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PREFACE 

. . . . 

Argonne National Laboratory's program on high-temperature secondary 
batteries is carried out principally in the Chemical Engineering Division, 
with assistance on specific problems being given by the Materials Science 
Division and, from time to time, by other Argonne divisions. The individual 
efforts of many scientists and technicians are essential to the success of 
the program, and recognition of these efforts is reflected in the individual 
contributions cited throughout the report. 
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HIGH-PERFORMANCE BATTERIES FOR 
OFF-PEAK-ENERGY STORAGE AND 
ELECTRIC-VEHICLE PROPULSION 

Progress Report for the Period 
July-September 1976 

ABSTRACT 

This report describes the research and management efforts of 
the program at Argonne National Laboratory (ANL) on lithium-aI.llmi.num/ 
metal sulfide batteries during the period July-September 1976. 
These batteries are being developed for electric-vehicle propulsion 
and for stationary energy storage applications. The present cells, 
which operate at 400-450°C, are vertically oriented, prismatic 
cells with a central positive electrode of FeS or FeS2, two facing 
negative electrodes of lithiurn-aluminum alloy, and an electrolyte of 
molten LiC1-KC1. 

A major goal of the program is to assist in the development of 
a competitive, self-sustaining industry for the production of LI-A~/ 
metal sulfide batteries. To this end, a market study and an eco- 
nomic analysis are being performed; cells, cell components, and 
battery testing equipment are being developed and fabricated by 
industrial firms under contracts with ANL; and work is in progress 
on designs for a 30 kW-hr electric-vehicle battery and a module fnr  
a stationary energy storage battery. 

Testing and evaluation of industrially fabricated cells is con- 
tinuing. During this period, cells fabricated by Eagle-Picher 
Industries, Inc. were tested as single cells and as two@and three- 
cell batteries. Design modifications based on evaluations of these 
tests are in progress. New electrode and cell designs are also 
being developed and tested at ANL, and promising designs will be 
incorporated in thc industrially fabricated ~.eIl .s .  The concepts 
r ~ c ~ i ~ r i n e  major attention include the design of mliltiple-electrode 
cells, the fabrication of electrodes in the uncharged state (posi- 
tive electrodes of Li2S and Fe and negative electrodes of porous 
aluminum), the use of carbon-bonded current-collector structures in 
the positive electrode, the fabrication of electrodes by hot-pressing 
active materials and electrol..yte, and the use of additives to the 
negative electrode to improve electrode performance and extend cell 
lifetime. 

. Materials development efforts included optimization of designs 
of electrical feedthroughs; development of improved electrode sepa- 
rators, e . g . ,  BN and Y2O3 felts; corrosion tests of construction 
materials; and postoperative examination of cells. Cell chemistry 
studies included the development of a new type of liquid-lithium 
electrode, in which lithium from a pool is wicked to the positive 
electrode. Investigations of alternative cell systems included 
tests of small-scale Li/TiS2 and NaFeS2 cells; a larger-scale 
caMg2/FeS cell is also being operated. 



SUMMARY 

Commercial Development 

A p l an  i s  be ing  formulated t o  d e f i n e  t h e  elements  of commercial izat ion 
e f f o r t  whereby 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  product ion of , . 

l i . thium/metal  s u l f i d e  b a t t e r i e s  can be  developed. A market s tudy  and an 
economic a n a l y s i s  have been i n i t i a t e d  t o  i d e n t i f y  high-performance b a t t e r y  
needs i n  m i l i t a r y ,  aerospace and i n d u s t r i a l  a p p l i c a t i o n s  f o r  t h e  nea r  term 
(1978-1985). A systems des ign  e f f o r t  i s  under way t o  des ign  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 ;  p re sen t  emphasis is  on t h e  des ign  of a  compatible 
c e l l  p ro to type .  The des ign  of a  t ruckab le  b a t t e r y  module (about 5  MW-hr 
capac i ty )  f o r  s t a t i o n a r y  energy s t o r a g e  i s  a l s o  be ing  pursued. 

I n d u s t r i a l  Cont rac ts .  Included a s  an i n t e g r a l  p a r t  of t h e  commercial- 
i z a t i o n  p l an  f o r  Li-Allmetal s u l f i d e  b a t t e r i e s  a r e  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 r m s  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. I n d u s t r i a l  c o n t r a c t o r s  
a& cont inuing  t o  supply  a  v a r i e t y  of 12.7 x 12.7 cm Li-A1/FeS2 c e l l s  f o r  
t e s t i n g .  Design v a r i a t i o n s  inc lude  an improved connect ion between t h e  
molybdenum t e r m i n a l  and t h e  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 ,  c e l l s  wi th  
Y2O3 f e l t  e l e c t r o d e  s e p a r a t o r s ,  Li-A1 e l e c t r o d e s  of 55 a t .  % L i ,  and FeS2 
c e l l s  assembled i n  t h e  uncharged s t a t e .  Performance of  a  t e s t  c e l l  f a b r i -  
c a t e d  i n  a i r  was s u f f i c i e n t l y  promising t o  j u s t i f y  f u r t h e r  development of 
t h i s  technique.  

The development of c e l l  components t o  m e e t , t e c h n i c a l  and c o s t  goa l s  i s  
be ing  pursued by a  number of i n d u s t r i a l  c o n t r a c t o r s .  E lec t rode  s e p a r a t o r s  
be ing  eva lua ted  inc lude  BN bonded paper ,  composites of BN, a s b e s t o s ,  and MgO 
powder; and Y20gxfelts.  A ram-type e l e c t r i c a l  feedthrough i s  be ing  redesigned 
i n  an e f f o r t  t o  ;educe i t s  s i z e .  Work i s  under way t o  develop cold-pressed 
y t t r i a  p a r t s  and a  nonmeta l l ic  braze  f o r  feedthrough product ion.  

An i n d u s t r i a l  p a r t i c i p a n t  c o n t r a c t  was r e c e n t l y  s t a r t e d  t o  provide a  
computer program f o r  l oad -p ro f i l e  s imu la t ions  f o r  e l e c t r i c  v e h i c l e  b a t t e r i e s .  
A l oad -p ro f i l e  program has  been put  i n t o  an ANL computer, and modi f ica t ions  

. p e c u l i a r  t o  our  a p p l i c a t i o n  a r e  i n  progress .  

I n d u s t r i a l  C e l l  and B a t t e r y  Tes t ing  

C e l l  T e s t s .  F i r s t -gene ra t ion  L i - A l / ~ e s ~  c e l l s  f a b r i c a t e d  by Eagle-Picher 
I n d u s t r i e s ,  Inc .  a r e  p r e s e n t l y  be ing  t e s t e d  at. ANT.,  The e l e c t r o d e s  i n  thcsc 
c e l l s  were made by co ld-press ing  t h e  a c t i v e  powders i n t o  honeycomb cu r ren t  
c o l l e c t o r  s t r u c t u r e s .  The FeS2 c e l l s  a r e  of two types ;  they  d i f f e r  from each 
o t h e r  p r i n c i p a l l y  i n  e l e c t r o d e  th i ckness .  For t h e  Type B c e l l s ,  t h e  nega t ive  
e l e c t r o d e  th i cknesses  a r e  0.7 cm and t h e  p o s i t i v e  e l e c t r o d e  h a l f - t h i c k n e s s e s '  
a r e  0.6 cm. For Type A c e l l s ,  t h e  corresponding dimensions a r e  a l l  0.35 cm. 

C e l l  EP-2B4, a  t h i c k  c e l 1 , ' h a s  been opera ted  f o r  more than  1750 h r  and 
130 deep d i scha rge  c y c l e s  (most of t h e s e  c y c l e s  were a t  t h e  6-hr r a t e  f o r  
bo th  d i scha rge  and charge) .  .Its maxim~~m s p e c i f i c  energy w a s  about 80 W-hr/kg; 
f o r  most of t h e  c y c l e s  t h e  va lue  was 60 W-hr/kg. Tes t ing  now i n  progress  h a s  
shown. t h a t  t h e  s p e c i f i c  energy can be  inc reased ,  without  apprec iab ly  a l t e r i n g  



t h e  cyc le  l i f e ,  by employing a  h ighe r  charge cu to f f  vo l t age .  The peak 
s p e c i f i c  energy i s  now about 87 W-hr/kg and a  s p e c i f i c  energy of about 70 
W-hr/kg i s  be ing  a t t a i n e d  f o r  most cyc l e s .  The peak s p e c i f i c  power f o r  t h i s  
type  of c e l l  i s  about 50 ~ / k g .  

Type A t h i n  c e l l s  have shown h ighe r  s p e c i f i c  power b u t  lower s p e c i f i c  
energy than  t h e  Type B c e l l s .  For C e l l  EP-2A5, t h e  peak s p e c i f i c  energy i s  
65 W-hr/kg ( a t  t h e  5-hr r a t e )  and peak s p e c i f i c  power i s  67 ~ / k g .  Af te r  
about 1000 h r  of ope ra t ion ,  t h e  performance of t h i s  t h i n  FeS2 c e l l  has  
dec l ined  only  about 7%. 

One r e s u l t  of t h e  t e s t s  t o  d a t e  i s  t h a t  t h e  next  c e l l s  be ing  manufactured 
by Eagle-Picher w i l l  have a  h ighe r  r a t i o  of a c t i v e  m a t e r i a l  t o  t o t a l  c e l l  
weight.  Th i s  w i l l  be done p r imar i ly  by r ep lac ing  e l e c t r o l y t e  w i th  a c t i v e  
m a t e r i a l s .  This  change i s  expected t o  i n c r e a s e  t h e  s p e c i f i c  energy of t h e  
c e l l s  apprec iab ly .  

Ba t t e ry  Tes t s .  Tes t ing  of a  b a t t e r y  composed of two FeS-type t h i c k  c e l l s  
has  cont inued f o r  more than  90 c y c l e s  and 2000 h r ,  w i th  a  s p e c i f i c  energy of 
62 W-hr/kg a t  a 10-hr r a t e  and 43 W-hr/kg a t  a  5-hr r a t e .  S ta r t -up  and con- 
d i t i o n i n g  of c e l l s  i n  a  p a r a l l e l  arrangement h a s  been s u c c e s s f u l l y  demon- 
s t r a t e d .  Performance of c e l l s  condi t ioned i n  t h i s  manner compares favorably  
wi th  t h e  performance of s i n g l e  c e l l s .  Two FeS2-type t h i n  c e l l s  have been 
t e s t e d  f o r  a  t o t a l  of 135 cyc le s  and 1560 h r  i n  p a r a l l e l  and i n  s e r i e s  connec- 
t i o n s .  I n  t h e  p a r a l l e l  arrangement,  t h e  peak s p e c i f i c  energy was 59 W-hr/kg 
a t  a  5-hr r a t e ,  and 43 W-hr/kg was achieved a t  a  2-hr r a t e .  The peak s p e c i f i c  
power was 67  kg a t  %220 A .  

Bat t e ry  Charging Systems 

The s i x - c e l l  monitor /charge c o n t r o l l e r  has  been assembled and debugging 
i s . i n  process .  The pro to type  c e l l  e q u a l i z a t i o n  systems have been rece ived  
from Gulton, Inc .  Tests show t h a t  d i f f e r e n t i a l  c e l l  charg ing  and e x c e l l e n t  
charge cu to f f  vo l t age  r e g u l a t i o n  a r e  e x h i b i t e d .  The i n i t i a l  charg ing  c u r r e n t s  
a r e  somewhat l e s s  than  expected from t h e  des ign  s p e c i f i c a t i o n s ;  however, t h e  
b a s i c  concept appears  v a l i d .  It i s  expected t h a t  a f u l l  s c a l e  e q u a l i z e r  
based upurl Llie above design f o r  weekend use an A n  e l e c t r i c  v e h i c l e  can be 
mass produced f o r  one d o l l a r  per  c e l l .  A f u t u r e  program f o r  e l e c t r i c  v e h i c l e  
charging systems i s  presented .  A b r i e f  i n v e s t i g a t i o n  was conducted on t h e  . 

p o s s i b l e  use  of copper oxide c u t o u t s  t o  au toma t i ca l ly  bypass an open c e l l  i n  
a  b a t t e r y .  The conclusion was t h a t  f u r t h e r  s tudy ' and  development of v a r i o u s  
m a t e r i a l s  f o r  use  a t  t h e  temperature of i n t e r e s t  would be needed be fo re  t h e  
scheme could be  app l i ed  s u c c e s s f u l l y  t o  high-temperature b a t t e r i e s .  

C e l l  Development and Engineering 

C e l l  Performance and L i f e t ime  Improvement. A s e r i e s  of t e s t s  i s  under 

way t o  eva lua t e  uncharged c e l l s  wi th  hot-pressed FeS2 e l e c t r o d e s .  The f i r s t  

c e l l ,  C e l l  R-15, i s  be ing  opera ted  a t  t h e  5-hr r a t e .  S tud ie s  of t h r e e  c e l l s  

w i th  carbon-bonded p o s i t i v e  e l e c t r o d e s ,  C e l l s  KK-4, -5 and -6, a r e  cont inuing .  
Although t h e  capac i ty  of C e l l  KK-4 h a s  dec l ined  cons iderably  a f t e r  ope ra t ion  
f o r  4600 h r  aild 280 c y c l c s ,  C e l l  KK-5 j s  mainta in ing  i t s  i n i t i a l  performance 

. 

a f t e r  3100 h r  and 170 cyc le s .  Cast Li-A1 a l l o y  plaques used a s  nega t ive  e l ec -  
t r o d e  i n  C e l l  KK-5 r equ i r ed  a  prolonged cond i t i on ing  per iod .  C e l l  CB-1, a  



charged c e l l  w i th  a  carbon-bonded CuFeS2 e l e c t r o d e  has  accumulated 5350 h r  
and 365 c y c l e s  of o p e r a t i o n  wh i l e  main ta in ing  i t s  i n i t i a l  c apac i ty .  The 
dep th  of d i s c h a r g e  i n  t h i s  c e l l  i s  l i m i t e d  t o  a  low l e v e l  (%45%); i t s  long 
l i f e  and h igh  performance sugges t  t h a t  a  r e l a t i o n s h i p  e x i s t s  between c a p a c i t y  
r e t e n t i o n  and dep th  of d i s cha rge .  

Eva lua t ion  of New C e l l  Designs.  A m u l t i p l a t e  c e l l  having two p o s i t i v e  
and f o u r  n e g a t i v e  e l e c t r o d e s ,  C e l l  MP-2, con t inues  t o  o p e r a t e ,  a f t e r  1 6 3 c y c l e s  
and 1925 h r .  It was found t h a t  t h e  c e l l  performance was l i m i t e d  by t h e  least 
e f f i c i e n t  of t h e  s i x  e l e c t r o d e s  contained i n  t h e  c e l l .  An improved s t a r t - u p  
procedure is  be ing  cons idered .  A l a r g e - s c a l e  c e l l  (24 by 35 cm, 600 W-hr) 
designed f o r  u t i l i t y  energy s t o r a g e  was r e c e n t l y  put  i n t o  ope ra t i on .  This  
c e l l  (SS-1) was assembled i n  t h e  charged s t a t e  and has  a carbon-bonded FeS- 
Cu2S p o s i t i v e  e l e c t r o d e  and two nega t ive  e l e c t r o d e s  of Li-A1 i n  i r o n  Ret imet .  
The c e l l  h a s  achieved an  energy output  of 577 W-hr a t  t h e  10-hr r a t e ,  and has  
been i n  o p e r a t i o n  40 c y c l e s  and 750 h r .  

E l ec t rode  Development. Three d i f f e r e n t  t ypes  of Li-A1 nega t ive  e l e c t r o d e  
s t r u c t u r e s  were t e s t e d '  f n  12.5 by 12.5 cm p r i sma t i c  c e l l s .  These c e l l s  were 
opera ted  t o  e v a l u a t e  t h e  e f f e c t s  on c e l l  l i f e t i m e  of improved c u r r e n t  c o l l e c -  
t i o n ,  a d d i t i o n  of indium t o  Li-A1 a l l o y  (one of s e v e r a l  a d d i t i v e s  t o  be  
t e s t e d ) ,  and excess  Li-A1 i n  t h e  n e g a t i v e  e l e c t r o d e s .  I n  C e l l  R-18, an  
uncharged ~ i - ~ 1 1 ~ 6 ~  c e l l ,  t h e  n e g a t i v e  e l e c t r o d e  was a  woven aluminum f a b r i c  
con ta in ing  copper-coated s t e e l  s t r a n d s  t o  improve c u r r e n t  c o l l e c t i o n .  I n  
C e l l  FM-1, a  charged Li-AlIFeS c e l l ,  a  smal l  amount of indium was added t o  
t h e  Li-A1 e l e c t r o d e ,  and i n  C e l l  EC-1, a n  uncharged Li-Al/FeS + CoS2 c e l l ,  
c a s t  plaques of 25 a t .  % Li-A1 a l l o y  were used a s  t h e  nega t ive  e l e c t r o d e ,  
thereby  proving a  50% excess  of l i t h i u m  i n  t h e  c e l l .  Most of t he se  t e s t s . a r e  
be ing  cont inued t o  a s s e s s  t h e  e f f e c t s  of  t h e s e  improvements on r e t e n t i o n  of 
c e l l  c a p a c i t y  w i th  c y c l i n g .  The performance of a  Li-Si a l l o y  nega t ive  e lec-  
t r o d e  was a l s o  t e s t e d .  C e l l  R-19, a charged Li4Si /FeS + Cu2S c e l l  i s  showing 
s t a b l e  performance i n  s t a r t - u p  c y c l i n g  a t  r e l a t i v e l y  low c u r r e n t  d e n s i t i e s .  

M a t e r i a l s  Development 

A s tudy  was conducted t o  op t imize  t h e  parameters  f o r  s e a l i n g  Conax-type 
compression feed throughs .  The feed throughs  p r e s e n t l y  i.n use  i nco rpo ro t c  a 
3116-in. (0.48-cm) conductor  rod ,  an alumina uppcr  i n s ~ ~ l a t o r ,  a compreaoed 
boron n i t r i d e  powder l a y e r ,  and a boron n i t r i d e  lower i n s u l a t o r .  The measured 
l e a k  r a t e  i n  a i r  f o r  t h e s e  feedthroughs i s  about  lo-' pa.m3/s. Inlprove- 
ment i n  des ign  is  be ing  sought  by t h e  s u b s t i t u t i o n  of  s t r o n g e r  ceramics  such 
a s  Y203 o r  Be0 for t h e  BN lower i n s u l a t o r ,  which is r e l a t i v e l y  weak; w i th  Y203 
and BeO, a  g r e a t e r  s e a l i n g  t n r q ~ i e  can be a p p l i c d  and t h e  l eak  rcrLes a r e  nn 
o r d e r  of magnitude sma l l e r  f o r  bo th  0.48 and 0.64-cm conductor rods .  So lder  
g l a s s e s  a r e  be ing  eva lua ted  a s  secondary s e a l a n t s  o u t s i d e  t h e  primary boron 
n i t r i d e  powder s e a l  t o  f u r t h e r  reduce  t h c  l e a k  rate. 

