e )  
conta ined  a t o t a l  of about  130 g Mg2Si (approximately 130 A-hr) i n  i r o n  
Retimet c u r r e n t  c o l l e c t o r s .  



'The r e s i s t a n c e  of . t he  c e i l s  was 6-7 d, which i.s about ' t h e  same a s  
t h a t  of :l&thium-aluminum/iron s u l f i d e  c e l l s .  C e l l  .CA-1.0 ope.rated :with about 
'90% coulombis e f f i c i e n c y  through 46 cyc le s ,  The efXiciency dec l ined  t o  about  
75% :by .cycle -80, and the  , t e s t  was terminated a f t e r  t h e  ~coulombic e f . f ic iency  

.had .dr.opped t o  6.5% (cyc le  105).. The .bes t  aChieved capaei-ty was 53 A-hr 
.with a '.TO-A dischar,ge c u r r e n t  preceded .by a t - r i c k l e  charge. C e l l  CA-11 had 
an -ach.ieved , capac i ty  of 40 A-hr ( 8 4 r  .charges and d i scha rges ) .  It opera ted  
wi th  about  90% coulomb,ic e f f i c i e n c y  f o r  27 c y c l e s ,  b u t  t h e  e f f i c i e n c y  
.dec l ined  eo 66% by cyc le  42. This  c e l l  had much more . i ron i n  t h e  p o s i t i v e  
e l e c t ~ o d e  rthan C e l l  CA-PO,, and exh ib i t ed  a vo l t age  p l a t eau  a t  1 .83  'V 
,during'lO:A charges t h a t  might have r e s u l t e d  from i r o n  ox ida t ion .  Both c e l l s  
i w i ' l l  b e  esamined me ta l lo~graph i~ca l ly  t o  d e t e ~ m i n e  t h e  source  of t h e  s h o r t  
ci.rc,ui.ts. 'Fu ture  c e l l s  w i l l  . incorpora te  o t h e r  c u r r e n t  c o ~ l e c t o r s ,  such a s  

:carbon, n- icke l ,  and 'Has t e l loy  B y  t o  avoid t h e  c u r r e n t - c o l l e c t o r  ox ida t ion  
-problem. 



V. ~ i s / F e S  BATTERY PROGRAM--ATOMICS INTERNATIONAL 

Emphasis has  been p laced  on t h e  cons t ruc t ion ,  of compact, uncharged 
b i c e l l s  u s ing  powdered A1N s e p a r a t o r s  dur ing  t h i s  pe r iod .  S u b s t i t u t i o n  of 
t h i s  powdered ceramic material f o r  t h e  r i g i d ,  porous Si3N4 p l a t e s  o r  t h e  
plasma-sprayed BN c l o t h  used e a r l i e r  may provide  inc reased  c y c l e  l i f e  i n  
t h e s e  c e l l s ,  and h a s  r e s u l t e d  i n  h ighe r  c a p a c i t y  u t i l i z a t i o n  of .the FeS 
a c t i v e  p o s i t i v e  m a t e r i a l .  Increased  c e l l  l i f e  i s  a n t i c i p a t e d  i n  view of t h e  
e x c e l l e n t  thermodynamic s t a b i l i t y  of A1N toward l i t h ium.  Higher capac i ty  
u t i l i z a t t o n ,  now approaching 80%, is be l i eved  t o  r e s u l t  from t h e  low 
d e n s i t y  (50%) of t h e  powder s e p a r a t o r  w i th  lower consequent l i t h i u m  i o n  
d i f f u s i o n  g r a d i e n t s .  One c e l l  of t h i s  t ype  has  completed 113 c y c l e s  and 
100 days wi th  99% coulombic e f f i c i e n c y  throughout i t s  l i f e .  

P repa ra t ions  a r e  be ing  made t o  c h a r a c t e r i z e  A1N and Y2O3 powders wi th  
r e s p e c t  t o  p a r t i c l e  s i z e  and impur i ty  l e v e l s .  The e f f e c t s  of t h e s e  v a r i a b l e s  
on s e p a r a t o r  performance w i l l  be  measured by i n - c e l l  t e s t s .  Work on t h e  
p r e p a r a t i o n  of h i g h l y  porous r i g i d  A1N s e p a r a t o r s  w i l l  b e  continued. 