Boron n i t r i d e  and Y203 f e l t s  which had s u c c e s s f u l l y  completed 1000-hr 
i n - c e l l  t e s t s  a s  e l e c t r o d e  s e p a r a t o r s  w e r e  examined wi th  a  scanning e l e c t r o n  
microscope. No ev idence  of c o r r o s i v e  a t t a c k  was observed. Y t t r i a  f e l t  is  
p r e s e n t l y  be ing  used a s  a  s e p a r a t o r  i n  a test  c e l l  w i th  no p a r t i c l e  r e t a i n e r  
o t h e r  than  a  l a y e r  of  325-mesh s c r e e n  over  each e l e c t r o d e  f ace .  Thc c e l l  ha s  
been i n  o p e r a t i o n  f o r  more than 600 h r ,  a t  t h i s  w r i t i n g ,  wi th  e x c e l l e n t  e lec-  
t r i c a l  performance and no s i g n s  o f  d e t e r i o r a t i o n .  



Separa tor  concepts  which do no t  employ convent iona l  ceramic f i b e r  pro- 
c e s s i n g  are a l s o  be ing  i n v e s t i g a t e d .  E f f o r t  ha s  been concent ra ted  on t h e  
development of open-cel l  foams and on extruded ceramic f i b e r s .  Planned- 
i n t e r v a l  tests of 5000-hr d u r a t i o n  have been completed on Be0 and Y203 cerani- 
i c s .  The tests demonstrated t h e  a c c e p t a b l e  c o m p a t i b i l i t y  of  bo th  m a t e r i a l s  
t o  t h c  c c l l  cnvironment f o r  extended pe r iods  of t i m e .  

S t a t i c  co r ros ion  tests were conducted on a  group of a l . loys a t  450°C i n  
t h e  p o s i t i v e  e l e c t r o d e  environments of p a r t i a l l y  d i scharged  FeS2 c e l l s ;  t h e  
s t a t e s  of d i s cha rge  used i n  t h e  t e s t s  w e r e  25,  50, and 75%. Es t imates  of 
a c t u a l  i n - c e l l  performance based on the  c o r r o s i o n  r e s u l t s  i n d i c a t e  t h a t  
approximately 80% of  t h e  t o t a l  c o r r o s i v e  a t t a c k  on nickel-base a l l o y s  
(Has te l loys  B and C and Inconels  617 and 625) would occur  i n  t h e  i n t e r v a l  from 
0  t o  25% d i scha rge .  For Type 304 s t a i n l e s s  s t e e l ,  about  95% of  t he  t o t a l  
c o r r o s i o n  would be  expected i n  t h i s  same i n t e r v a l .  

Pos tope ra t i ve  examinat ions were conducted on f o u r  v e r t i c a l  p r i sma t i c  
c e l l s  f a b r i c a t e d  a t  ANL. I n  one c e l l  con ta in ing  an  FeS2 p o s i t i v e  e l e c t r o d e  
w i t h  a  n i c k e l  c u r r e n t  c o l l e c t o r ,  t h e  n i c k e l  had undergone seve re  a t t a c k .  I n  
a  s i m i l a r  c e l l  a 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  of Has te l loy  B,  a  
molybdenum-rich n i c k e l  a l l o y ,  showed less evidence of a t t a c k  and t h e  presence  
of a n  adheren t  MoS2 l a y e r .  I n  c e l l s  w i t h  FeS and Cu2S 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 ,  m e t a l l i c  copper had p r e c i p i t a t e d  w i t h i n  t h e  s e p a r a t o r  and may have 
caused s h o r t  c i r c u i t s .  A s e p a r a t o r  of y t t r i a  f e l t  had been used i n  one of 
t h e s e  c e l l s ,  and had been compressed t o  one-quarter  of i t s  o r i g i n a l  t h i cknes s  
by t h e  expansion of t h e  e l e c t r o d e s .  The e x t e n t  of compression, which was 
much g r e a t e r  than  t h a t  f o r  BN I a b r i c  s e p a r a t o r s ,  probably con t r ibu t cd  t o  t h e  
s h o r t i n g  problem. An engineer ing  c e l l  of p r i sma t i c  des ign  f a b r i c a t e d  by an  
i n d u s t r i a l  f i r m  was examined t o  determine t h e  e f f e c t  of ope ra t i on  i n  a i r .  
Only minimal o x i d a t i o n  of t h e  o u t e r  c e l l  housing had occur red ,  and no evidence 
of i n t e r n a l  o x i d a t i o n  was found. 

Advanced C e l l  Engineer i3-g. 

The r e l a t i v e  m e r i t s  of  v a r i o u s  des igns  of advanced Li-Al/FeS, c e l l s  a r e  
cont i r iua l ly  being eva lua t ed .  Incrcased  emphasis is being placed on the  
development of FeS2 ce1l.s t h a t  o p e r a t e  on t h e  upper v o l t a g e  p l a t eau  
(FeS2 Z PeS) because t h i s  type  of c e l l  appears  t o  have a  number of advantages.  
The primary e f f o r t  i n  t h e  Advanced C e l l  Engineer ing Group is  concent ra ted  i n  
t h e  fo l lowing  a r e a s :  (a)  mechanisms of l i f e t i m e  l i m i t a t i o n ,  (b) a l t e r n a t i v e  
b ina ry  and t e r n a r y  l i t h i u m  a l l o y s  f o r  use  a s  nega t ive  e l e c t r o d e s ,  (c)  l a r g e  
mu l t i p l e - e l ec t rode ,  upper-plateau c e l l s  f o r  l oad - l eve l ing  a p p l i c a t i o n  and 
(d)  high-performance FeS2 th ree -e l ec t rode  c e l l s  f o r  e l e c t r i c  v e h i c l e  a p p l i -  
c a t i o n .  

A m u l t i p l a t e  c e l l  w i th  s eve ra l  new des ign  f e a t u r e s  w a s  ope ra t ed  dur ing  
t h i s  per iod .  C e l l  A-1,  an  uncharged FeS2 c e l l  w i th  f i v e  e l e c t r o d e s  ( 2  pos i -  
t i v e  and 3 n e g a t i v e ) ,  achieved 130 W-hr/kg and opera ted  through 3 1  cyc l e s  
and 1075 h r .  The c e l l  was designed t o  minimize i n t e r i o r  s t ruc tu ra l componen t s ,  
improve assembly procedure,  and minimize i n t e r e l e c t r o d e  spac ing .  The p o s i t i v e  
e l e c t r o d e  had a  one-piece molybdenum c u r r e n t  c o l l e c t o r  which a l s o  served a s  
t h e  v o l t a g e  and c u r r e n t  l e a d .  No apparen t  problems were encountered w i t h  
e l e c t r o d e  mismatcliing . 



Seve ra l  c e l l s  were opera ted  t o  test  t h e  e f f e c t  of v a r i o u s  me ta l  a d d i t i v e s  
t o  t h e  Li-A1 n e g a t i v e  e l e c t r o d e .  I n  C e l l  DK-33, t h e  Li-A1 conta ined  3.9 w t  % 
indium, and t h e  c e l l  had a  c a p a c i t y  of 10.27 A-hr. The l i t h i u m  u t i l i z a t i o n  
was e x c e l l e n t .  Af t e r  a  d e c l i n e  of only 5% i n  t h e  f i r s t  100 c y c l e s ,  t h e  u t i l i -  
z a t i o n  remained c o n s t a n t  u n t i l  t e rmina t ion  (136 c y c l e s ) ,  a t  which time u t i l i -  
z a t i o n  was 92% a t  t h e  C/12 r a t e .  I n  C e l l  DK-37, 10 w t  % lead'  was added t o  
t h e  Li-A1 e l e c t r o d e ,  which had a  t h e o r e t i c a l  capac i ty  of 7.78 A-hr. No 
appa ren t  improvement over '  a  c e l l  wi thout  t he  l ead  a d d i t i v e  was noted.  The 
tes t  was te rmina ted  a f t e r  120 c y c l e s ,  at- which t i m e  t h e  l i t h i u m  u t i l i z a t i o n  
was 74% a t  t h e  C/8 r a t e  and t h e  C/4 r a t e .  C e l l  DK-39, w i th  4.9 w t  % t i n  i n  
t h e  n e g a t i v e  e l e c t r o d e ,  f s  c u r r e n t l y ' i n  ope ra t i on .  P re l imina ry  d a t a  a t  t h e  
C/12 r a t e  i n d i c a t e  a  l i t h i u m  u t i l i z a t i o n  of 95%. . 

. . 

C e l l  Chemistry 

The phases  p r e s e n t  i n  an  FeS e l e c t r o d e  a t  v a r i o u s  s t a g e s  from f u l l  d i s -  
cha rge  t o  overcharge  have been i d e n t i f i e d ;  t h e s e  phases a r e  i l l u s t r a t e d  i n  
photomicrographs.  A s t udy  of wick-and-pool l i t h i u m  e l e c t r o d e s  f o r  u s e  i n  
p r i s m a t i c  and c y l i n d r i c a l  c e l l s  ha s  been i n i t i a t e d .  The concept employs a  
low-surface-area wick t h a t  remains f looded wi th  l i t h i u m  and a  s e p a r a t e  s t o r a g e  
v e s s e l  f o r  t h e  main l i t h i u m  supply .  The f e a s i b i l i t y  of t h e  e l e c t r o d e  concept 
was demonstrated i n  a  sma l l  Li/LiCl-KCl/Al c e l l .  

I n  s t u d i e s  of Li-Si /Li  c e l l s ,  i r r e v e r s i b l e  l o s s  of s i l i c o n  was t r aced  t o  
format ion  of s i l i c i d e s  w i t h  t h e  c u r r e n t  c o l l e c t o r  and e l e c t r o d e - h o u s i n g .  
Compounds i d e n t i f i e d  i n  t h e  Li-Si  system agreed we l l  w i th  r e s u l t s  of e a r l i e r  
s t u d i e s  a t  Atomics I n t e r n a t i o n a l ,  and t h e  compounds were found t o  be  s t a b l e  
t o  a t  l e a s t  580°C. P l a t e a u  emfs were determined over t h e  temperature  range 
375 t o  500°C. 

A 1  t e r n a t i v e  . Secondary Cells 

Tes t s  of  Li/LiCl-KC1/TiS2 and Na/LiCl-NaC1-KC1/FeS2 c e l l s  a r e  r epo r t ed .  
The TiS2 p o s i t i v e  e l e c t r o d e  gave 100% u t i l i z a t i o n  (forming LiTiS2) a t  c u r r e n t  
d e n s i t i e s  a s  h igh  a s  100 m ~ / c m ~ .  The phases found i n  t h e  p o s i t i v e  e l e c t r o d e  
of t h e  Na/FeS2 c e l l  were t h e  same a s  i n  Li/FeS2 c e l l s  because of t h e  presence 
of  LiCl  i n  t h e  e l e c t r o l y t e .  

Negative e l e c t r o d e s  of t h e  second k ind ,  which c o n s i s t e d  of mix tures  of 
LiAl o r  LiMg and Li20 ,  were i n v e s t i g a t e d  by slow-sweep c y c l i c  voltammetry. 
For t h e  LiAl-Li20 mix tu re ,  d i s cha rge  peaks corresponding t o  a t  l e a s t  two 
Faradays per mole of  aluminum w e r e  found i n  t h e  range -300 t o  +300 mV us. 
LiA1, and about  f o u r  Faradays w e r e  ~ b t a i n e d  over a wide annrlic ranee (-300 t o  
+900 mV us. LiA1). With t h e  LiMg-Li20 mix ture ,  a  two-electron peak a t  -200 mV 
us. LiAl and a  one-e lec t ron  peak a t  +350 mV US. LiAl w e r e  observed.  

A CaMg2/LiF-LiC1-KCI-CaC12/FeS c e l l  of 60 A-hr c a p a c i t y  was r e c e n t l y  put  
i n t o  ope ra t i on .  A f t e r  t h r e e  c y c l e s  t h e  coulombic e f f i c i e n c y  i s  %loo% and 
calcium u t i l i z a t i o n  is  60% a t  10  mfI/cm2 and 28% a t  25 rnLi/cm2. The performance 
is  expected t o  improve w i t h  c y c l i n g .  

.. . . 



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  l a b o r a t o r y  (ANL) f o r  use 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 )  ~ t a t i o n a r y  energy stnrage r l e . ~ i . ~ e s  f o r  l oad - l eve l ing  on e l e c t r i c  
u t i l i t i e s ,  and s t o r a g e  of  e l e c t r i c  energy produced by s o l a r ,  wind, and o t h e r  
energy sources .  Our performance goa l s  f o r  e l e c t r i c  v e h i c l e  b a t t e r i e s  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  given i n  Table  1-1. These goa l s  
have been changed from those  given i n  t h e  preceding r e p o r t  (ANL-76-81) i n  
t h a t  short- 'term goa l s  have been added and long-term goa l s  have been a d j u s t e d  
t o  r e f l e c t  new approaches i n  t h e  b a t t e r y  development e f f o r t .  Beginning i n  
FY 1977 a  c lear -cu t  d i s t i n c t i o n  w i l l  be made a t  ANL i n  t h e  des ign  cha rac t e r -  
i s t i c s  of c e l l s  f o r  e l e c t r i c  v e h i c l e  and s t a t i o n a r y  energy s t o r a g e  app l i ca -  
t i o n s .  The reason f o r  t h i s  d i s t i n c t i o n  i s  t h e  s t r i k i n g  d i f f e r e n c e  i n  t h e  
requirements  f o r  t h e  two types  of c e l l s ,  a s  i l l u s t r a t e d  i n  Table  1-1. 

Table  1-1.. Performance Goals f o r  Lithium-Aluminum/Metal S u l f i d e  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  ~ n e r ~ ~  
Propuls ion  A 

Mark I Pro to type  BEST Pro to type  
Ba t t e ry  Goals 1978 1985 1981 1985 

Power . 

Peak 30' kW 60 kW 1 . 5  MW 25 MW 

Sus ta ined  Discharge 12 kW 25 kW 1 l!W . l o  MW 

Energy Output 30 kW-hr 45 kW-hr ' 5 MW-hr , 1 0 0  MW-hr 
a  

S p e c i f i c  Energy, W-hr/kg 110 180 60-8ob 60-150 
b 

Discharge Time, h i  4  4  5 5-10 

Charge Time, h r  8 5 -8 8 10  

Cycle L i f e  300 1000 1000 3000 

- 35 25-30' 20 . Cost of Cells,  $/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 i ng  s t r u c t u r e  is approxi-  
mately 25% of  t o t a l  weight f o r  . 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  and 15  
t o  20% f o r  the .  ,1985 p ro to type  v e h i c l e  b a t t e r y .  

b ~ h e  broader range of v a l u e s ,  i n  comparison wi th  p a s t  spec i f ic -energy  g o a l s ,  
r e s u l t e d  from a reassessment  of t h i s  requirement  ( s ee  t e x t ) .  

C. 
Projected cosL at a product ion r a t e  of 2000 MW=hr/yr; 

The cyc l e  l i f e  requirements  d i f f e r  markedly. The cyc l e  l i f e  requirement 
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  i s  about  300 c y c l e s ,  which i s  only  a 
sma l l  ex t rapola t , ion  from t h e  a c t u a l  cyc l e  l i f e  of exper imenta l  c e l l s .  ( A l i f e  
of 400 cyc l cc  h a s  a l r e a d y  been achieved,  b u t  w i th  a  l o s s  of capac i ty  t h a t  i s  
g r e a t e r  than a c c e p t a b l e . )  Even t h e  long-term goa l  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  is  only  1000 f u l l  cyc l e s .  I n  c o n t r a s t ,  i n i t i a l  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  t h a t  w i l l  be t e s t e d  i n  t h e  Ba t t e ry  Energy Storage 
Tes t  (BEST) F a c i l i t y  must achieve  about 1000 c y c l e s ,  and t h e  even tua l  g o a l ,  , 

i s  3000 c y c l e s .  To achieve  long  c e l l  l i f e ,  compactness w i l l  be  s a c r i f i c e d  t o  
provide  a h ighe r  volume f r a c t i o n  of e l e c t r o l y t e  and lower swe l l i ng  p re s su res ,  
and t o  a l low a more l i b e r a l  use  of r e t a i n e r  m a t e r i a l s ,  and t h i c k e r  c u r r e n t  
c o l l e c t o r s  and c e l l  w a l l s .  

The s p e c i f i c  energy and s p e c i f i c  power goa l s  f o r  e l e c t r i c  v e h i c l e  c e l l s  
are much g r e a t e r  than  those  f o r  s t a t i o n a r y  energy s t o r a g e  c e l l s ,  e s p e c i a l l y  
f o r  t h e  near-term p r o j e c t s .  To achieve  t h e  goa l s  f o r  h igh  s p e c i f i c  energy 
and h igh  s p e c i f i c  power i n  e l e c t r i c  v e h i c l e  c e l l s ,  we a r e  concen t r a t ing  our  
e f f o r t s  i n  t h e  n e a r  term on developing Fes2-type c e l l s  w i th  one p o s i t i v e  and 
two nega t ive  e l e c t r o d e s ;  t h e s e  c e l l s  a r e  f a b r i c a t e d  i n '  t h e  uncharged con- 
d i t i o n .  During charge ,  FeS2 is  formed i n  t h e  p o s i t i v e  e l e c t r o d e ,  and t h e  
c e l l s  a r e  designed f o r  ope ra t ion  on t h e  upper v o l t a g e  p l a t e a u  only.  

The range  of v a l u e s  c i t e d  i n  Table 1-1 f o r  t h e  s p e c i f i c  energy of t h e  
pro to type  s t a t i o n a r y  energy s t o r a g e  c e l l s  i s  much broader  than  we have '  
proposed i n  t h e  p a s t .  P a s t  goa l s  f o r  s p e c i f i c  energy of 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  have been c l o s e l y '  l i nked  t o  t h e  c o s t  goa l s ;  hence, our  
e s t i m a t e s  of t h e  r equ i r ed  s p e c i f i c  energy were made on t h e  b a s i s  of p ro j ec t ed  
c o s t .  We now b e l i e v e  t h a t  it may be p o s s i b l e  t o  achieve  a lower c o s t  f o r  t h e  
s t a t i o n a r y  energy s t o r a g e  b a t t e r y  by developing c e l l s  of moderate s p e c i f i c  
energy t h a t  u t i l i z e  low-cost materials, r a t h e r  than c e l l s  of very  h igh  spe- 
c i f i c  energy and lower weight.  Therefore ,  t h e  spec i f ic -energy  goa l  f o r  t h e  
b a t t e r i e s  t o  be developed f o r  t h e  BEST F a c i l i t y  has  t e n t a t i v e l y  been set a t  
60-80 W-hr/kg--the low end of t h e  range f o r  t h e  long-term development program. 

For t h e  s t a t i o n a r y  energy s to rage '  applTcat ion ,  e f f o r t s  a r e  being concen- 
t r a t e d  on t h e  development of FeS-type c e l l s ,  which do n o t  r e q u i r e  expensive 
m a t e r i a l s  such a s  molybdenum i n  t h e  p o s i t i v e  e l e c t r o d e .  The use  of inexpen- ' 
s i v e  s e p a r a t o r  m a t e r i a l s  such a s  pressed composites of powder and f i b e r  i s  
a l s o  being emphasized. For t h e  longe r  term, p a r t i a l  replacement of l i t h i u m  
by l e s s  expensive m a t e r i a l s  such a s  calcium, sodium, o r  magnesium w i l l  be  
cons idered .  

Both t h e  near-term and long-term c o s t  goa l s  f o r  t h e  s t a t i o n a r y  energy 
s t o r a g e  b a t t e r y  a r e  more s t r i n g e n t  than  those  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 .  Before a b a t t e r y  can be  t e s t e d  i n  t h e  BEST F a c i l i t y ,  i t  will be  
neces sa ry  t o  demonstrate  t h a t  t h e  c e l l s  could be  produced a t  a moderately 
low c o s t  of about $25-30/k~-hr .  Eventua l ly ,  however, t h e  c o s t  f o r  a sta- 
t i o n a r y  energy s t o r a g e  b a t t e r y  c e l l  should be no more than  about $2O/kW-hr. 
On t h e  o t h e r  hand, c o s t s  f o r  fabricat ing  the Mark 1: ~ l e c t r ~ c  vehicle b a t t e r y  
are n o t  an o v e r r i d i n g  cons ide ra t ion ,  and p ro j ec t ed  c o s t s  f o r  commercial 
product ion a r e  n o t  p r e s e n t l y  needed. 

The d i f f e r e n c e s  i n  near-term goals  f o r  t h e  two types  of b a t t e r i e s  may 
be summarized a s  fo l lows .  The goa l s  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  
were s e t  f o r  smal l  c e l l s  of moderate c y c l e  l i f e ,  h igh  s p e c i f i c  energy, and 
h igh  s p e c i f i c  power, without  c o s t  r e s t r i c t i o n s .  I n  c o n t r a s t ,  t h e  goa l s  
f o r  t h e  b a t t e r i e s  t o  be i n s t a l l e d  i n  t h e  BEST F a c i l i t y  a r e  long cyc le  l i f e ,  
moderate s p e c i f i c  energy and power, and low c o s t  a t  moderate product ion 
r a t e s .  



I n  t h e  long term, t h e  t e c h n i c a l  goa l s  must be achieved wi th  a  b a t t e r y  
t h a t  can be mass produced c o m e r c i a l l y . a t  t h e  i n d i c a t e d  c o s t s .  To accomplish 
t h i s ,  c o n t r a c t s  have been made with i n d u s t r i a l  f i rms  t o  develop and f a b r i c a t e  
e l e c t r o d e s  and c e l l s ,  a s  w e l l  a s  e l e c t r o d e  s e p a r a t o r s ,  feedthroughs,  and b a t -  
t e r y  components. The c o n t r a c t u a l  e f f o r t s  and t h e  work a t  ANL on c e l l  des ign  
and f a b r i c a t i o n ,  m a t e r i a l s  development, and b a t t e r y  des ign  a r e  coordinated 
so  t h a t  in format ion  exchange i s  r ap id  and e f f i c i e n t .  C e l l  chemistry s t u d i e s  
and advanced c e l l  engineer ing  s t u d i e s  a t  ANL a l s o  provide  suppor t  f o r  t h e  
commercial development e f f o r t .  A smal l  p o r t i o n  of t h e  o v e r a l l  e f f o r t  i s  
d i r e c t e d  toward i n v e s t i g a t i n g  promising a l t e r n a t i v e  systems f o r  secondary 
b a t t e r y  a p p l i c a t i o n s .  



11. COMMERCIAL DEVELOPMENT ' 

, (A. A. Chilenskas) . . . 
. . . . . .  

I A. ~omme&cialization Plan . , .  . 
. .  . 

The objective of the commercialization effort is the establishment of 
a competitive, self-sustaining industry capable of producing a supply of 
lithiumlmetal sulfide batteries that meets national needs. This objective 
is to be accomplished through normal market forces, with a minimum of govern- 
mental support. A commercialization plan is under development that will 
define the essential elements, i.e., the market, product, and need (driving 
force for change). An essential part of this plan, the market study, has 
just been initiated; ANL is leading the study and assistance is being given 
by several industrial participants. The study will be a combination of a 
market survey and an economic analysis. The market survey will identify 
high-performance battery needs in military, aerospace and industrial appli- 
cations for the near term (1978-1985) and will include existing and unfilled 
needs. Pricing information from the market survey will permit a demand- 
function (cost-us.-quantity sold) relationship to be established. The 
economic analysis will permit a projection of (1) the required production 
of lithium/iron sulfide batteries to satisfy the market for each year and 
(2) the capital expenditure requirements to support these production rates. 
In this way, the near-term markets will be used to build an industrial manu- 
facturing base with a minimum of federal support. 

The industrial base thus established will be capable of expansion to 
fulfill the goal of the program, namely, the establishment of a competitive, 
self-sustaining industry. The commercialization plan wil1,tie together three 
main elements: technical goals, economics, and environmental/safety consider- 
ations. Technical goals for the lithium/metal sulfide batteries have been 
updated from time to time to reflect the current state of development and 
projections for the future. In addition, goals have been set with considera- 
tion of end-use requirements of the two major applications, that is, utility 
energy storage and electric vehicle propulsion. In establishing end-use 
goals, consideration is also given to economic requirements, since the 
achievement of high performance has a,n important impact upon the system 
costs calculated in terms of, for example, dollars/kilowatt-hour of energy 
storage. 

Under the category of economics, an analysis of the teckinical and 
economic characteristics of competing systen~s f o r  major markets will also 
be undertaken. This analysis is important in determining the cost and 
pricing policies to be established in the near-term markets. Projected 
battery costs for both the near-term and long-term markets will be under- 
taken. S,ince the battery costs are very sensitive to production scale, 
costs will be estimated on the basis of the expected yearly markets 
developed by the market surveys. 

Environmental and safety considerations play an important role in the 
introduction of a new technology into the noninstitutional marketplace. 
Existing literature already projects a favorable environmental impact ( e . g . ,  
in air quality) for the use of batteries in vehicles and utility energy 
storage plants. Consideration needs to be given--and will be given--to the 



environmental  impact. r e s u l t i n g  from mining and manufactur ing o p e r a t i o n s  
r e l a t e d  t o  product ion of  b a t t e r i e s  i n  t h e  near  and long  term. 

The s a f e t y  requirements  f o r  t h e  a p p l i c a t i o n  of t h e s e  b a t t e r i e s  i n  t h e  
nea r  and long  t e r m  a r e  t o  be' determined. Some pre l iminary  s a f e t y  tes ts ,  a s  
w e l l  a s  a  cons ide rab l e  body of exper ience  i n  l a b o r a t o r y  and i n d u s t r i a l  f a b r i -  
c a t i o n  and t e s t i n g ,  s t r o n g l y  sugges t  t h a t  t h e  l i thium-aluminum/iron s u l f i d e  
system w i l l  b e  s a f e  t o  manufacture and use .  The r ecen t  manufacture and 
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  c e l l s  i n  an a i r  environment,  w i th  no 
adverse  e f f e c t s ,  f u r t h e r  suppor t s  t h i s  premise.  

The market s t udy ,  which i s  c u r r e n t l y  under way, i s  be ing  d i r e c t e d  by * 
t h e  Energy and Environmental Systems Div i s ion  of  ANL, wi th  a s s i s t a n c e  from 
market-or iented members of two commercial f i r m s ,  Eagle-Picher I n d u s t r i e s ,  
I nc .  and Gould Inc .  The o b j e c t i v e  i s  t o  i d e n t i f y  near-term (1978-1985) 
markets t h a t  can suppor t  high-performance/high-c.ost b a t t e r i e s  t h a t  can be 
produced i n  p i l o t - p l a n t  q u a n t i t i e s .  A p r e l imina ry  r e p o r t  i s  expected t o  b e  
completed i n  December 1976. 

B .  Systems Design 

A systems-design e f f o r t  now i n  progress  i s  d i r e c t e d  toward des igns  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  and a  t ruckab le  module of about 5  MW-hr 
c a p a c i t y  f o r  a u t i l i t y  energy s t o r a g e  p l a n t .  The conceptua l  des ign  f o r  t h e  
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  was desc r ibed  i n  t h e  preceding q u a r t e r l y  
(ANL-76-81, p. 26) .  The p re sen t  e f f o r t  i s  d i r e c t e d  t o  t h e  des ign  of  t h e  
c e l l  p ro to type i .  e s t a b l i s h i n g  t h e  c e l l  c o n f i g u r a t i o n  t o  be  used i n  t h e  des ign  
of t h e  b a t t e r y  housing.  A d e t a i l e d  des ign  of t h e  f u l l - s c a l e  housing by 
Eagle-Picher I n d u s t r i e s ,  Inc .  i s  scheduled t o  begin  i n  October 1976. 

The conceptua l  des ign  f o r  t h e  5 MW-hr t r u c k a b l e  module f o r  a  u t i l i t y  - + 

energy-storage b a t t e r y  was desc r ibed  i n  a  prev ious  q u a r t e r l y  r e p o r t  
(ANL-76-35, p. 26-30). A preli-minary des ign  e f f o r t  i nvo lv ing  s e v e r a l  groups 
from t h e  b a t t e r y  program and mechanical and e l e c t r i c a l  engineer ing  suppor t  
from t h e  Engineer ing Div is ion  of ANL is  scheduled t o  begin  t h e  next  q u a r t e r .  
The output  from t h i s  e f f o r t  i s  expected t o  d e f i n e  t h e  c e l l  and module con- 
f i g u r a t i o n  f o r , t h e  energy-storage b a t t e r y  t o  be  t e s t e d  i n  t h e  BEST F a c i l i t y ,  
a s  w e l l  a s  t h e  s i z e  and c o n f i g u r a t i o n  of t h e  b a t t e r y  modules t o  be  t e s t e d  
dur ing  t h e  next  s e v e r a l  yea r s  on t y p i c a l  load  p r o f i l e s  f o r  u t i l i t y  energy 
s t o r a g e .  

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

1. C e l l  F a b r i c a t i o n  * (R. C.  E l l i o t t ,  W. E. Miller, E. C .  Gay, R.  F. Malecha ) 

Three i n d u s t r i a l  firms--Eagle-Picher I n d u s t r i e s ,  I nc . ,  Gould I n c . ,  
and C a t a l y s t  Research Corp.--are p a r t i c i p a t i n g  i n  t h e  development of Li-A1/ 
FeSx c e l l s .  Eagle-Picher is  developing co ld-press ing  technology f o r  t h e  

* .  
.1 S. H. Nelson. 

' w 
'prototype of  t h e  c e l l s  t h a t  w i l l  be  b u i l t  f o r  t e s t i n g  i n  t h e  f i r s t  f u l l -  

s c a l e  30"k~-h .n .ba t t e ry .  * 
Chemical h g i n e e r i n g  Div i s ion ,  ANL . 

c 



f a b r i c a t i o n  of e l e c t r o d e s .  The i r  e f f o r t s  have r e s u l t e d  i n  a b a s e l i n e  c e l l  
des ign .  Eagle-Picher i s  now concen t r a t ing  on improving t h e  s p e c i f i c  energy 
and s p e c i f i c  power of  t h e  c e l l s .  This  i s  be ing  done by inco rpora t ing  s e l e c t e d  
des ign  v a r i a b l e s  and e l e c t r o d e  compositions i n t o  s e p a r a t e  ba t ches  of c e l l s .  
P o s i t i v e  e l e c t r o d e s  of bo th  FeS and FeS2 a r e  be ing  developed, and t h e  c e l l s  
a r e  f a b r i c a t e d  i n  t h e  charged s t a t e .  

Gould i s  pursuing hot -press ing  as t h e  method f o r  f a b r i c a t i n g  e l ec -  
t r o d e s .  The Gould program w i l l  emphasize t h e  development of uncharged FeS2 
c e l l s  t h a t  a r e  designed f o r  ope ra t ion  on t h e  upper vo l t age  (FeS2 + FeS). 
C a t a l y s t  Research i s  i n v e s t i g a t i n g  t h e  e f f e c t s  of manufacturing e l e c t r o d e s  i n ,  

. 

a dry-room atmosphere, and i s  a l s o  developing a method f o r  c a s t i n g  Li-A1 
e l e c t r o d e s .  

O i ~ l y  Eagle-Plcller has progressed i n ro  t h e  second phase of t h e  work. 
A number of  c e l l s  of t h e  b a s e l i n e  des ign  were b u i l t  and t e s t e d  a t  ANL. The 
t e s t  r e s u l t s  a r e  presented  i n  Sec t ion  1 I I . A  of t h i s  r e p o r t .  Product ion of 
t h e  second group of c e l l s ,  descr ibed  below, i s  now under way. 

Eagle-Picher.  A s  r epo r t ed  p rev ious ly  (ANL-76-81, p.  34 ) ,  approval  
was given t o  Eagle-Picher I n d u s t r i e s ,  Inc .  t o  f a b r i c a t e  t he  ba lance  of t h e  
FeS2 c e l l s  under t h e  o r i g i n a l  c o n t r a c t  work s ta tement .  Both t h e  p o s i t i v e  and 
n e g a t i v e  e l e c t r o d e s  of t h e s e  c e l l s  a r e  made by co ld-press ing  powders. The 
e l e c t r o d e s  a r e  12.7 x 12.7 cm, wi th  th i cknesses  s u i t a b l e  f o r  t h e  intended 
a p p l i c a t i o n .  The approval  was given a f t e r  a s a t i s f a c t o r y  method was devised 
f o r  making a connect ion between t h e  molybdenum t e rmina l  and t h e  c u r r e n t .  
c o l l e c t o r  of t h e  p o s i t i v e  e l e c t r o d e .  

Under an addendum t o  t h e  Eagle-Picher c o n t r a c t ,  approved i n  August 
1976, Eagle-Picher w i l l  produce about 60 c e l l s  (12.7 by 12.7 cm) of n ine  d i f -  
f e r e n t  t ypes ;  t h e s e  c e l l s  a r e  expected t o  have increased  s p e c i f i c  energy and 
s p e c i f i c  power. Among t h e  f e a t u r e s  t o  b e  t e s t e d  a r e  (1) Y2O3 f e l t  s e p a r a t o r s ,  
(2)  Li-A1 e l e c t r o d e s  con ta in ing  55 a t .  % L i ,  (3) e l imina t ion  of t h e  nega t ive  
e l e c t r o d e  p a r t i c l e  r e t a i n e r ,  (4) l a r g e r  c u r r e n t  c o l l e c t o r  l e a d s ,  and (5) 
o f f s e t  c u r r e n t  c o l l e c t o r  l eads .  Some of t h e s e  f e a t u r e s  w i l l  be  incorpora ted  
i n t o  t h e  same c e l l s .  C e l l s  a r e  a l s o  be ing  ordered f o r  t e s t i n g  of th ree-  and 
s i x - c e l l  b a t t e r i e s .  Eagle-Picher w i l l  b u i l d  a 500-ton p re s s  t h a t  w i l l  provide 
t h e  c a p a b i l i t y  f o r  conversion from 12.7 x 12.7 cm e l e c t r o d e s  of 12.7 x 18 cm 
e l e c t r o d e s  by e a r l y  1977. 

C a t a l y s t  Research. A c e l l  f a b r i c a t e d  i n  dry  a i r  (<5 ppm water )  a t  
C a t a l y s t  Research Corporat ion was t e s t e d  a t  t h e i r  f a c i l i t y  i n  Bal t imore,  Md. 
f o r  more than  1600 h r .  'Cel l  ope ra t ion  w a s  terminated owing t o  equipment 
f a i l u r e .  The c e l l  d a t a  i n d i c a t e d  s l i g h t l y  lower performance than  t h a t  of a 
c o n t r o l  c e l l  f o r  t h i s  t e s t ,  which was f a b r i c a t e d  a t  Gould Inc .  The s e l e c t i o n  
of a des ign  not  p a r t i c u l a r l y  s u i t e d  t o  a i r  assembly appears  t o  have caused 
t h i s  lower performance. However, t h e  absence of obvious adverse  e f f e c t s  on 
c e l l  performance i s  promising, and we a r e  cont inuing  t o  pursue t h i s  method . 

of assembly. C e l l  t e s t i n g  was conducted i n  a sea l ed  con ta ine r  (not  a furnace 
w e l l )  t h a t  was i n t e r n a l l y  heated and b a c k f i l l e d  wi th  an  i n e r t  atmosphere. I n  
many r e s p e c t s ,  t h i s  type  of t e s t i n g  d u p l i c a t e s  proposed b a t t e r y  ope ra t ing  
cond i t i ons .  



Cata lys t  Research Corp. i s  cont inuing  t h e  development of a  c a s t  
Li-A1 e l e c t r o d e .  Three c e l l s  a r e  be ing  b u i l t  and t e s t i n g  of t h e s e  c e l l s  i s  
scheduled t o  begin i n  October 1976. 