Operat ion of a 1 .0  kW-hr ~ i ~ S i l F e S - 2 0  mol % Cu2S c e l l  was terminated 
a f t e r  330 cyc le s  and 142 days of opera t ion .  The coulombic e f f i c i e n c y  of t h i s  
c e l l ,  which was above 95% dur ing  t h e  f i r s t  150 c y c l e s ,  dec l ined  t o  about 
65% a t  t he  p o i n t  of t e s t  t e rmina t ion .  Subsequent s e c t i o n i n g .  and examination 
of t h i s  c e l l  a t  ANL d i s c l o s e d  t h a t  t h e  probable  causes  of c e l l  f a i l u r e  were 
mig ra t ion  of copper from the  p o s i t i v e  e l e c t r o d e  and co r ros ion  of t h e  BN c l o t h  
s e p a r a t o r  which had been plasma-sprayed wi th  Mg0.A1203 s p i n e l .  

A 1 .0  kW-hr c e l l  equipped wi th  a  l a r g e  number of thermocouples l oca t ed  
a t  s e l e c t e d  p o i n t s  w i t h i n  t h e  c e l l  is be ing  p laced  i n  ope ra t ion .  Data 
w i l l  b e  c o l l e c t e d  a t  va r ious  charge and d i scha rge  r a t c s  t o  provide an 
exper imenta l  b a s i s  f o r  determining thermal  g r a d i e n t s  i n  l a r g e  load-leveling 
c e l l s .  A c e l l  model is be ing  prepared ,  and c o r r e l a t i o n  of t h e  model w i th  
exper imenta l  r e s u l t s  is planned. 

Design of a 2 .5  kW-hr pre-prototype load- leve l ing  c e l l  has  been 
i n i t i a t e d .  This  c e l l  des ign  w i l l  be  based upon uncharged c e l l  assembly 
technology and powder s e p a r a t o r s ,  assuming t h a t  f u l l - s c a l e  b i c e l l s  employing 
powder s e p a r a t o r s ,  c u r r e n t l y  be ing  f a b r i c a t e d ,  are t e s t e d  s u c c e s s f u l l y .  
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APPENDIX. A. 

SUMMARY OF LARGE-SCALE 
.CELL. TESTS 



APPENDIX A-. Sumrrary of Large-Scale Cel l  Tests 

Operating Cha rac t e r l s t i c s  

Capacity, A-hr 

C e l l  o r   ax.^ a t  
. . Bat tery  Type of Indica ted  hr 

No. C e l l  Theor. Rates Disch. Charge 

L i f e  Cha rac t a r i s t i c s  

I~itpiL % Decline i n  
E f f . ,  X 

A-hr 
A-hr W-hr DaysC cyclesC Capacity Eff. Remarks 

2A5 Li-A1/ 69 55.6 5.6 5.6 99+ 33 127 310 310 8.7 Eagle-Picher t h i n  e lec t rodes .  Type A 
FeS2-CoSz base l ine  c e l l .  Max. spec i f i c  energy, 65.8 

W-hr/kg (5.6 h r  r a t e )  ; 41.6 W-hr/kg (4 .1  h r  
r a t e )  a t  200 cycles.  Terminated. 

2B6 Li-A11 149 117 5 11.6 99+ >a4 > I 6 1  >221 27 '  16 ~ a ~ l e - p i c h e r  th ick  e lec t rodes ,  used i n  
FeS2-CoS2 68 J.5 4.5 evaluation of c e l l  heating and cooling. 

Cycled without equalization'  charge. 

2B7 l,..-Kl! 149 124 3 . 5  9.5 93+ 78 106 525 39 6 Eagle-Picher t h i ck  e lec t rode  base l ine  c e l l .  
FeS2-CoS2 91 I 7.0 Operated on 7 day e l e c t r i c  veh ic l e  cycling 

schedule. Terminated. 

2B8 Li-4.11 149 Ll8 .11.3 11.8 - 39 >82 >223 >354 - 37 17 . Start-up and operation with c e l i  b'lanketed 
FeS2-CoS2 i n  Kaowool i n su l a t ion ,  exposed t o  a i r .  

02-002 Li-AII/ 168 133 13  13 9 9 86  52 ' 43 0 1 Gould base l ine  design: 12.7 x 17.8 cm FeS 
FeS-Cu2S 10 3 4.1 10 . c e l l  (Ca a d d i t i v e . i n  negative e lec t rode) .  