Gould. A number of design d i scuss ions  were he ld  wi th  Gould Inc .  
dur ing  t h e  q u a r t e r ,  and a formal des ign  review was he ld  i n  August. The b a s i c  
c e l l  t o  b e  f a b r i c a t e d  by Gould i s  an uncharged FeS c e l l  wi th  r e c t a n g u l a r  . 

e l e c t r o d e s  (12.7 x 17.8 cm). The p o s i t i v e  e l e c t r o d e s ,  which have i r o n  
c u r r e n t  c o l l e c t o r s ,  a r e  hot-pressed from a mixture of Li2S, copper and i r o n  
powders, and LiC1-KC1 e u t e c t i c  s a l t .  The nega t ive  e l e c t r o d e s  a r e  a l s o  hot-  
pressed ,  from a mixture  of Li-A1 (10 a t .  % L i )  and LiC1-KC1 powders. 

d 

The Gould c e l l s  con ta in  a  number of des ign  f e a t u r e s  t h a t  w i l l  b e  
examined f o r  t h e  f i r s t  t ime. For example, i n  t h r e e  c e l l s ,  calcium w i l l  b e  
added t o  t h e  nega t ive  e l e c t r o d e  t o  t e s t  i ts  e f f e c t  on c e l l  l i f e t i m e .  A new, 
improved feedthrough w i l l  a l s o  be t e s t ed  i n  t h e s e  c e l l s .  Gould i s  f a b r i c a t i n g  
si-x p ro to types ,  fou r  w i l l  be  de l ive red  t o  ANL f o r  t e s t i n g  and two t o  b e  t e s t e d  
a t  Gould . 

2.  Electrode Sepa ra to r s  
(J. E. B a t t l e s )  

The development of e l e c t r o d e  s e p a r a t o r s  t o  meet our  t e c h n i c a l  and 
c o s t  goa l s  i s  be ing  pursued under R&D c o n t r a c t s  a s  summarized below. Related 
l abo ra to ry  work i s  presented i n  Sec t ion  1 V . A  of t h i s  r e p o r t .  

The Carborundum Co. Development e f f o r t s  on BN bonded paper sepa- 
r a t o r s  a r e  be ing  cont inued t o  d e f i n e  t h e  process  parameters  f o r  ob ta in ing  
uniform bonding and f o r  c o n t r o l l i n g  f i b e r  d i s t r i b u t i o n ,  pore s i z e ,  p o r o s i t y ,  
and th i ckness  of t h e  s e p a r a t o r .  Carborundum i s  prepar ing  a  d e t a i l e d  work 
breakdown f o r  an ex tens ion  of t h i s  c o n t r a c t  (about s i x  months) t o  a l low f o r  
completion of t h e s e  development e f f o r t s .  A s e p a r a t e  c o n t r a c t  has  been i s sued  
f o r  t h e  a c q u i s i t i o n  of 600 l b  of BN t o  be  s t o c k p i l e d  a t  t h e  r a t e  of 40 l b  per  
month. An a c c o u n t a b i l i t y  procedure has  been e s t a b l i s h e d  t o  safeguard t h i s  
m a t e r i a l .  

* 
Unive r s i ty  of F lo r ida .  Addi t iona l  s e p a r a t o r  s h e e t s  c o n s i s t i n g  of 

16% BN f i b e r ,  4% asbes tos  f i b e r  and MgO powder a r e  be ing  prepared.  These 
s h e e t s  w i l l  b e  t e s t e d  a s  i n s u l a t o r s  f o r  t h e  edges of e l e c t r o d e s  i n  p r i sma t i c  ' 

c e l l s  wi th  f e l t  o r  paper s e p a r a t o r s .  E f f o r t s  a r e  cont inuing  on s e t t i n g  up a  
cont inuous paper-making machine. Replacement p a r t s  and m a t e r i a l s  (BNand Y203 
f i b e r s )  have been rece ived .  The p i l o t - p l a n t  run scheduled f o r  September 1976 
was delayed t o  al lvw ~11e  p a p e ~ - u ~ a k i l l ~  luachine t o  be  r c l o c a t e d .  

Z i r c a r  Products ,  Inc .  Pro to type  y t t r i a  f e l t s  from Z i r c a r  a r e  cur-  
r e n t l y  be ing  t e s t e d  i n  f u l l - s c a l e  p r i sma t i c  c e l l s .  Although t h e  t e s t  r e s u l t s  
i n  smal l  c e l l s  were very  good, an i n i t i a l  t e s t  i n  a  p r i sma t i c  c e l l  was unsuc- 
c e s s f u l  because of some des ign  f e a t u r e s  of t h e  c e l l .  E f f o r t s  a r e  cont inuing  
on i n i t i a t i n g  a  development c o n t r a c t  w i th  Z i r c a r  f o r  improvement i n  t h e  
mechanical p r o p e r t i e s  of Y203 f e l t  and a l s o  f o r  t h e  development of BN f e l t s  
by t h c i r  p recursory  process .  
-- - - * 

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



Fiber Materials, Inc. Fiber Materials, Inc. has acquired BN roving 
from Carborundum which will enable them to carry out the development and 
evaluation of various paper-making concepts using various blends of fiber 
lengths and additives to improve mechanical properties of the fabricated 
sheets. 

North Carolina State University. The emphasis of this contract, 
which is awaiting approval from ERDA, is on the development of porous, ri~id 
separators and on basic studies of MgO and the effects-of impurities on iFs 
compatibility with lithium. 

3. Feedthrough Development 
(K. M. Myles) 

Ceramaseal. A ram-eype electrical feedthrough is being developed 
in this contract effort. Initial designs that were tested previously proved - - 
to have excellent leak-tightness.  he-recent effort bl cerimaseal has been 
concentrated on reducing bulkiness and increasing the conductor size. 
Delivery of these feedthroughs is expected during October and evaluation 
will commence thereafter. 

Coors Procelain. This contractual effort is directed toward 
developing a method for cold-pressing Y203 parts. Subsequent efforts will 
be devoted to development of a nonmetallic braze for the Y203 to be used in 
production of a feedthrough. Thus far, Y2O3 samples have successfully passed 
a 1000-hr compatibility test in an environment of Li-A1 + LiC1-KC1. Recently 
received metallized' samples are currently undergoing a similar compatibility 
test. 

4. Computer Programs 
t (F. Hornstra, J. Zagotta," S. D. Gabelnick ) 

An industrial-participant contract with International Harvester 
(IH) started in August; participation will be on a part-time basis. The 
goal is to develop a computer program to serve as a load profile simulator 
and to make the program operational on an ANL computer. IH has an ongoing 
activity in developing computer modeling programs for battery-powered 
vehicles. The program incorporates the effects of control and power-train 
elements on the range and performance of electric vehicles powered by 
advanced batteries. 

An. IH internal report has been supplied by ANL, along with a print- 
out of the computer program. The program has been loaded on one of the ANL 
central computers through the local data link. Modifications have been made 
to accommodate the ANL processor and the 'program has been run. Our personnel 
are being instructed in program operation while subroutines to input the 
characteristics of the 30 kW-hr Li-A1/FeS2 battery are being incorporated. 

* 
Industrial Participant from 1nternational.Harvester. 

+computer programming Group, Chemical- ~ n ~ i n e e r i n ~  Division, ANL. 



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

Ba t t e ry  engineer ing  e f f o r t s  a r e  d i r e c t e d  toward (1) t e s t i n g  of indus- 
t r i a l l y  f a b r i c a t e d  ~ i - A l / F e s ,  c e l l s ,  a s  s i n g l e  c e l l s  and i n  va r ious  b a t t e r y  
con f igu ra t ions ,  and (2 )  improvements i n  e l e c t r o d e  and c e l l  des ign  and f a b r i -  
c a t i o n  methods. A s  improvements i n  c e l l  des ign  a r e  demonstrated, t h e s e  a r e  
incorpora ted  a s  qu ick ly  a s  p o s s i b l e  i n t o  t h e  i n d u s t r i a l l y  produced c e l l s .  
Ba t t e ry  components and t e s t i n g  equipment a r e  a l s o  be ing  developed. 

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

Lithium-aluminum/metal s u l f i d e  c e l l s  a r e  be ing  produced by i n d u s t r i a l  
f i rms  and a r e  u n d e r g o i n g . t e s t i n g  a t  Argonne. Standardized ' t e s t i n g  procedures  
a r e  be ing  e s t a b l i s h e d  s o  t h a t  c e l l s  of d i f f e r e n t  des igns  may be compared on a  
common b a s i s .  The r e s u l t s  ob ta ined  a r e  be ing  used t o  develop improved des igns  
f o r  t h e  next  genera t ion  of c e l l s .  (One r ecen t  change i s  an i n c r e a s e  i n  t h e  
r a t i o  of a c t i v e  m a t e r i a l  t o  c e l l  weight.) C e l l s  a r e  a l s o  be ing  assembled i n t o  
b a t t e r y  con f igu ra t ions  and t e s t e d ;  t h e  r e s u l t s  ob ta ined  s o  f a r  a r e  only  pre- 
l iminary ,  b u t  t h e  work of b u i l d i n g  a b a t t e r y  f o r  t h e  e l e c t r i c  v e h i c l e  has  
begun. 

1. Tes t ing  of Contractor-Produced.Cells . , 

(R. C. E l l i o t t ,  T. D.  Cooper, P. F. Eshman, W. E. M i l l e r )  

I n  genera l ,  the performance of t h e  contractor-produced c e l l s  has  
not  been as h igh  a s  t h a t  f o r  t h e  ANL-produced c e l l s  opera ted  i n  t h e  C e l l  
Development and Engineering Group,because t h e  ANL c e l l s  a r e  i n  most ca ses  
based on a  more advanced technology. Recent a t t empt s  t o  involve  t h e  con- 
t r a c t o r s  i n  t h i s  more advanced technology have been succes s fu l  ( s ee  Sec t ion  
1I .C) .  Prospec ts  a r e  good f o r  meeting the c e l l  and b a t t e r y  goa ls  i n  t h e  
nea r  f u t u r e .  

One of t h e  v a r i a b l e s  i n  c e l l  des ign  i s  e l e c t r o d e  th i ckness .  In  
,general  t h e  peak power d e n s i t y  of  e l e c t r o d e s  i n c r e a s e s  a s  t h e  thickrless of 
t h e  e l e c t r o d e  decreases .  However, t h e  c e l l  s p e c i f i c  energy inc reases  wi th  
i n c r e a s i n g  e l e c t r o d e  th i ckness .  Therefore ,  c e l l s  needed f o r  high power tend 
t o  have t h i n  e l e c t r o d e s  and c e l l s  needed f o r  energy s t o r a g e  tend t o  have 
t h i c k e r  e l e c t r o d e s .  Two types  of c e l l s  a r e  being made by Eagle-Picher 
I n d u s t r i e s ,  Inc .  i n  o rde r  t o  i n v e s t i g a t e  t h i s  e f f e c t  of e l e c t r o d e  th i ckness .  
Type A c e l l s ,  have e l e c t r o d e s  about  0 . 3  cm t h i c k  and Type B c e l l s  have e l ec -  
t rodes  about 0.6 cm chick." 

The c e l l s  p r e s e n t l y  be ing  t e s t e d  were produced by Eagle-Picher 
I n d u s t r i e s ,  Inc.  wi th  e l e c t r o d e s  f a b r i c a t e d  by cold-pressing powders i n t o  
honeycomb cu r ren t  c o l l e c t o r  s t r u c t u r e s .  The c e l l s  have FeS2 p o s i t i v e  e l ec -  
t rodes  wi th  molybdenum cu r ren t  c o l l e c t o r s  of improved des ign  (ANL-76-81, 

* 
Because t h e  c e l l s  have two nega t ive  e l e c t r o d e s  and one p o s i t i v e  e l e c t r o d e ,  
t h e  p o s i t i v e  e l e c t r o d e  i s  considered t o  c o n s i s t  of two h a l v e s ,  each having 
t h e  th i cknesses  given h e r e .  In  t h e . m a t e r i a 1  t h a t  fo l lows ,  t h i s  dimension 
i s  o f t e n  r e f e r r e d  t o  a s  t h e  ha l f - th i ckness .  



p. 1 2 ) .  I n  one group of c e l l s  (Type B) the  p o s i t i v e  e l ec t rodes  have a h a l f -  
th i ckness  of 0.63. cm and c a p a c i t i e s o f  156 A-hr; the  negat ive  e l ec t rodes  each 
have th icknesses  of 0.72 cm and a t o t a l  capaci ty  of 149 A-hr. The performance 
of a  t y p i c a l  c e l l  i n  t h i s  s e r i e s . i s  described below.. A summary of the  present  
c e l l  t e s t s  is  presented i n  t h e  Appendix. 

. . 
Cell.EP-2B4 was 'operated f o r  130 cyc les  and about 1700 h r .  The 

opera t ing  temperature was 430°C except from Cycle 24 through.Cycle 45, when 
i t  was 4 0 0 ' ~ .  During Cycle 45, when t h e  temperature was ra i sed  from 400 t o  

, 

430°c, t h e  capaci ty  increased about 0.2 A-hr per  degree. When capaci ty  was , 

p l o t t e d  us .  c u r r e n t ,  a  l i n e a r  r e l a t i o n s h i p  was obtained i n  t h e  range from 
11-35 A. For c e l l  d a t a  a t  4 0 0 " ~ ~  the  s lope  of a  curve of capaci ty  U s .  
cur ren t  was -1.25 A-hr/A, and f o r  da ta  a t  430°C t h e  s lope  was -1.37 A-hr/A. 

A comparison of t h e  power c a p a b i l i t y . o f  Cell EP-2B4 a t  430°C (Pig. 
111-1) and a t  400°C (Fig. 111-2) shows a decrease with decreasing tempera- 
t u r e .  This  decrease r e s u l t s  from a 22% inc rease  i n  c e l l  s e r i e s  r e s i s t a n c e  
a t  t h e  lower .temperature. 
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Figure  111-3 shows t h e  capac i ty  of C e l l  EP-2B4 a s  a  func t ion  of 
time. Values f o r  s p e c i f i c  energy shown on t h i s  curve r e f l e c t  t h e  changes i n  
capac i ty  and average d ischarge  v o l t a g e .  The c e l l  was charged and discharged 
a t  e s s e n t i a l l y  cons tan t  c u r r e n t  d e n s i t y  (42 m ~ / c m ~ )  throughout i t s  l i f e .  I n  
l a t e r  c y c l e s ,  much of t h e  capac i ty  could be r e s t o r e d  by lowering t h e  charging 
c u r r e n t .  This  behavior  can be i n t e r p r e t e d  a s  a  decreas ing  charge-acceptance 
c a p a b i l i t y .  Therefore ,  we have begun a  s tudy  of t h e  e f f e c t s  of charging 
parameters on c e l l  l i f e .  Resu l t s  w i l l  be  repor ted  a t  a  l a t e r  d a t e .  

4 - A  CHARGE 

AN0 DISCHARGE 

NUMBER OF DEEP CYCLES 

Fig .  111-3. Cycle L i f e  H i s to ry  of C e l l  EP-2B4 

The cons t ruc t ion  o f ' ~ i - ~ l / ~ e ~ ~  Type A ( t h i n )  c e l l s  i s  somewhat 
d i f f e r e n t  from t h a t  of t h e  Type B ( t h i c k )  c e l l s .  The nega t ive  e l e c t r o d e s  
a r e  each 0.33 cm t h i c k  wi th  a  t o t a l  c a p a c i t y  of 34.4 A-hr. The p o s i t i v e -  
e l e c t r o d e s  ha l f - th i cknesses  a r e  a l s o  0.33 cm, and t h e  t o t a l  t h e o r e t i c a l  ' 
c a p a c i t y  i s  35.2 A-hr FeS2. C e l l  EP-2A5 i s  t y p i c a l  of t h i s  group of c e l l s .  
I n  t h e  f i r s t  q u a l i f i c a t i o n  t e s t s ,  t h e  s p e c i f i c  energy of C e l l  EP-2A5 ranged 
from about 57 W-hr/kg a t  t h e  3-hr r a t e  t o  67 W-hr/kg a t  t h e  5.5-hr r a t e .  
The r e s u l t s  of t h e  f i r s t  t e s t s  of s p e c i f i c  power a r e  shown i n  Fig. 111-4. 
Except f o r  per iods  when s p e c i f i c  energy and s p e c i f i c  power were being mea- 
sured ,  t h e  c e l l  has  been cycled a t  a  10-A (5-hr) charge-discharge r a t e .  
Af t e r  72 cyc le s  and 910 h r  of ope ra t ion ,  t h e  c e l l  h a s  shown a  d e c l i n e  of 
about 7% from i t s  peak performance (12th c y c l e ,  55.3 A-hr, and 67 W-hr/kg 
. a t  t h e  5.5-hr r a t e ) .  

2 .  Automation of Q u a l i f i c a t i o n  Tes t ing  
(R. C. E l l i o t t ,  R. W .  Kessie," P. F. Eshman) 

The present  q u a l i f i c a t i o n  t e s t i n g  of contractor-produced c e l l s  has  
proved t o  be very  u s e f u l  f o r  comparison of t h e  e f f e c t s  of ce l l -des ign  v a r i a -  
t i o n s .  The b a s i c  t e s t s  genera te  two types  of da t a .  The f i r s t ,  which i s  a  

I, p l o t  of s p e c i f i c  energy us .  hours of d i scha rge ,  i s  generated by p rog res s ive ly  
d ischarg ing  t h e  c e l l  a t  h ighe r  c u r r e n t s  than  a r e  used dur ing  "normal" c e l l  

* 
Computer Group, Chemical Engineering Div i s ion ,  ANL. 



DISCHARGE CURRENT, A 

Fig.  111-4. S p e c i f i c  Power of C e l l  EP-2A5 

cyc l ing .  The second i s  a  p l o t  of s p e c i f i c  power us.  c u r r e n t ,  a s  shown i n  
F igs .  111-1, -2, and -4. The s p e c i f i c  power d a t a  a r e  generated by manually 
apply ing  15-sec c u r r e n t  p u l s e s  a t  p rog res s ive ly  i n c r e a s i n g  c u r r e n t s  and 
r eco rd ing  t h e  c e l l  v o l t a g e ;  t h e  raw d a t a  a r e  analyzed t o  gene ra t e  s t a t i s t i c a l  
e s t i m a t e s  of c e l l  peak power, r e s i s t a n c e ,  and open-c i rcu i t  vo l t ages .  