Speci f ic  energy. 44 W-hr/kg a t  4-hr r a t e .  
. Cel l  on standby. 

03-002 Li-A11 168 111 5.' 11 99 80 , 64 7 9 3 0 Gould base l ine  design: 12.7 x 17.8 cm FeS 
FeS-012s c e l l  (no Ca add i t i ve  i n  negative e lec t rode) .  

' S p e c i f i c  energy, 44 W-hrlkg a t  4-hr r a t e .  
Cel l  on standby. 

I-1-B-1 LI-~1/ 148 ' 108 1Cl.E 10.8 95 30 65 66 0 .  0 Test  of Y203 separa tor  i n  Eagle-Picher FeS, 
FeS-C92S 5 2 2.11 5.2 redesigned c e l l .  Terminated, shor t ing .  

- Duplicate 1-2-1. Retested. Terminated, 
decl in ing coulombic ef f ic iency.  Y203 t e s t .  

1 Baseline 1 B  Type Eagle-Picher c e l l  t e s t  of 
NaCl addi t ive  t o  LiCL-KC1. Cel l  on standby. 

0 Baseline 1 B  Type Eagle-Picher c e l l ,  0.64 cm 
terminal rod. Cel l  on standby. 

0 Thinner pos i t ive ,  g rea t e r  negat ive lpos i t ive  
r a t i o  than Type B. 67 W-hr/kg a t  IO-hr 
r a t e .  

- -- - - 

%ased ,n a t  l e a s t  f i v e  cycles.  . 

b ~ a s e d  on a t  l e a s t  10 cycles a t  t h e  5-hr r a t e .  

- - -- -- 

'l'he "greater than" symbols denote continuing operation. 

d ~ e r c e n t  decl ine  from maximum c a p c i t y  a t  the  5-hr r a t e ,  except where ndted. 



APPKdDEi A. (Cont'd) 
. . 

- C.perating Characteri .3tics 
.. Li fe  Cha rac t e r i s t i c s  . . . ) .  . 

Capeclty, A-hr ' 

I n i t e l  X Decline . i n  
Cell'  o r  M B X . ~  a c  Eff. ,  X Razes, h r  
Bat tery  Type of Indica ted  A-hr 

Fo. C e l l  Theor. Rates blsch.  Charge A-hr W-h; ~ a y s '  cyclesC Capacity Eff. . .. Remarks 

I-:.-B-2 Li-All 127 107 10.7 10 99+ 82 >16 >15 " 0 :' 0 Thinner pos i t ive ,  g rea t e r  negative/  
'FeS-Cu2S pos i t i ve  r a t i o  than'Type B ,  67 W-hr/kg 

.. a t  10-hr r a t e .  , . 

0 0 Test of pe l le t -ce l l .  concept f o r  making 
large'  e lec t rodes ,  Speci f ic  energy 37 W-hr/ 
kg a t  2.5-hr r a t e .  Peak s p e c i f i c  power. 
45 Wlkg. . 

25 10 Upper plateau c e l l  assembled uncharged: 
Negative e lec t rode ,  pressed A 1  wire;  
pos i t i ve  e lec t rode ,  hot-pressed. 
Terminated ., 

33 50 Upper plateau c e l l  assembled uncharged. 
. Negal ' ' elec t rode ,  pressed A 1  wire,  ' 

p s t l  -y charged with L'i f o i l ,  pos i t i ve  
electrode, hot-pressed. Terminated. 

50 45 uppe r  plateau c e l l  assembled uncharged. 
Negative e lec t rode ,  pressed A 1  wire,  
p a r t i a l  charged; pos i t i ve  e lec t rode ,  
hot-pressed. 

50 50 Upper.plateau c e l l  assembled uncharged. 
Negative e lec t rode ,  pressed A 1  wire. 
p a r t i a l l y  charged with Li f o i l ;  pos i t i b -  
e lec t rode ,  hot-pressed. , . 

3 9 91 69 >32 >76 0 0 Upper plateau c e l l  assembled uncharged. 
Negative e lec t rode ,  pressed A 1  wire,  par- 
. t i a l l y  charged with L i  f o i l ;  pos i t i ve  
e lec t rode ,  hot-pressed, contains acetylene 
black. 