The p r e s e n t  tests, when implemented manually,  a r e  s u b j e c t  t o  exper i -  
mental  e r r o r s  which can be e l imina ted  by automation. We a r e  i n  t h e  process  
of i n s t a l l i n g  t h e  necessary  hardware and sof tware  f o r  automated t e s t i n g  us ing  
t h e  a v a i l a b l e  Varian-Vidar-Robicon system. With automatic  c e l l  cyc l ing  and 
d a t a  a c q u i s i t i o n ,  t h e  d a t a  base  f o r  eva lua t ion  of s p e c i f i c  energy and s p e c i f i c  
power w i l l  be  s t rengthened  owing t o  t h e  e l i m i n a t i o n  of e r r o r s  and t h e  a b i l i t y  
t o  a c q u i r e  more ex tens ive  d a t a .  

3 .  Bat t e ry  Tes t ing  * (V. M. Kolba, G. W. Redding, J. L. Hamilton, E. C. Berrill  ) 

B a t t e r y  t e s t i n g  e f f o r t s  a r e  d i r e c t e d  toward t h e  development and 
e v a l u a t i o n  of b a t t e r y  con f igu ra t ions  and des igns .  I n  t h i s  e f f o r t ,  t h e  per- 
formance of c e l l s  i n  s e r i e s  and p a r a l l e l  arrangements is  be ing  eva lua ted ,  
s t a r t - u p  and cond i t i on ing  methods a r e  be ing  i n v e s t i g a t e d ,  and charg ing  pro- 
cedures  a r e  being developed. Tes t ing  of t h e s e  ba t t . e ry  con f igu ra t ions  i s  
p r e s e n t l y  under way, wi th  t h i c k  (Type B) FeS c e l l s  be ing  t e s t e d  f o r  u t i l i t y  
energy s t o r a g e  a p p l i c a t i o n s  and t h i n  (Type A) PeS2 c e l l s  being t e s t e d  f o r  
e l e c t r i c  v e h i c l e  a p p l i c a t i o n s .  

Tes t ing  of c e l l s  i n  both p a r a l l e l  and series arrangements i s  
r equ i r ed  t o  f u l l y  understand t h e  i n t e r a c t i o n s  of t h e  c e l l s  and t o  e s t a b l i s h  
b a s e l i n e  d a t a  f o r  scale-up of b a t t e r y  des igns .  I n  a l l  p r e sen t  b a t t e r y  des igns  
f o r  both a p p l i c a t i o n s ,  c e l l s  a r e  arranged i n  p a r a l l e l - s e r i e s  con f igu ra t ions ;  
t h e  p a r a l l e l  connec t ions  provide increased  capac i ty  and t h e  s e r i e s  connect ions 

* . . 
Nat iona l  B a t t e r y  Tes t  Laboratory Group. . , 



provide increased voltage. To date, cells have been tested separately in 
both parallel and series arrangement. When sufficient cells become available, 
testing will be conducted in parallel-series arrangements. Thus Ear, cells 
have been individually monitored for voltage, and charge or discharge is 
terminated when one individual cell of the battery configuration teaches its 
voltage.limit. When the cells are matched in capacity, the same cell reaches 
the charge and discharge voltage limits and therefore limits the battery 
capacity. However, when cells are mismatched, different cells may reach the 
limits, thereby causing a continuing decline in performance of the battery. 

.A description of the batteries and a summary of their operating 
characteristics are presented in the Appendix; the effects of charge and dis- 
charge rates on performance are illustrated in Table 111-1. In the discus- 
sions of performance presented below, the specific energy and specific power 
values are calculated on the basis of combined cell weights. 1n the tests, .. . . 

constant IR-included cutoff voltages are' used. ' " This .procedure results in 
a more pronounced decline in capacity with current than for constant IR-free 
cutoffs, because the increased polarization that results from higher current 
is not compensated for,. 

. . 

Table 111-1. Summary of Battery Performance at Various 
Charge and Discharge Rates 

Performance at Indicated Rate 

Theor. cutoff voltage: v Rate, hr Eff., % 
Batt. Cell- Cap., Cap. Y 

No .a Typeb A-hr Discharge Charge ' Discharge Charge A-hr A-hr W-hr 

B6-S FeS, 149 1.1 1.56 7.6 7.6 76 99 83 
thick 

B7-S FeS, 149 1.0 1.56 23.4 
thick 10.0 

5.1 
2.8 
1.4 

'B8-P FeS2, 149 1.0 2.0 5.8 
thin 1 ..9 

a S = series, P = Parallel. Three cells in B6-S, two cells in remainder. 

b ~ l l  cells fabricated by Eagle-Picher . 
C Cutoff voltages are for all tests and are IR-included. 

d~hort cycles; 1-hr discharge at ~ / 2  rate. 



a. Tes t ing  of Thick FeS C e l l s  . . . . 

During t h i s  period,  t e s t i n g  of C e l l s  EP-1B4, -1B5 and -1B6 i n  
series (designated Bat tery  B6-S i n  ANL-76-81; p. 31) was terminated a f t e r  t h e  
14 th  cyc le  because of dec l in ing  capaci ty  and poor ampere-hour e f f i c i ency .  
C e l l  EP-1B5 was removed from the  group because.of a 4-A leakage cur ren t ;  t h e  
c e l l  i s  undergoing a pos t - t e s t  examination. 

Tes t ing  of C e l l s  EP-1B4 and -1B6 i n  series, now designated 
Ba t t e ry  B7-S, was continued. The e f f e c t s  of changes i n  vol tage  l i m i t s  and 
t h e  use of equa l i za t ion  a f t e r  each cyc le  w e r e  inves t iga ted ,  and d ischarge  
r a t e  and power tests were a l s o  conducted. 

. . 

I n i t i a l  t e s t i n g  of B7-S was performed, with vo l t age  l i m i t s  'on 
d ischarge  and charge of 1.1 and 1.56.V, r e spec t ive ly ,  t o  permit comparis.on 
wi th  ind iv idua l  c e l l  da ta .  These l i m i t s  were changed t o  1 .0  and 1.59 V with 
an a t t endan t  inc rease  i n  achievable .capaci ty  of %12%. The changes i n  vol tage  
l i m i t s  and the  use  of equa l i za t ion  a t  the  end of t h e  bulk charge cycle  
increased the  achievable capac i ty  by 35%, y ie ld ing  an achievable s p e c f f i c  
energy of ~ 6 2  W-hr/kg a t  a 10-hr .discharge'  r a t e ,  a s  shown i n  Figure 111-5a. 
The 10-hr d ischarge  r a t e  was t h e  . o r i g i n a l  design b a s i s  f o r  load-leveling 
a p p l i c a t i o n .  A t  t he  5-hr d ischarge  . r a t e ,  which is re 'presenta t ive  of t h e  
peaking app l i ca t ion ,  .the s p e c i f i c  energy was Q43 W-hr/kg. Operation of a 
b a t t e r y  f o r  peaking purposes would r e q u i r e  a modificat ion i n  design t o  
achieve higher s p e c i f i c  energy a t  s h o r t e r  discharge t i m e s .  Data from t h e  
poker t e s t s  a r e  shown i n  Figure. 111-6.. A peak s p e c i f i c  powerof  ' ~ 1 7  W/kg 
was obtained a t  50% discharge a t  a cu r ren t  of 50 A. 

Tes t ing  is  being o r i en ted  .toward e s t a b l i s h i n g  r a t e s  permi t t ing  
a 5-hr d ischarge  and 10-hr charge, inc luding ~4 h r  of equal iza t ion .  

Fig. 111-5. 

Spec i f i c  ~ n e r g ~  Us. Discharge Time 
, , 

f o r  B a t t e r i e s  B7-S, B8-P, and B8-S 

I I 1 1  1 1 1 1 1  (b )  
2 3 4 5 6 .  8, 10 20 

DISCHARGE TIME, hr 
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Fig.  111-6. S p e c i f i c  Power of B a t t e r y  B7-S (measured 
a t  t h e  end of 15-sec pu l se s )  

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

A method f o r  s t a r t -up  and cond i t i on ing  of many c e l l s ,  p r i o r  
t o  b a t t e r y  assembly and ope ra t ion ,  may be important  t o  our  program from t h e  
s tandpoin t  of a v a i l a b l e  t ime and equipment. A review of two p o s s i b l e  arrange-  
ments ( s e r i e s  o r  p a r a l l e l )  f o r  c e l l  s t a r t - u p  and cond i t i on ing  ind ica t e s '  t h a t  
t h e  p a r a l l e l  arrangement i s  advantageous from t h e  s t andpo in t  of c o n t r o l  of 
c e l l  vo l t age  l e v e l s .  Th i s  method was t e s t e d  us ing  two th in- type  FeS2 c e l l s  
(EP-2A3, -2A4). The c e l l s  were clamped toge the r  (us ing  a  mica s e p a r a t o r  i n  
a r e a s  r e q u i r i n g  e l e c t r i c a l  i n s u l a t i o n ) ,  placed i n  a  t e s t  w e l l ,  s t a r t e d  up, 
and condi t ioned  i n  a  p a r a l l e l  arrangement des igna ted  B8-P. Data  fro^^^ this 
b a t t e r y  were compared wi th  d a t a  from C e l l  EP-2A5, which i s  being cycled 
i n d i v i d u a l l y  i n  a  g love  box. The peak c a p a c i t i e s  achieved f o r  t h e  c e l l s  i n  
B8-P were w i t h i n  1% of those  f o r  C e l l  EP-2A5, whi le  t h e  s p e c i f i c  energy and 
s p e c i f i c  power va lues  were w i t h i n  10%. Th i s  method w i l l  a l low many c e l l s  
t o  be  r e a d i l y  and reproducib ly  condi t ioned  a t  one t ime.  

Af t e r  t h e  cond i t i on ing  procedure,  tests of Ba t t e ry  B8-P were 
conducted t o  determine spec i f i . r  energy,  energy e f f i c i e n c y ,  and coulombic 
e f f i c i e n c y  a t  v a r i o u s  d ischarge  r a t e s ;  power t e s t s  were a l s o  conducted. 
R e s u l t s  of t h e  s p e c i f i c  energy tests a r e  shown i n  F ig .  111-5b. A t  t h e  5-hr 
r a t e  ( o r i g i n a l  des ign  base)  t h e  s p e c i f i c  energy i s  a59 W-hr/kg, whi le  a t  t h e  
2-hr r a t e  i t  is  %43 W-hr/kg. F igure  111-7 shows t h e  d a t a  from t h e  power 
t e s t s  a t  25 and 50% discharge  ( t h e  d a t a  f o r  5% d i scha rge ,  n o t  shown, were 
wi th in  3% of t hose  a t  25% d i scha rge ) .  A t  25 and 5% d i scha rge ,  t h e  peak 
s p e c i f i c  power a f  a67 W/kg was a t t a i n e d  a t  a  c u r r e n t  of $220 A .  A t  50% d i s -  
charge,  t h e  s p e c i f i c  power w a s  a51   kg a t  a200 A. Af t e r  t h e  power t e s t s ,  
t h e  r e s i s t a n c e s  of t h e  c e l l s  had each increased  from a7 .5  t o  ~ 1 2 - 1 6  mil. I n  
t h e  pos t - t e s t  a n a l y s i s  of  t h e s e  c e l l s ,  an a t tempt  w i l l  be  made t o  i d e n t i f y  
t he  cause of t h e s e  inc reases .  

Af t e r  30 c y c l e s  of p a r a l l e l  ope ra t ion ,  C e l l s  EP-2A3 and -2A4 
were connected i n  a  s e r i e s  arrangement,  des igna ted  B a t t e r y  B8-S. Af t e r  t h i s  
b a t t e r y  was cycled t o  develop a  d a t a  base ,  h igh - ra t e  d ischarge  and power 
t e s t s  were conducted. Also, t h e  e f f e c t s  of e q u a l i z a t i o n ,  charge r a t e ,  
vo l t age  l i m i t s  and shor t -cyc le  ope ra t ion  ( f o r  1 h r  a t  t h e  2-hr r a t e )  were 
i n v e s t i g a t e d .  Tes t  r e s u l t s  of s p e c i f i c  energy us. discharge  time a r e  shown 
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Fig. 111-7. Spec i f i c  Power of Bat tery  B8-P (measured 
a t  the  end of 15-sec pulses)  

i n  Fig. 111-5b. The performance of B8-S was lower than t h a t  of B8-P because 
of t h e  r e s i s t a n c e  changes i n  the  c e l l s  and the  increase  i n  r e s i s t a n c e  of c e l l  
in terconnect ions .  A t  t h e  5-hr r a t e ,  the  achievable s p e c i f i c  energy of B8-S 
was ~ 4 9  W-hr/kg, while a t  t h e  2-hr r a t e  i t  was ~ 3 7  W-hrlkg. The s p e c i f i c  
power of ~ 3 7  W/kg was a t t a i n e d  a t  5% discharge;  at 50% discharge,  a s p e c i f i c  
power of $25  kg was a t t a i n e d .  

Short-cycle t e s t i n g  of B8-S was conducted t o  determine the  
e f f e c t  of cycl ing f o r  1 h r  a t  t h e  2-hr r a t e  of discharge. This mode of oper- 
a t i o n  lowered t h e  energy e f f i c i e n c y  s l i g h t l y  (G%) compared with t h e  value 
f o r  deep discharges a t  the  2-hr r a t e .  A s  cycl ing progressed, the  achievable 
capac i ty  of B8-S slowly decreased a t  a rate of ~ 0 . 3 7  A-hr per cycle.  Various 
methods of r e s t o r i n g  the  capaci ty  w e r e  inves t igated .  Most of t h e  former 
capaci ty  could be  res to red  by 1 )  constant  cu r ren t  charging a t  a lower current  
( longer t ime),  2) equa l i za t ion ,  o r  3) inc reas ing  t h e  charge cutoff  vol tage  
l i m i t .  Some success was a l s o  obtained by a current- l imited constant-voltage 
charge, which yielded higher achievable capacity on t h e  succeeding discharge 
than t h a t  obtained a f t e r  a constant-current  charge alone.  This method w i l l  
be more f u l l y  explored upon completion of a con t ro l  mechanism required f o r  
cyc le r  operat ion i n  t h i s  mode. 

A s  p a r t  of t h e  t e s t i n g  described above, a Gulton equal izer  
designed f o r  FeS2 c e l l s  (see Section 1II.B) was used t o  equal ize  the  c e l l s .  
U s e  of t h i s  equipment required long times f o r  equal iza t ion (maximum current  
achieved, 4.9 A). A 19-hr equal iza t ion increased t h e  capaci ty  and energy 
on t h e  subsequent cycle  by 12.7%. 

Test cycl ing schedules a r e  being prepared t h a t  provide f o r  
discharge of c e l l s  a t  var ious  r a t e s  and depths of discharge.  Tes t s  performed 
according t o  these  schedules w i l l  provide t h e  necessary data  f o r  evaluat ing 
t h e  cel1"performance with respect  t o  t h e  goals  f o r  both t h e , e l e c t r i c  veh ic le  

' 

and u t i l i t y  energy s to rage  b a t t e r i e s .  
. .. 



4 ,  - C e l l  Tes t ing  F a c i l i t i e s  
( I .  0.  Winsch, R.  F. Malecha, W .  E .  M i l l e r )  

The des ign .o f  a  m u l t i c e l l  t e s t  h e a t i n g  chamber was completed and a  
25-kW u n i t  wi th  app ropr i a t e  c o n t r o l s  has  been ordered .  This  u n i t ,  which i s  
designed t o  h e a t  e i g h t  experimental  c e l l s  s imultaneously under an argon 
atmosphere a t  450°C, w i l l  be  used i n  eva lua t ing  t h e  performance of con t r ac to r -  
produced c e l l s ;  C e l l s  w i t h  dimensions from 1 3  by 1 3  cm t o  20 by 20 cm can be 
convenient ly  heated and t e s t e d  i n  t h e  h e a t i n g  chamber. Receipt  of t h e  mult i -  
c e l l  heat ing.chamber i s  scheduled f o r  November 1976. 

Four c y l i n d r i c a l  h e a t i n g  chambers, which w i l l  be used f o r  h e a t i n g  
and t e s t i n g  con t r ac to r - f ab r i ca t ed  c e l l s ,  have been i n s t a l l e d .  Each u n i t  i s  
capable of con ta in ing  a  c e l l  1 3  by 18 cm o r  20 by 20 cm, and t h e  u n i t s  a r e  
i n d i v i d u a l l y  hea ted .  A helium-atmosphere glove box, now be ing  modified w i l l  
be  i n s t a l l e d  f o r  s t o r i n g  con t r ac to r - f ab r i ca t ed  ce1.l.s a.nd cel.1. p a r t s .  A 
l a r g e r  glove box w i l l  a l s o  be  i n s t a l l e d  f o r  housing. an e l e c t r o l y t e - f i l t e r i n g  
system, p u l v e r i z e r ,  and s i e v i n g  u n i t .  

B. Ba t t e ry  Charging Systems 

1. E l e c t r o n i c  Development 
. (W. W .  Lark, J. L, Hamilton, C .   uss sell*) 

A s i x - c e l l  mon i to r / con t ro l l e r  has  been assembled, and check-out of 
t h e  u n i t  is  under way. The system i s  more s o p h i s t i c a t e d  than  t h e  f o u r - c e l l  
mon i to r / cpn t ro l l e r  p r e s e n t l y  i n  use.  I n  t h e  s i x - c e l l  u n i t ,  s ens ing  of  t h e  
upper v o l t a g e  l i m i t  i s  i n h i b i t e d  dur ing  e q u a l i z a t i o n  s o  t h a t  t h e  d e s i r e d  
cu tof f  vo l t age  f o r  e q u a l i z a t i o n  may be s e t  wi thout  i n t e r f e r i n g  wi th  t h e  normal 
ope ra t ion  of t h e  monitor ;  a s  a  r e s u l t ,  i n d i v i d u a l  s t a t u s  lamps d i s p l a y  only 
t h e  informat ion  r e l a t e d  t o  t h e  main charge and d ischarge  po r t ions  of t h e  , 

c y c l e s .  Sensing of c e l l  vo l t age  is  a l s o  prevented dur ing  charge ld ischarge  
t r a n s i t i o n s  of t h e  main c y c l e  t o  preclude t h e  t r a n s i t i o n  c u r r e n t  s p i k e s  from 
f a l s e l y  s i g n a l i n g  t h e  monitor .  Other ref inements  a r e  included t o  make t h e  
system simpler  t o  use .  

A mini-cycler  was modified t o  provide a  means f o r  pulse-charging 
Li/FeS c e l l s  i n . expe r imen t s  of t h e  C e l l  Chemistry Group. The output  c u r r e n t  
of t h e  mini-cycler fo l lows  a  d e s i r e d  waveform provided by a  s tandard  func t ion  
gene ra to r ,  a s  programmed by t h e  u s e r .  

2. B a t t e r y  Charging Systems f o r  E l e c t r i c  Vehicles  
(J. Cox,'? F. Hornstra)  

A charging system s u i t a b l e  f o r  mass-produced e l e c t r i c  v e h i c l e  
b a t t e r i e s  must be economical, l i gh twe igh t ,  r e l i a b l e ,  and s imple t o  use.  Such 
a  charging system r e q u i r e s  two s e p a r a t e  chargers .  The f i r s t  dev ice ,  a  high- 
cu r r en t  main cha rge r ,  s u p p l i e s  t h e  bulk  of t h e  b a t t e r y  charge a t  a  maximum 
cur ren t  t h a t  is  l i m i t e d  e i t h e r  by t h e  c a p a b i l i t y  of t h e  b a t t e r y  t o  r e c e i v e  
cu r r en t  o r  by t h a t  of t h e  power supply t o  d e l i v e r  c u r r e n t .  The second u n i t ,  

* 
Cn-np S t ~ i d e n t  from IJniversd t y  of C inc inna t i .  

? 1 n d u s t r i a l  P a r t i c i p a n t  from Gulton I n d u s t r i e s ,  I n c  . 



a  charge  e q u a l i z e r ,  s u p p l i e s  t h e  r equ i r ed  d i f f e r e n c e  f o r  t h e  low c e l l s  p l u s  
whatever charge t h e  high-current  charger  d i d , n o t  supply.  

The minimum c o s t  (and minimum weight)  charge e q u a l i z a t i o n  system , . 

charges  comparat ively s lowly;  t h e r e f o r e ,  i t  is d e s i r a b l e  t o  u t i l i z e  t h e  high- 
c u r r e n t  main charger  t o  t h e  g r e a t e s t  e x t e n t  f e a s i b l e .  To minimize t h e  c o s t s  . 

of t h i s  h igh-cur ren t  cha rge r ,  a  computed r e l a t i o n s h i p  between c u r r e n t  and 
a l lowab le  b a t t e r y  v o l t a g e ,  based on demonstrated models of . c e l l  behavior ,  

" w a s  assumed. The main charge  c u r r e n t  i s  p rog res s ive ly  reduced, i n  s e v e r a l  
s t e p s ,  as t h e  c e l l  v o l t a g e  l i m i t  f o r  t h e  p red ic t ed  "worst case" i s  approached. 
The f i n a l  s t e p  i n  t h e  main charge program occurs  when t h e  c u r r e n t  has  .been 
reduced t o  a  v a l u e  n e a r  t h a t  a v a i l a b l e  from t h e  charge e q u a l i z a t i o n  system'. 
Thereupon, t h e  charge e q u a l i z a t i o n  i s  in t roduced  t o  complete t h e  charging '. 

process .  

A complete charg ing  system i s  i l l u s t r a t e d  i n  Fig.  111-8. The main 
cha rge r  i s  c o n t r o l l e d  by t h e  b a t t e r y  v o l t a g e ,  as i n d i c a t e d  above.  he equal- 
i z i n g  charger  u t i l i z e s  sma l l  t a p  w i r e s  permanently connected t o  t h e  junc t ion  
between ad jacen t  b a t t e r y  c e l l s .  A t  t h e  s p e c i f i e d  v o l t a g e  l e v e l ,  t h e  main 
charge  is  terminated and t h e  e q u a l i z e r  charge completes t h e  process .  The 
e q u a l i z i n g  charger  provides  an independent ,  cu r r en t - l imi t ed ,  cons tan t -vol tage  
s o u r c e t o  each c e l l ,  s o  t h a t  each c e l l  may come t o  a  f u l l  charge ind,ependently. 
The unique diode arrangement dep ic t ed  a l lows  a r educ t ion  i n  t h e  number of 
t r ans fo rmer  seconda r i e s  (each secondary winding s e r v e s  two c e l l s )  and e l imi -  
n a t e s  c e l l - t o - c e l l  i n t e r a c t i o n  due t o  l e a d  w i r e  r e s i s t a n c e .  Th i s  system was 
designed t o  provide e f f e c t i v e  c e l l  charge e q u a l i z a t i o n  dur ing  a  weekend 
b a t t e r y  charge. 
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a. Present Status 

Two prototype six-cell charge equalization systems (one for 
FeS cells and the other for FeS2 cells) of the basic design shown in Fig. 
111-8 were constructed by Gulton and tested. The units provided independent 
cell charging and excellent regulation of the charge cutoff voltage. Although 
the'initialchargingcurrents are somewhat less than expected from the design 
specifications, the basic concept of the approach appears valid. 

Components used in the construction are inexpensive. The 
diodes are those commonly in automobile alternators and are therefore mass- 
produced, readily available, and inexpensive, It is expected that a full- 
scale equalizer for electric-vehicle application can be mass-produced for 
about one dollar per cell. 

b. Future Program ---.--.- ---- - 

For the next phase of the program, the following activities 
are being considered: (1) construction of a full-size equalization system 
suitable for the 30 kW-hr electric vehicle battery, (2) design of a main 
charger for the 30 kW-hr electric vehicle battery, and (3) design study of 
a charge equalization system suitable for charging on a daily basis. 

The full-scale equalization system, which will be a scaled-up 
version of the six-cell prototype, will be constructed under a contract. , 
Emphasis will be placed on making the full-scale unit compact, while retain- 
ing much of the versatility that was built into the prototype systems. 

The design of the main charger requires further study before 
construction can proceed. An industrial development contract will be 
negotiated to include the study, design, and construction of a full-size 
prototype main charger with a charging profile matched to the computed 

. relationship between allowable current and battery voltage. 

Finally, a contract will be initiated to study the require- 
ments for charge equalization on a daily basis and to design a system to 
perform this duty. If the study indicates that a significant improvement 
in performance is achievable at an attractive cost, the construction of a 
prototype unit for several cells may be undertaken. 

3.' Automatic Repair of a Battery Cell with an Open Circuit 
(F. Hornstra, E. C. Rerril.L,, S. Faist*) 

A brief study was conducted on the application of copper-oxide 
electric cutouts to automatically bypass an open cell in a battery. As 
reported in the preceding quarterly report (ANL-76-81, p. 30) , the bypass 
fusing would establish a current path around the cell so that the battery 
could continue to function at essentially the same voltage (i.e., decreased 
by that of only one cell). As a result, the necessity for penetrating the 
jacket of a high-temperature battery to effect a repair would be eliminated 
or postponed to a more opportune time. 
- * 
Sweet Briar College Student Participant, Summer Undergraduate Research 
Program; coordinated by the Argonne Center for Education Affairs. 



Some of t h e  parameters  and mechanisms which con t r ibu ted  t o  exper i -  
menta l  obse rva t ions  made wi th  commercially a v a i l a b l e  copper-oxide c u t o u t s  
were i d e n t i f i e d .  Manufacturers  of t h e s e  devices  were contac ted  and p e r t i n e n t  
documents a r e  be ing  c o l l e c t e d .  The companies appear  i n t e r e s t e d  i n  t h i s  
app l i . ca t ion ;  however, s e v e r a l  problems need t o  be  explored regard ing  t h e  
u s e  of copper-oxide m a t e r i a l  a t  t h e  c u r r e n t s  a n d - t h e  temperature r equ i r ed .  
I n  p a r t i c u l a r ,  l i t t l e  in format ion  i s  a v a i l a b l e  a t  t h e  temperature of  i n t e r e s t  . - 

(%500°C). Other p o s s i b l e  m a t e r i a l s  f o r  t h i s  a p p l i c a t i o n  were i d e n t i f i e d ,  
namely, aluminum a l l o y s  and plat inum a l l o y s .  Fu r the r  s tudy  and development 
of v a r i o u s  m a t e r i a l s  f o r  u se  a t  t h e  temperature of i n t e r e s t  would b e  needed 
be fo re  t h e  scheme could be app l i ed  s u c c e s s f u l l y  t o  high-temperature b a t t e r i e s .  

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 i s  d i r e c t e d  toward t h e  develop- 
ment 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 .  Any t e c h n i c a l  advances w i l l  b 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 r m s  t o  complement t h e  e f f o r t  on commercial develop- 
ment. The work i s  p r e s e n t l y  concent ra ted  on t h e  development of two major 
t ypes  of p o s i t i v e  e l e c t r o d e s ,  hot-pressed e l e c t r o d e s  and carbon-bonded e l ec -  
t r o d e s .  Both charged and uncharged nega t ive  e l e c t r o d e s  a r e  be ing  s t u d i e d ;  
t h e  u s e  of meta l  a d d i t i v e s  t o  t h e  Li-A1 e l e c t r o d e s  i s  a l s o  be ing  i n v e s t i g a t e d .  
C e l l s  u t i l i z i n g  t h e s e  e l e c t r o d e s  a r e  c r i t i c a l l y  eva lua ted  from t h e  viewpoint 
of performance, l i f e t i m e ,  f a b r i c a t i o n  methods, m a t e r i a l s ,  and c o s t  i n  o rde r  

. t o  s e l e c t  t h e  most s u i t a b l e  des igns  f o r  t h e  next-generat ion c e l l s .  

Dimensions of e l e c t r o d e s  i n  t h e  t e s t  c e l l s  a r e  12.5 cm by 12.5 cm,. 
excep t  f o r  spec ia l -purpose  c e l l s .  A summary of performance r e s u l t s  of t h e  
t e s t  c e l l s  i s  presented  i n  t h e  Appendix. 

1. C e l l  Performance and L i f e t ime  Improvement 

a .  Uncharged C e l l s  w i t h  ~ o t - P r e s s e d  FeS? E lec t rodes  
(L. G. Bartholme, H. Shimotake) . 

. . .  A series of c e l l s  w i l l  be  b u i l t  and opera ted  t o  test t h e  per- 
f  ormance of hot-pressed uncharged FeS2. e l e c t r o d e s .  The f i r s t  c e l l  (R-15). 
has  a molybdenum honeycomb s t r u c t u r e  i n  t h e  p o s i t i v e , . e l e c t r o d e  and pressed  
aluminum wire  plaques i n  t h e  nega t ive  e l e c t r o d e s  and i s  designed t o  be  oper- 
a t e d  on bo th  v o l t a g e  p l a t e a u s  (FeS2 + Fe).  The c e l E  h a s  been opera ted  most ly 
a t  t h e  5-hr r a t e  f o r  42 c y c l e s  and 650 h r ;  no s i g n  of c a p a c i t y  d e c l i n e  has  
been observed t o  d a t e ,  as shown i n  Fig.  111-9. The c e l l  h a s  been opera ted  
i n t e r m i t t e n t l y  a t  t h e  2-hr d i scha rge  r a t e ;  t h e  frequency of t h e  2-hr r a t e  
t e s t s  w i l l  be i nc reased  l a t e r .  The c e l l  has  a h igh  i n t e r n a l  r e s i s t a n c e  
(20 d) owing t o  a poor j o i n t  between t h e  molybdenum c e n t r a l  c u r r e n t  c o l l e c t o r  
s h e e t  and t h e  molybdenum t e rmina l  t ab .  An improved j o i n t  w i l l  b e  incorpora ted  
i n  t h e  n e x t  c e l l ,  which w i l l  b e  a n  FeS2 c e l l  designed t o  ope ra t e  on t h e  upper 
v o l t a g e  p l a t e a u  (FeS2 + FeS). 

b .  C e l l s  w i th  Carbon-Bonded Metal S u l f i d e  E lec t rodes  
(T. D. Kaun, F. J. Mart ino,  W. A, Kremsner) 

S t u d i e s  of t h r e e . c e l l s  (KK-4, -5, and -6) wi th  carbon-bonded 
i r o n - s u l f i d e  e l e c t r o d e s  are cont inuing;  t h e s e  c e l l s  were descr ibed  p rev ious ly  
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Fig .  111-9. Capaci ty  v s .  Cycle L i f e  f o r  C e l l  R-15 
( t h e o r e t i c a l  c a p a c i t y ,  168 A-hr) 

(ANL-76-81, p. 1 3  and p. 16 ) .  C e l l  KK-4, a  charged Li-A1/FeS2-CoS2 c e l l ,  ha s  
completed over  4600 h r  and 280 c y c l e s  w i t h  an ampere-hour e f f i c i e n c y  of >98%. 
The c a p a c i t y  of t h i s  c e l l  ha s  dec l ined  t o  55% of  i t s  o r i g i n a l  va lue  a t  a  r a t e  
of 1 A-hr/100 h r  of o p e r a t i o n ,  as shown i n  F ig .  111-10. A h igh  open -c i r cu i t  
v o l t a g e  (1.95 V) a t  f u l l  charge i n d i c a t e s  a l i t h ium- r i ch  s u r f a c e  on t h e  Li-A1 
e l e c t r o d e ,  which sugges t s  t h a t  t h e  c e l l  c a p a c i t y  is  l i m i t e d  by poor charge  
acceptance by t h e  nega t ive  e l e c t r o d e .  Attempts t o  improve c e l l  c a p a c i t y  by 
vary ing  t h e  o p e r a t i n g  c o n d i t i o n s  have f a i l e d ;  long pe r iods  (18 h r )  on open 
c i r c u i t  wi th  topping  charges o r  r a p i d  charge r a t e s  (100 mA/cm2) f o r  10 c y c l e s  
d i d  n o t  a l t e r  t h e  r a t e  of t h e  c a p a c i t y  d e c l i n e .  

C e l l  KK-5, an uncharged Li-Al/FeS-CuFes2 c e l l ,  has  maintained 
, a  low r e s i s t a n c e  of 3 . 8  mR s i n c e  reassembly a f t e r  an e l e c t r o d e  examination 
(conducted a f t e r  1750 h r  and 90 c y c l e s ) .  Its performance is  s t a b l e ,  a s  shown 
by t h e  d a t a  f o r  c a p a c i t y  us .  c y c l e  l i f e  i n  F ig .  111-10. A t  t he .5 -h r  r a t e  
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Fig .  111-10. Capaci ty  v s .  Cycle ~ i f e  f o r  C e l l s  KK-4 
and KK-5 ( t h e o r e t i c a l  c a p a c i t i e s :  
KK-4, 90 A-hr; KK-5, 120 A-hr) 



(60 mA/cm2), t h e  capac i ty  i s  92 A-hr (78% of t h e o r e t i c a l ) ,  and a t  t h e  2-hr 
r a t e  (130 mA/cm2), i t  i s  69% of t h e o f e t i c a l  ( s ee  F ig .  111-11). The ampere- 
hour  e f f i c i e n c y  remains a t  99% a f t e r  170 c y c l e s  and 3100 h r .  
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Fig .  111-11. Voltage us .  Capaci ty f o r  C e l l s  KK-5 and KK-6 ( t h e o r e t i c a l  
c a p a c i t i e s :  KK-5, 120 A-hr; KK-6, 150 A-hr) 

C e l l  KK-6, an uncharged Li-A1/FeS2-CoS2 c e l l ,  has  opera ted  f o r  
more than  2500 h r  and 155 cyc le s  a t  99% ampere-hour e f f i c i e n c y .  A s  evidenced 
by t h e  vol tage-capac i ty  curves i n  Fig.  111-11, Ce l l  KK-6 never  reached t h e  
f u l l y  charged s t a t e  (150 A-hr). Cast p l a t e s  of p a r t i a l l y  charged Li-A1 
(32 a t .  % Li )  were used i n  t h e  nega t ive  e l e c t r o d e  t o  provide excess  l i t h i u m  
c a p a c i t y .  A long  per iod  of ope ra t ion  (1500 h r  and 100 cyc le s )  was r equ i r ed  
f o r  t h e  nega t ive  e l e c t r o d e s  t o  reach  t h e i r  p resent  c a p a c i t y  of about 95 A-hr 
a t  t h e  5-hr r a t e .  A t  t h e  10-hr r a t e ,  t h e  s p e c i f i c  energy i s  about 75 W-hr/kg. 

C e l l  CB-1, a  charged, ~ i - A l / C u F e s ~  c e l l  w i th  a  carbon-bonded 
p o s i t i v e  e l e c t r o d e  and a  hot-pressed Li-A1 e l e c t r o d e  has  been i n  ope ra t ion  
f o r  more than  365 c y c l e s  and 5350 h r .  The t h e o r e t i c a l  c a p a c i t i e s  of t h e  
e l e c t r o d e s  a r e  matched a t  147 A-hr. The ampere-hour e f f i c i e n c y  has  remained 
h igh  a t  about 98%, and t h e  capac i ty  i s  ve ry  s t a b l e  wi th  c y c l i n g ,  a s  shown i n  
F ig .  111-12. The c e l l  has  experienced no l o s s  i n  capacit .y throughout i t s  
l i f e t i m e .  This  can be seen  by a  comparison of t h e  c a p a c i t i e s  achieved i n  
t e s t s  a t  t h e  7-hr r a t e ,  one ending a t  about Cycle 325, and t h e  o t h e r  ending 
a t  about Cycle 50. Moreover, p l o t s  of c e l l  vo l t age  us .  c a p a c i t y  a t  t h e  5-hr 
r a t e  f o r  Cycles 108 and 365 (see  Fig.  111-13) a r e  almost i d e n t i c a l ,  aga in  
i l l u s t r a t i n g  t h e  capac i ty  r e t e n t i o n  of t h i s  c e l l .  The capac i ty  of 67 A-hr 
a t  t h e  5-hr r a t e  r e p r e s e n t s  a  u t i l i z a t i o n  of about 45%. The s t a b l e  long-term 
behavior  of t h i s  c e l l  sugges t s  t h a t  ope ra t ion  a t  a  l i m i t e d  depth of d i scha rge  
i s  a s i g n i f i c a n t  f a c t o r  i n  capac i ty  r e t e n t i o n  and long c e l l  l i f e t i m e .  This  
t y p e  of l i m i t a t i o n  would b e  p r a c t i c a l  f o r  a  u t i l i t y  energy s t o r a g e  b a t t e r y ,  
f o r  which t h e  s p e c i f i c  energy requirements  a r e  much lower than  f o r  an  
e l e c t r i c - v e h i c l e  b a t t e r y .  
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Fig.  111-12. Capaci ty Us. Cycle L i f e  f o r  C e l l  CB-1 
( t h e o r e t i c a l .  capac-i ty ,  147 A-hr) 

c .  M u l t i p l a t e  C e l l s  

C e l l s  having m u l t i p l e  e l e c t r o d e s  a r e  be ing  considered as a . 
means of  achiev ing  high s p e c i f i c  energy and low c e l l  r e s i s t a n c e .  Two such 
c e l l s ;  C e l l  MP-1 ar~d -2, have been t e s t e d  (ANL-76-81, p .  1 7 ) .  Operat ion of 
C e l l  MP-1 was terminated because of a  l e a k  i n  t h e  c e l l  housing.  