5 6 100 58 >13 >14 25 55 Upper plateau c e l l  assembled uncharged. 
Negative e lec t rode ,  pressed A 1  wire,  par- 

. t i a l l y  charged with Li-A1 plaque; pos i t i ve  
e lec t rode ,  hot-pressed Li2FeS2. 

- 
. a ,B&sed on a t  a s t  f i v s  cyclzs.   he "greater than" symbols denote continuing operation.  

b ~ e s e d  on a t  l e a s t  10  ,:ycles a t  t he  5-hr r a t e .  d ~ e r c e n t  decl ine  from maximum capaciw a t  the  5-hr r a t e ,  except where noted. 



Ai'PEXZX A. (Ccnt'd) 

Operating Cha rac t e r i s t i c s  

C a p a c i t y ,  A-hr 

C e l l  o r   ax.^ a t  I n i t p l  

Batterv. Tvue of EfC " Indicated btes9 hr - 

. Li fe  Cha rac t e r i s t i c s  

X Lecline i n  

- -. .r- -- - .. - - - - . - - 
No. Cel l  Theor. Rates Disch. Charge A-hr V-hr Days- ~ y c l e s ~  capacityU Eff.  

t.,- h - A-hr 
Remarks 

. . . . . .  
VB-2 Li-A11 45 24 3 6 1 C O  7L >45 >77 50 50 Upper plateau,  uncharged c e l l  completely 

FeE, assembled i n  a i r .  Negative e lec t rode ,  
pressed A 1  wire, p a r t i a l l y  charged v i t h  
Li-A1 plaque; pos i t ive  e lec t rode ,  hot- 
pressed Li2FeS2. 

5 98 67 >427 >736 15 5 Charged, carbon-bonded CuFeSz e lec t rode ,  
hot-pressed LI-A1 negative electrode.  Open 
c e l l  i s  sealed furnace well. Performance 
s t ab l e .  

10J 85 >I79 >195 30- . 3 Assembled charged; carbon-bonded FeS-Cu2S 
' and Li-A1 i n  Fe Retimet; designed fo r  SES 

. . application; 3 m.2 res is tance .  

97 82 159 318 30 ll Charged Eagle-Picher FeS-Cu2S posi t ive  
electrode; Li-A1-4 v t  % In negative 
electrode; 7.3 res is tance .  Terminated. 

99 85. >lo9 >185 10 10 Charged Eagle-Picher FeS-Cu2S posi t ive  elec- 
trode; Li-A1-8 w t  % Sn negative electrode.  
I n i t i a l  cycles 'shared very rapid break-in. 
7.3 mn res is tance .  

Li-All i46 99 9 8E: 64 17. . 17 0 0 Sealed; charged, hot-pressed FeS2-CoS2 and 
FeSz-CoS2 144 11 (89. 90) Li-A1 (55 a t .  % Li) .  Welded Mo posi t ive  

.137 11. 12 (95. 78) terminal t o  current col lec tor .  Honeycomb 
current col lec tors  i n  both electrodes.  4.3 

typica l  resfs tance  (as low a s  2.7 dl, 
spec i f i c  energy >lo0 W-hr/kg a t  5-hr ra te .  
Terminated, 

Li-P.11 C 145 . 141 - 12 95 68  >14 >15 . 0 0 Sealed, charged, hot-pressed FeS2-CoS2 and 
FeSz-CoSZ 136 11 12 (9E 799 Li-A1 (55 a t .  % Li).  Welded Mo posi t ive  

terminal t o  current col lec tor .  Honeycomb 
current col lec tors  i n  both electrodes.  4.3 
mCi typica l  res is tance .  Modified housing 
design increases spec i f i c  energy t o  110 
W-hrikg a t  5-hr r a t e .  Performance s table .  

. a~ased  on a t  , l e a s t  f i v e  cycler.  "grea ter  th.3n1' synbols denote continuing operation. 

b ~ a ~ e d  on a t  l e a s t  10 cycles e t .  the  5-hr r a t e .  d ~ e r c e n t  declir?.? from naximum capacity z t  the 5-hr r a t e ,  except where "oted. 