C e l l  MP-2, comprises two carbon-bonded FeS2-CoS2 p o s i t i v e  
e l e c t r o d e s  and four  nega t ive  e l e c t r o d e s  of ~ i - ~ l  i n  i r o n  Retimet.  ' ~ u r i n ~  , . 

- 1 2 3  cycles .  and 1625 h r  of ope ra t ion ,  t h e  c e l l  c a p a c i t y  s t e a d i l y  dec l ined .  
It was pos tu l a t ed  t h a t  i n  a  m u l t i p l a t e  c e l l  t h e  c e l l  performance i s  u l t i m a t e l y  
l i m i t e d  by t h a t  of t h e  l e a s t  e f f i c i e n t  e l e c t r o d e  and, consequent ly,  e l e c t r o d e  
matching becomes extremely impor tan t .  I n  an  a t tempt  t o  a l l e v i a t e  t h e  problem 
i n  C e l l  MP-2,, t h e  c e l l  w a s  charged under cons tan t  vo l t age  r a t h e r  than  under 
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c o n s t a n t  c u r r e n t .  A h igh  i n i t i a l  charging c u r r e n t  followed by an  exponen- 
t i a l l y  d e c l i n i n g  c u r r e n t  was considered t o  equa l i ze  t h e  e l e c t r o d e  c a p a c i t i e s .  
However, a f t e r  an a d d i t i o n a l  40 c y c l e s  and 300 h r  of t e s t i n g ,  performance 
d a t a  i n d i c a t e d  t h a t  t h i s  method of charging had no b e n e f i c i a l  e f f e c t  on t h i s  
p a r t i c u l a r  c e l l .  Next, t h e  c e l l  t e rmina l s  were a l t e r e d  so  t h a t  C e l l  MP-2 
could b e  opera ted  as two c e l l s ,  each wi th  one p o s i t i v e  and two nega t ive  
e l e c t r o d e s .  I n i t i a l  c y c l i n g  showed t h a t  one of t h e  p o s i t i v e  e l e c t r o d e s  was 
ach iev ing  a  h ighe r  c a p a c i t y  than t h e  o t h e r  (35 A-hr compared wi th  15  A-hr). 
S ince  t h e  connect ions were a l t e r e d ,  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  lower 
c a p a c i t y  has  shown i n c r e a s i n g  capac i ty  wi th  cyc l ing .  This  behavior  sugges ts  
t h a t  i n  t h e  s t a r t u p  of t h i s  m u l t i p l a t e  c e l l ,  one-half of t h e  m u l t i p l a t e  c e l l  
was condi t ioned  p r e f e r e n t i a l l y .  Improvements w i l l  be  sought i n  t h e  des ign  
of f u t u r e  m u l t i p l a t e  c e l l s .  

2 .  Large-Scale Ce11 
(F. J. Mart ino,  T. D. Kaun, J .  E. Kincinas)  

A l a rge - sca l e  (600 W-hr) c e l l ,  b u i l t  on t h e  b a s i s  of s i z e  recommen- 
d a t i o n s  e s t a b l i s h e d  i n  t h e  b a t t e r y  engineer ing  e f f o r t  f o r  c e l l s  i n  t h e  u t i l i t y  
energy s t o r a g e  t e s t  program, has been i n  ope ra t ion  f o r  40 c y c l e s  and 750 h r .  
Th i s  c e l l  (SS-l),  which i s  24 by 35 cm, has  a  charged,  carbon-bonded FeS-Cu2S 
p o s i t i v e  e l e c t r o d e  and two nega t ive  e l e c t r o d e s  of Li-A1 i n  i r o n  Ret imet ,  and 
a  t h e o r e t i c a l  c a p a c i t y  of 650 A-hr. The o b j e c t i v e s  of t h i s  c e l l  t e s t  a r e  t o  
e v a l u a t e  1 )  a  c e l l  having a carbon-bonded p o s i t i v e  e l e c t r o d e  of FeS and Cu2S 
and nega t ive  e l e c t r o d e s  of Li-A1 i n  i r o n  Retimet i n  a  scaled-up des ign ,  2) 
r e s i s t a n c e  and c u r r e n t  d i s t r i b u t i o n  problems involved i n  scale-up,  and 3)  
problems a s s o c i a t e d  w i t h  t h e  f a b r i c a t i o n ,  handl ing ,  and s t a r t - u p  of e l ec -  
t r o d e s  of such l a r g e  s i z e .  

I n  an  e f f o r t  t o  minimize degassing problems, t h e  i n d i v i d u a l  e l e c -  
t r o d e s  were placed between Inconel  r e s t r a i n i n g  p l a t e s  and vacuum impregnated 
wi th  e l e c t r o l y t e  p r i o r  t o  c e l l  assembly. Degassing was s u b s t a n t i a l  bu t  con- 
t r o l l a b l e .  Af t e r  the. e l e c t r o d e s  were removed from t h e  e l e c t r o l y t e  ba th  and 
cooled,  t h e  r e s t r a i n i n g  p l a t e s  were removed; no s i g n s  of warping o r  e l e c t r o d e  
misalignment were ev iden t .  

The c e l l  was placed i n  ope ra t ion  a t  i n i t i a l  charge and d ischarge  
c u r r e n t s  of 40 A (25 mli/cm2); cond i t i on ing  was accomplished i n  10 c y c l e s ,  
which i s  t y p i c a l  f o r  c e l l s  wi th  v i b r a t o r i l y  loaded nega t ive  and carbon-bonded 
p o s i t i v e  e l e c t r o d e s .  The c e l l  r e s i s t a n c e  i s  very  low, 1 .4  mCt. A t  t h e  10-hr 
r a t e ,  t h e  c e l l  c a p a c i t y  i s  462 A-hr (71% of t h e o r e t i c a l )  a n d , t h e  energy output  
i s  597 W-hr. The v a l u e  of 71% u t i l i z a t i o n  i s  a t  l e a s t  a s  h igh  a s  t h a t  
achieved by any of t h e  previous ,  smal le r -sca le  test c e l l s .  Typica l  per for -  
mance of C e l l  SS-1 a t  25 m~/cm' (about a  10-hr r a t e )  i s  i l l u s t r a t e d  i n  Fig.  
111-14. It i s  apparent  from t h i s  c e l l  t e s t  t h a t  a  5- t o  6-fold scale-up does 
n o t  a l t e r  t he  performance of t h i s  type  of c e l l .  Fifteen-second peak power 
t e s t i n g  w i l l  be  conducted i n  t h e  nea r  f u t u r e .  

3. E lec t rode  Development 

a .  Li-A1 Alloy Negative E lec t rodes  
(W. A. ~ r e m s n e r , - - ~ ~ . - . f i ~ d , ~ .  Chaney ,* H. Shimotake) 

Three types  of L i - A 1  a l l o y  nega t ive  e l e c t r o d e s  were i n v e s t i -  
ga ted  i n  t h i s  per iod  i n  an e f f o r t  t o  achieve  improved c e l l  l i f e t i m e .  The 

" ~ n d u s t r i a l  P a r t i c i p a n t  from Gould Inc  . 
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CAPACITY ,  A - h r  

Fig .  111-14. Voltage us .  Capaci ty f o r  C e l l  SS-1 a t  25 mA/cm2 
( t h e o r e t i c a l  c a p a c i t y ,  650 A-hr) 

f i r s t  t ype ,  made of a  woven aluminum f a b r i c  h a v i ~ l g  cupper-coated s t e e l  
s t r a a d s *  t o  improve c u r r e n t  c u l l e c t i o n ,  was t e s t e d  i n  C e l l  R-18, an uncharged 
Li-Al/FeS c e l l .  Previous work has  shown t h a t  t h e  l i f e t i m e  of Li-A1 e l ec -  
t r o d e s  i s  s t r o n g l y  r e l a t e d  t o  t h e  amount of c u r r e n t  c o l l e c t o r  i n  t h e  e l e c -  
t rode .  The woven aluminum nega t ive  e l e c t r o d e  may provide an inexpensive 
a l t e r n a t i v e  t o  more expensive c u r r e n t - c o l l e c t o r  s t r u c t u r e s  such a s  ~ e t i m e t . ?  
C e l l  R-18 had a  hot-pressed p o s i t i v e  e l e c t r o d e  of FeS i d e n t i c a l  t o  t h a t  of 
C e l l  R-5 (descr ibed  i n  ANL-76-9, p. 1 8 ) .  The c e l l  has  accumulated 62 cyc le s  
and 630 h r  of ope ra t ion ,  w i t h  the  ma jo r i t y  of c y c l e s  a t  t h e  5-hr r a t e .  A t  
t h i s  r a t e ,  t h e  u t i l i z a t i o n  of t h e  c e l l  i s  n e a r l y  10% b e t t e r  than  t h a t  of . 
C e l l  R-5 a t  t h e  same r a t e .  Th i s  improvement may be  a t t r i b u t e d  t o  t h e  lower 
r e s i s t a n c e  (6 mS2) of C e l l  R-18 having t h e  new A 1  e l e c t r o d e ,  a s  compared wi th  
t h e  r e s i s t a n c e  of C e l l  R-5 (20 1162). The t e s t  i s  be ing  cont inued.  

The second kind of nega t ive  e l e c t r o d e  was a 50 a t .  % Li-A1 
a l l o y  con ta in ing  0.6 a t .  % I n  and was t e s t e d  i n  C e l l  FM-1, a  charged Li -Al l .  
FeS c e l l .  . Indium, among o t h e r  m a t e r i a l s ,  ha s  been i d e n t i f i e d  ( see  Sec t ion  
IV.B.2) a s  an e f f e c t i v e  a d d i t i v e  i n  improving t h e  l i f e t i m e  of Li-A1 a l l o y  
nega t ive  e l e c t r o d e s .  These a d d i t i v e  meta ls  presumably prevent  f ragmentat ion 
of t h e  Li-A1 a l l o y  by forming a  t e r n a r y  a l l o y  dur ing  cyc l ing .  The Li-A1- 
0 .6  a t .  % In  a l l o y  was v i b r a t o r i l y  loaded i n t o  an i r o n  Retimet c u r r e n t  co l -  . 
l e c t o r  s t r u c t u r e  and opera ted  a g a i n s t  a charged,  cold-pressed E'eS-Cu2S posi-  
t i v e  e l e c t r o d e ;  t h e  p o s i t i v e  e l e c t r o d e  was a  t h i c k  (Type A) e l e c t r o d e  f a b r i -  
ca t ed  by Eagle-Picher and i ts  performance c h a r a c t e r i s t i c s  were well-defined.  
Af t e r  30 cyc le s  and 325 h r  of .opera t ion  a t  t h e  5-hr r a t e  (8  A ,  27 mA/cm2), 
C e l l  FM-1 i s  showing s t a b l e  performance wi th  a  c a p a c i t y  of 46 A-hr, co r r e s -  
pond ing . to  a  u t i l i z a t i o n  of 63%, r e s p e c t i v e l y .  No d e c l i n e  i n  capac i ty  has  
been observed t o  d a t e .  

The t h i r d  kind of t h e  nega t ive  e l e c t r o d e  was t e s t e d  i n  C e l l  
EC-1, an uncharged Li-A1/FeS2 + C o S ' c e l l .  I n  t h i s  c e l l ,  t'he nega t ive  e l ec -  
t r o d e s  were c a s t  plaques of 25 a t .  % Li-A1 a l l o y ,  g iv ing  about  50% excess  
l i t h i u m  i n  the  c e l l .  One of t h e  shortcomings of an  uncharged Li-A1/FeSx 
c e l l  i s  t h a t  t h e  c e l l  c a p a c i t y  i s  l i m i t e d  by t h e  nega t ive  e l e c t r o d e .  The 
-- * 

Product of Nat iona l  Standard Company; concept developed by K.  M. Myles, 
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use  of a  p a r t i a l l y  charged nega t ive  e l e c t r o d e  such a s  25 a t .  % Li-A1 a l l o y  
would a l l e v i a t e  t h i s  shortcoming by provid ing  a d d i t i o n a l  l i t h i u m  i n  t h e  c e l l .  
Furthermore, t h e  unused po r t ion  of t h e  Li-A1 a l l o y  may provide 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  by 5orming a  cont inuous,  microporous network. C e l l  EC-1 
was opera ted  11 c y c l e s  and 250 h r  a t  5-10 h r  r a t e s .  Only one cyc le  a t  t h e  
20-hr r a t e  had been r equ i r ed  t o  form t h e  nega t ive  e l e c t r o d e  before  t h e  c e l l  
could be  opera ted  a t  t h e  h ighe r  r a t e .  However, t h e  c e l l  developed a  s h o r t  
c i r c u i t  and t h e  e f f e c t  of t h e  a d d i t i o n a l  l i t h i u m  on c e l l  l i f e t i m e  could n o t  
be  determined. Fu r the r  s t u d i e s  of t h i s  type  of nega t ive  e l e c t r o d e  w i l l  be  
pursued. 

b .  Li-Si Alloy Negative E lec t rodes  
(L. McCoy," L. G .  Bartholme, H. Shimotake) 

Although ou r  p re sen t  c e l l  des igns  c a l l  f o r  nega t ive  e l e c t r o d e s  
of Li-A1 a l l o y ,  a  Li-Si a l l o y  i s  be ing  considered a s  a  p o s s i b l e  a l t e r n a t i v e  
nega t ive  m a t e r i a l .  A charged c e l l  (R-19) wi th  L i 4 S i  a l l o y  nega t ive  e l ec -  
t r o d e s  and FeS-20 mol % Cu2S p o s i t i v e  e l e c t r o d e s  w a s  opera ted  t o  provide a 
d i r e c t  comparison wi th  d a t a  from previous  t e s t s  of s i m i l a r  (R-series) c e l l s  
w i th  Li-A1 a l l o y  e l e c t r o d e s .  The nega t ive  e l e c t r o d e s  had r i g i d ,  compart- 
mental ized s t r u c t u r e s  f i l l e d  w i t h  powdered l i t h ium-s i l i con  a l l o y  con ta in ing  
7 7  a t .  % l i t h i u m .  The BN c l o t h  s e p a r a t o r  was plasma-sprayed wi th  MgA1204to 
provide  p a r t i c l e  r e t e n t i o n  and t o  f a c i l i t a t e  we t t i ng  wi th  e l e c t r o l y t e .  C e l l  
R-19 has  opera ted  f o r  10  c y c l e s  and 150 h r .  For t h e  f i r s t  c y c l e s  a t  low 
d i scha rge  r a t e s ,  t h e  Li-Si a l l o y  c e l l  has  an energy output  t h a t  i s  about 10% 
h ighe r  than  t h a t  of a Li-A1 a l l o y  c e l l ,  because of t h e  h igher  average vol tage.  

c .  Carbon-Bonded Metal S u l f i d e  Elec t rodes  
(T. D .  Kaun, W. A. Kremsner) 

Carbon-bonded metal  s u l f i d e  e l e c t r o d e  i t r u c t u r e s  provide a  
promising a l t e r n a t i v e  t o  hot-pressed p o s i t i v e  e l e c t r o d e s  because of t h e i r  
p o t e n t i a l l y  low f a b r i c a t i o n  c o s t  and t h e i r  good performance c h a r a c t e r i s t i c s .  
These e l e c t r o d e s  a r e  made of  a  p a s t e  mixture of a c t i v e  m a t e r i a l ,  g r a p h i t e  
powder, an  o rgan ic  l i q u i d  b inde r ,  and a  p o r o s i t y  a g e n t , ,  e .  g., (NH4)2C03, 
t h a t  i s  spread i n t o  a  meta l  c u r r e n t  c o l l e c t o r .  This  mixture .is cured and 
baked a t  p re sc r ibed  temperatures .  The r e s u l t a n t  product i s  a porous carbon 
s t r u c t u r e  comprising a c t i v e  m a t e r i a l  and c u r r e n t  c o l l e c t o r .  E l e c t r o l y t e  i s  
in t roduced  i n t o  t h e  s t r u c t u r e  by .vacuum impregnation. Because of t h e  impor- 
t ance  of t h e  carbon b inde r ,  one of t h e  key i n g r e d i e n t s ,  s e v e r a l  types  of 
b inde r s  have been obta ined  and t e s t s  a r e  be ing  conducted i n  smal l  c e l l s  t o  
determine t h e i r  e f f e c t s  on e l e c t r o d e  conduc t iv i ty  and d u r a b i l i t y ,  and t h e i r  
chemical s t a b i l i t y  i n  r e l a t i o n  t o  t h e  c e l l  products .  I n  t h e  f i r s t  t e s t ,  
phenol-formaldehyde was used a s  t h e  b inde r  f o r  t h e  Yes-Cu2S e l e c t r o d e ;  t h i s  
e l e c t r o d e  i s  being cyc led  ve r sus  a  nega t ive  e l e c t r o d e  of Li-A1 a l l o y  i n  i r o n  
Retimet.  T e s t s  of o t h e r  b inders  a r e  planned. 

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

A. Ma te 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 
va r ious  c e l l *  components ( e . g . ,  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 ,  and c e l l  hardware) ,  co r ros ion  ' t e s t i n g  of candida te  
m a t e r i a l s  f o r  t h e s e  components, and pos tope ra t ive  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  vari .ous cons t ruc t ion  m a t e r i a l s  a s  we l l  a s  t h a t  
of t h e  lithium-aluminum and meta l  s u l f i d e  e l e c t r o d e s .  

1. E l e c t r i c a l  Feedthrough Development 
(K. M. Myles, J .  L. S e t t l e ,  E .   all," E. chaneyt) 

The co r ros ive  environment w i t h i n  Li-AllLiCl-KC1/FeSx c e l l s  prec ludes  
t h e  ready adap ta t ion  of most commercially a v a i l a b l e  e l e c t r i c a l  feedthroughs.  
The few t h a t  a r e  compatible wi th  t h e  c e l l  environment employ mechanical s e a l s .  
A t  p r e sen t ,  t h e s e  feedthroughs a r e  unacceptably bulky,  and t h e i r  s e a l s  l a c k  
s u f f i c i e n t  l eak - t igh tnes s .  Accordingly, new and innova t ive .b razed  s e a l s  
a r e  be ing  sought and, a t  t h e  same t ime,  work i s  i n  progress  t o  minimize t h e '  
shortcomings of t h e  mechanical s e a l s .  