9pera t ing  Cha rac t e r i s t i c s  -. . .  
, : $  capacity.  A-hr- . Li fe  Cha rac t e r i s t i c s  

. . . . .  
I n i t  a 1  ' ' % Decline i n  ' ' 

. - .  
:el l  or . " 

' . k x ~ a  at . Rates. h r  
. , 

Sat tery  Type of Indicated Err.,i Z . . A-hr 
No. C e l l  Theor. Rates Disch. Charge A-hr W-hr ~ a ~ s '  cyclesC Capacity Eff.  Remarks 

:Sh- . L I - A ~ /  120 93 5 10 99 85 >333 >460 15 0 Sealed, assembled uncharged ; carbon-bonded 
FeS-CuFeS2 Li2S+Fe+Cu and A 1  wire plaque + Li-A1 hot- 

pressed; 45 W-hrfkg a t  2-hr ra te .  F i r s t  
sealed c e l l  t o  reach 40'0 deep-cycle goal. 
Corrected feedthrough sho r t ,  99.5% A-hi 
eff ic iency,  4 .5  :-I: ~ e s i s t a n c e .  

KK- 'i 

0 Sealed, assembled uncharged; carbon-bonded 
.Li2+Fe+CoS2 and 32 a t .  % Li-A1 sol id  r l a t e  
eler'rodes. Testing concluded. . 

8 Seale l ,  assembled 'targed ; carbon-bonded 
pos i t ive  and cold-pressed Li-A1 (EP) . 
negative. Testing .- welded- KO current 
co:'ector design reducing r e s i s t ance  c o 4 . 5  
I&, TiSz f o r  l i fe t ime improvement, and 
carbon paper par t ic le '  re ta iner .  ' Tes;ing 
conclu.!..,1 . 

0 Sealed, assembled charged; carbon-bonded 
FeS2+CoS2 and cold-pressed Li-A1 e l ec t ro i e s .  
An Eagle-P',her ce l l .w i th  carbon-bonded 
pos i t ive  e lec t rode  subs t i tu ted .  Performance 
has paralleled the  EP c e l l s .  Temporarily 
terminated. 

50 65 Assembled uncharged; L;,S-Fe+CoS and so l id  
Li-A1 plaque negative; 1203 f e l t  qeparatolf  
r e t a ine r ,  80 m i l  thick,  nonwelded ros i t i - - ?  , 
current col lec tor .  Cel l  never s t a b i l i z ~ d :  
developed shor t .  Terminated. 

41.5 56 Posi t ive  and negative electrodes.same a s  i n  
Cel l  TC-2. BN f e l t  separa torf re ta iner  approx. 
1.10 m i l  thick.  Nonwelded F s i t i v e  current  
col lec tor .  Developed shor t .  Terminated. 

Tr Li-A11 115 - 23 23 - - Posi t ive  and negative electrodes same a s  i n  
FeS2-CcS Cell TO-2. Zirconia c lo th  c  bedded with BN 

powder and BN f i be r s ,  50 m i l  thick.  Non- 
welded pos i t ive  current co l l ec to r ,  never 
s t ab i l i zed ,  temporarily terminated. -- - 

' ~ a  led on a t  l e a s t  f i v e  cycles. C 
The "greater than" symbols 1 . te  continuing. operatiqn. 

!Based on a t  l e a s t  10 cycles a t  the  5-hr r a t e .  d ~ e r c e n t  decline from maximum capacity a t  t he  5-hr r a t e ,  except where noted.. 



APPDDLY A. (Cont'd) 

Operating Character is t ics  

Capacity, A-hr- L i f e  Character is t ics  

Ce l l  o r  I n i t i a l  X Decline i n  

Battery Type of 
Max'a at Rates, h r  
Indi  cated Eff.," : 

A-h: 
No. C e l l  Theor. Rates Msch. Charge A-hr W-hr DaysC ~yc le s '  Capacity Eff. Remerks 

TO-5 LI-All 115 104 21 21 98 83 22 2 5 0 15 Posl'ive and negative electrodes same a s  
FeS2-CoS i7 I TO-2. BN f e i t  separator/retainer.  

110 m i l  thick.  Weld d pos i t ive  current 
col lec tor  Developed short .  Terminated. 

TO-6 LI-A1/ 105 90 4.5 16 -99 85 >26 >29 4 5 45 Assembled uncharged upver plateau. Li2S + 
FeS2-CoS FeS+CoS posi t ive  and AL demister wire + 

lithium f o i l  negative. Welded pos i t ive  
current col lec tor .  BN f e l t  separator/  
r e t a ine r ,  150 m i l  thick.  Presently i n  
operation. 

EATTERY TESTS 

,472 . 21 -2 Two Eagle-Picher thick e lec t rode  c e l l s  i n  
ser ies .  Total  l i f e  of lB4 i s  344 days. 
516 cycles; 1B6, 318 days, 509 cycles. 
Now being operated with charge plus 
equalization. 

164 . %49 0 Two ~ a ~ l e - p i c h e ;  th in  electrode c e l l s  
(1A7, 1A8) i n  ser ies .  Cycled with bulk 
charge only. Voluntarily terminated. 

>19 0 0 Six Eagle-Picher thick electrode f e l l s  
(1-5-1. 3, 4, 5, 7 ,  8) i s  s e r i e s .  Started 
up and conditioned. 

a ~ a s e d  on a t  l e a s t  f i v e  cycles.  he "greater than" sysmbols derote continuing operation. 

b ~ a s e d  on a t  l e a s t  10 cycles a t  the 5-hr rare .  d ~ e r c e n t  decline from maximum c ~ p a c i t y  a t  the  5-hr r a t e ,  except where noted. 



. . . . APPENDIX B. 

, . 
Table B-1 shows t h e  s t a t u s  of twenty-three experimental  and. i n d u s t r i a l  

c b n t r a c t b k s '  c e l l s  t h a t  were opera ted  dur ing  January-March 1977. A s  can be  - 
seen from t h e  t a b l e ,  t e s t s  of some of  t h e s e  c e l l s  were terminated dur ing  
t h i s  per iod;  t h e  o t h e r  c e l l s  a r e  s t i l l  i n  opera t ion .  

Table B-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  T o t a l  C e l l s  
Cause of 
F a i l u r e  No. Z No. . % No. % 

Extrus ion  of Elec t rode  
Mate r i a l  9 3 25 4 17 

Cu t t ing  of Separa tor  1 9 1 . 8  2 9 

Not Yet Examined 0 0 5 42 , 5 22 , 

Operat ion Continuing . 7 6 4 3 .  25 10  4 3 
- -- - - - 

a 
Shor t  c i r c u i t ;  cause no t  i d e n t i f i e d .  

Table B-2 shows t h e  h ighes t  and l i f e t i m e  achieved by t h e  FeS 
and FeS2 c e l l s  opera ted  dur ing  January-March 1977. The numbers i n  parentheses  ' 

i n d i c a t e  t h e  d ischarge  r a t e  i n .  hours .  

Table h-2. Highest C e l l  k'erfoiinance 

C e l l  Type S p e c i f i c  Energy S p e c i f i c  Power 
and Number W-hr /kg W/kg Cycles 

FeS, I-3-R-1 67 (10) 
FeS, 1B4 60 (10) 
FeS, CB-1 -- 

- - - . -- - . . -- 

a 
Operat ion cont inuing  a t  end of r e p o r t i n g  per iod .  

b ~ l a p s e d  time, 402 days. 



Figure  B-1 d e p i c t s  t h e  number of c y c l e s  achieved by t h e  FeS and FeS2 
c e l l s  i n  Table  B-1. The c y c l e  l i f e  d a t a  of Fig. B-2 were der ived  from t h e  
d a t a  i n  Fig. B-1. The mean c y c l e  l i f e  i s  294 c y c l e s  f o r  t h e  FeS c e l l s  and 
209 cyc le s  f o r  t h e  FeS2 c e l l s .  However, t h e s e  v a l u e s  have very  l a r g e  s tandard  . . '  

d e v i a t i o n s  t h a t  r e s u l t  from t h e  numerous c e l l  des igns  involved. A d e s c r i p t i o n  
of  t h e  c e l l  des igns  a n d ' o p e r a t i n g  cond i t i ons  appears  i n  Appendix A.  

1 .  - 1  Cycle L i f e  Data of 
FeS and FeS2 Cells 

h S  CELL 
DESIGNATION 

pr - - . 
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PERCENTAGE OF CELLS 

Fig. B-2. Number of Cycles us. 
Percentage of C e l l s  
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