Th i s  ongoing e f f o r t ,  which has. been repor ted  i n  p a s t  semiannual and 
q u a r t e r l y  r e p o r t s ,  has  r e s u l t e d  i n  a  modified Conax feedthrough t h a t  h a s  been 
r e l i a b l y  used i n  a l l  of t h e  r ecen t  ANL c e l l s  and a l l  of t h e  commercial c e l l s  
so f a r  f a b r i c a t e d .  A complete r edes ign .  of t h e  Conax feedthrough i s  a l s o  
under way t h a t  s i g n i f i c a n t l y  reduces t h e  c o s t ,  s i z e ,  and weight of  t h e  feed- 
through. The r e s u l t s  of eva lua t ion  t e s t s  performed on pro to types  were s u f f i -  
c i e n t l y  encouraging t h a t  t o o l i n g  w a s  developed f o r  assembling t h e  feedthrough 
semiautomatical ly .  

Recent ly,  a  s tudy  was made t o  determine t h e  optimum cond i t i ons  f o r  
s e a l i n g  Conax compression-sealed e l e c t r i c a l  feedthroughs.  Present  commercial 
c e l l s  have Conax feedthroughs wi th  3116-in. (0.48-cm) conductors ,  a  boron 
n i t r i d e  lower i n s u l a t o r ,  an A1203 upper i n s u l a t o r ,  and a bed of -325 mesh BN 
powder between t h e  two i n s u l a t o r s .  The s e a l  is  obta ined  by compressing t h e  
BN powder l a y e r  wi th  a  packing n u t  which a p p l i e s  f o r c e  t o  t h e  upper i n s u l a t o r .  
The magnitude of t h e  f o r c e  i s  c o n t r o l l e d  by t i g h t e n i n g  t h e  packing nu t  wi th  a  
to rque  wrench. Present  s p e c i f i c a t i o n s ~ c a l l  f o r  t h e  use  of 6 .3  f t - l b  (8.5 Nmm) 
of torque and 3.0 g of BN. Under t h e s e  cond i t i ons ;  i f  one n e g l e c t s  t h e  e f f e c t  

. o f  f r i c t i o n ,  t h e  compacting p re s su re  on t h e  BN powder is  about 1300 p s i  
' (9000 kPa). A . s l i gh ' t l y  g r e a t e r  f o r c e  causes t h e  lower BN i n s u l a t o r  t o  break,  
thereby prevent ing  any f u r t h e r  compaction of t h e  powder. Under t h e  cond i t i ons  
s p e c i f i e d  above t h e  gas leakage r a t e  through t h e  assembled feedthrough i s  

3 'about lo-' Pa-m 1s. 

The replacement of t h e  weak BN i n s u l a t o r  wi th  a  s t r o n g e r  ceramic 
body would al low t h e  a p p l i c a t i o n  of h ighe r  compacting p re s su res  and would 
pres'umably upgrade t h e  l eak - t igh tnes s  of t he  seal. Accordingly, i n s u l a t o r s  
.. - . . , - * 
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of Y203 and BeO, bo th  of which a r e  r e s i s t a n t  t o  t h e  c e l l  environment., were 
f a b r i c a t e d *  f o r  t e s t i n g .  (Corrosion t e s t s  of t h e s e  m a t e r i a l s  a r e  descr ibed  
i n  t h e  fo l lowing  subsec t ions . )  

Before t h e  Y2O3 and Be0 i n s u l a t o r s  had been rece ived  and t e s t e d ,  
t h e  s i z e  and t h e  o p e r a t i n g  c u r r e n t  d e n s i t y  of t h e  p r i sma t i c  c e l l s  were 
inc reased ,  thereby  n e c e s s i t a t i n g  t h e  use  of 114-in. (0.64-cm) conductors  i n  
t h e  feedthroughs.  The powder bed f o r  a  114-in.-dia (0.64-cm-dia) feedthrough 
has  about  twice t h e  a r e a  of t h e  powder bed f o r  a  3116-in.-dia (0.48-cm-dia) 
feedthrough.  

A s e r i e s  of experiments was performed t o  e s t a b l i s h  t h e  s p e c i f i c a -  . 

t i o n s  f o r  assembly of bo th  types  of feedthroughs.  The t e s t  v a r i a b l e s  were 
t h e  d iameters  of t h e  conductors  and of t h e  feedthrough hous ings ,  t h e  p a r t i c l e  
s i z e  of t h e  BN powder, and t h e  f o r c e  f o r  compressing t h e  powder. The BN 
powder w a s  e i t h e r  -325 o r  -48+325 mesh. The p a r t i c l e  s i z e  d i s t r i b u t i o n  i n  
t h e  l a t t e r  was 5 3  w t  % -48+100 mesh, 32 wt % -100+200 mesh, 14 w t  % -200+300 
mesh, and 1 w t  % -300 mesh. Under optimum cond i t i ons ,  l e a k  r a t e s  of about 

p a . i 3 / s  could b e  obta ined  wi th  e i t h e r  s i z e  feedthrough.  The b e s t  
r e s u l t s  f o r  t h e  3116-in. (0.48-cm) conductors  were obta ined  wi th  -325 mesh 
BN powder and a torque  of 50 f t - l b  (68 N-m) on t h e  packing n u t  ( a  p re s su re  
of.  about  13,000 p s i ,  on 90,000 kPa, on t h e  powder). The b e s t  r e s u l t s  f o r  
t h e  114-in. (0.64-m) conductors  were obta ined  wi th  -48+325 mesh BN powder 
and a  torque  of 1 5 d  f t - l b  (203 N-m) on t h e  packing n u t  ( a  p re s su re  of about 
15,000 p s i ,  o r  103,000 kPa, on t h e  powder). 

Af t e r  c o n d i t i o n s  f o r  assembling Conax-type e l e c t r i c a l  feedthroughs 
were opt imized,  a program was i n i t i a t e d  t o  e v a l u a t e  s o l d e r  g l a s s e s  a s  sec- 
ondary s e a l a n t s  o u t s i d e  t h e  primary BN powder s e a l .  Af t e r  t h e  BN powder 
l a y e r  i s  compressed, t h e  upper i n s u l a t o r  i s  removed and a  l a y e r  of s o l d e r  
g l a s s  (-100 mesh) p a r t i c l e  s i z e )  i s  placed on top .  The assembly is  then  
hea ted  t o  v i t r i f y  t h e  s o l d e r  g l a s s  and a l low i t  t o  bond t o  t h e  conductor 
and housing.  So f a r ,  two types  of s o l d e r  g l a s s  (No. 1990 and No. 0150 from 
Coming Glass Works, Coming,  N.Y.) have been t e s t e d .  The 1990 s o l d e r  g l a s s  
was found t o  be u n s u i t a b l e  because i t  r eac t ed  e x t e n s i v e l y  wi th  s t e e l .  The 
0150 s o l d e r  g l a s s  i s  ve ry  promising because i t  bonds w e l l  t o  s t e e l  without  
e x t e n s i v e  r e a c t i o n .  It i s  expected t h a t  bonding wi th  0150 s o l d e r  g l a s s  w i l l  
decrease  l e a k  r a t e s  of feedthroughs by s e v e r a l  o r d e r s  of magnitude. 

2.  Ceramic M a t e r i a l s  Development . 
( W .  TI. Tuohig and J. T. ~ u s e k ) t  

Rigid ceramic foams a r e  c u r r e n t l y  be ing  i n v e s t i g a t e d  f o r  p o s s i b l e  
a p p l i c a t i o n s  a s  b a t t e r y  s e p a r a t o r s .  Foaming o f f e r s  a  technique f o r  i n t r o -  
ducing h igher  l e v e l s  of p o r o s i t y  i n t o  a  s o l i d  body than a r e  normally a t t a i n e d  
by t h e  s i n t e r i n g  of powders, Moreover, t h e  process  is  economical and r e a d i l y  
adapted t o  l a r g e  volume product ion.  Typica l  a p p l i c a t i o n s  of ceramic foams 
a r e  f i l t e r s ,  l i gh twe igh t  a g g r e g a t e s , i n  b u i l d i n g  m a t e r i a l s ,  i n s u l a t i n g  r e f r a c -  
t o r i e s ,  and l i gh twe igh t  whiteware. Rigid foam i s  simply descr ibed  a s  a  
- * 
Y203 i n s u l a t o r s  f a b r i c a t e d  by W. D.  Tuohig a n d ' J .  T. Dusek, Ma te r i a l s  

. . 

.Science Div i s ion ,  ANL; Be0 i n s u l a t o r s  f a b r i c a t e d  by ,Na t iona l  B e r y l l i a '  Corp., 
Haske l l ,  N.J. 
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dispersion of a gaseous phase within a solid material. The individual cells 
which comprise the void space may be almost totally isolated or highly inter- 
connected, as in a sponge. Clearly the latter type is desirable for separator 
applications. . . 

Yttria foams, to be evaluated as possible electrode separators, 
have been prepared from aqueous suspensions containing a commercial foaming * agent and a transient organic binder. Air is entrained by mechanical mixing. 
The suspension is then cast in a mold and dried. Drying must be done in a 
uniform manner to prevent cracking and segregation; drying in a partial 
vacuum has been used successfully. The dried foam is fired at temperatures 
of 1700-1800°C to produce the finished separator, 

Figure IV-1 is a photograph at low magnification of an yttria foam 
that is approximately 92% porous. The cells appear to be multiply connected 
hy large irregular channels. Figure IV-2 shows the porous microstructure of 
a cell. Developmental studies are being concentrated on control of the cell 
size and size distribution, and on optimization of organic additives. Foams 
which appear to have the desired structural characteristics will be charac- 
terized in terms of permeability to gas flow, liquid flow, and mechanical 
strength. 

A second type of structure under consideration consists of coarse 
Y203 fibers which could be used in making separator mats. These fibers, 
shown in Fig. IV-3, are produced by extrusion of a plasticized Y2O3 powder 
mass through a 0.3-mm orifice. The green fibers are sufficiently strong to 
allow handling, thus permitting them to be pressed into a mat-like structure 
before firing. These fibers do not appear well-suited for paper making 
because of their size and fragility. They could be used, however, as a 
skeletal support which could be infiltrated to produce a desirable separator 
structure. 
* 
Mearl Corp., Roselle, NJ. 

Fig. IV-1. Foamed Y2O3 Separators 



Fig. IV-2. Microstructure of t h e  C e l l  Walls of a Y203 Foam 

Fig. IV-3. Y2O3 F ibers  Prepared by Extrusion 

* 
Insu la to r s  of commercial Be0 ceramic and Y203 prepared a t  ANL (see 

preceding subsection) were subjected t o  5000-hr corrosion tests t o  d e t w n e  
t h e i r  compat ib i l i ty  with the  cel l  environment. Average r a t e s  of a t t r g t i o n  
based on weight l o s s  were 30 vm/yr f o r  Be0 and approximately 3 um/yr f o r  
Y2O3. Specimens w e r e  genera l ly  i n  excel lent  condit ion with no measurable 
change i n  gauge dimension. Metallographic examination d id  not  show any 
evidence of gra in  boundary a t t a c k .  Several  specimens were observed t o  have 
cracked during t h e  course of the  test. However, t h e  cracks appear t o  have 
or ig inated  from flaws a l ready present i n  the  mate r i a l  and resu l t ed  from 
machining, grinding, o r  d r i l l i n g  operat ions.  

* 
K151, National Bery l l i a ,  Haskell,  N J .  



3. Elec t rode  Separa tor  Development 
( J .  P. Mathers and T. W., O lszanski )  

In  t h e  a r e a  of s epa ra to r  development, major e f f o r t  i s  be ing  
d i r e c t e d  toward paper and f e l t  s e p a r a t o r s  a s  a l t e r n a t i v e s  f o r  t h e  BN f a b r i c  
t h a t  i s  c u r r e n t l y  used i n  L ~ - A ~ / L ~ C ~ - K C ~ / F ~ S ~  c e l l s .  The paper and f e l t  
s e p a r a t o r s  are 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  p a r t i c l e  r e t e n t i o n  wi th in  t h e  e l e c t r o d e s .  

Scanning e l e c t r o n  microscope (SEM) examinations were conducted on 
f e l t s  t h a t  had s u c c e s s f u l l y  wi ths tood .1000 h r  of i n - c e l l  t e s t i n g  (ANL-76-81, 
p . ' 1 9 ) .  The f i r s t  m a t e r i a l  was a  BN f e l t ,  developed by  t h e  Carborundum 
Company, which was bonded wi th  BN. .A pos t - t e s t  examination of t h i s  m a t e r i a l  
by SEM showed no c o r r o s i v e  a t t a c k  of e i t h e r  t h e  f i b e r s  o r  t h e  b inde r s .  The 
second m a t e r i a l  was an Y2O3 f e l t  developed by Z i r c a r  Products ,  I n c . ,  which 
requi red  no b inde r s .  A pos t - t e s t  SEM examination of t h i s  m a t e r i a l  a l s o  
showed no evidence of c o r r o s i v e  a t t a c k .  However, some of t h e  Y203 f i b e r s  
were f r a c t u r e d ,  probably by t h e  f o r c e s  exe r t ed  on t h e  s e p a r a t o r  by e l e c t r o d e  
swel l ing ;  

Most of t h e  e f f o r t  i n  t h i s  r e p o r t i n g  period h a s  been devoted t o  . 

improvements i n  t h e  s e p a r a t o r  t e s t  c e l l .  Changes i n  t h e  e l e c t r o d e  con ta ine r s  
have been made t o  avoid r u p t u r e  dur ing  c e l l  ope ra t ion .  Moreover, f a b r i c a t i o n  
of t h e  e lGct rodes  i n  t h e  uncharged s t a t e  was found t o  reduce out-gassing 
problems when t h e  c e l l  was put  i n t o  ope ra t ion ,  i n  agreement w i th  t h e  r e s u l t s  
of Shimotake and Bartholme.2 

Separa tor  t e s t s  have been s t a r t e d  t o  eva lua t e  t h e  c a p a b i l i t y  of t h e  
paper o r  f e l t  s e p a r a t o r s  t o  a c t  a s  p a r t i c l e  r e t a i n e r s .  The f i r s t  c e l l  i n  
t h i s  s e r i e s ,  SC-12, was a L I - A ~ / L I C ~ - K C ~ / F ~ S  c e l l  assembled i n  t h e  uncharged 
s t a t e .  Y t t r i a  f e l t  was used a s  t h e  s e p a r a t o r ,  wi th  no p a r t i c l e  r e t a i n e r s  
o the r  than  a  l a y e r  of 325-mesh screen  over  each e l e c t r o d e  f ace .  ( I n  i n i t i a l  
c e l l  t e s t s ,  descr ibed  above, p a r t i c l e  r e t a i n e r s  of Zr02 were used on t h e  
e l e c t r o d e  f a c e s ,  i n  a d d i t i o n  t o  325-mesh sc reens . )  This  c e l l  was opera ted  
over 600 h r  a t  a  cu r r en t  d e n s i t y  of 76 m ~ / c m ~ ,  wi th  a  u t i l i z a t i o n  of ~ 5 0 %  
and a  coulombic e f f i c i e n c y  of ~ 1 0 0 % .  The c e l l  has  shown no s i g n s  of d e t e r i -  
o r a t i o n  a n d  npe ra t ion  of t h e  c e l l  w i l l  be  cont inued u n t i l  t h e  1000-hr t e s t  
i s  completed. 

4. Corrosion S tud ie s  
( J .  A. Smaga, K. M. Myles) 

Previous co r ros ion  s t u d i e s  of candida te  m a t e r i a l s  f o r  c u r r e n t  
c o l l e c t o r s  i n  FeS2 c e l l s  have been conducted i n  an  equal-volume mixture of 
FeS2 and LiC1-KC1 e u t e c t i c ,  t h e  most c o r r o s i v e  medium t h a t  t h e s e  m a t e r i a l s  
would encounter  dur ing  c e l l  ope ra t ion .  However, t h i s  cond i t i on  e x i s t s  only 
when t h e  c e l l  i s  f u l l y  charged, and thus  t h e  r a t e s  of co r ros ion  do n o t  
r e f l e c t  t h e  l e s s  co r ros ive  cond i t i ons  of t h e  p o s i t i v e  e l e c t r o d e  a t  i n t e r -  
mediate s t a t e s  of charge. Corrosion t e s t s  have now been completed on 
s e l e c t e d  m a t e r i a l s  i n  environments t h a t  s imulated p o s i t i v e  e l e c t r o d e  
cond i t i ons  a t  25, 50, and 75% discharge .  

The m a t e r i a l s  f o r  t h i s  t e s t  were prepared i n  smal l  FeS2 c e l l s  t h a t  
were discharged t o  t h e  des i r ed  cond i t i ons ;  t h e  m a t e r i a l  was then  removed 



from t h e  p o s i t i v e  e l e c t r o d e s  and analyzed p r i o r  t o  use i n  t h e  co r ros ioq  
s t u d i e s .  X-ray d i f f r a c t i o n  a n a l y s i s  gave t h e  fo l lowing  r e s u l t s :  a t  25% d i s -  
charge ,  LiqFe2Sg (Z phase) and FeS2; a t  50% d i scha rge ,  FeS2, Li2S, Z phase,  
and LiK~Fe24S26Cl ( J  phase) ;  and a t  75% d i scha rge ,  Li2S and J phase. The 
mater i , a l s  eva lua t ed  were Has t e l loys  B and C ,  Inconels  617 and 625, and Type 
304 s t a i n l e s s  s t e e l .  I n  a d d i t i o n  t o  t h e  t h r e e  mixtures  r ep re sen t ing  t h e  par- 
t i a l l y  discharged e l e c t r o d e s ,  t hese  m a t e r i a l s  were a l s o  t e s t e d  i n  an equal-  
volume mixture of FeS2 and LiC1-KC1 e u t e c t i c .  The t e s t s  were conducted a t  
450°C f o r  500 and 890 h r .  

The co r ros ion  r a t e s  dec l ined  s h a r p l y ,  a s  expected,  wi th  i n c r e a s i n g  
depth  of d i scharge .  For Has te l loy  B i n  t h e  890-hr t e s t ,  t h e  cor ros ion  r a t e s  
were 386, 107, +8.3 and 8.6 vm/yr f o r  0 ,  25, 50, and 75% d i scha rge ,  respec-  
t i v e l y ,  and t h e  corresponding r a t e s  f o r  Has t e l loy  C were 595, 310, 10.3 and 
5.5 pm/yr. The o t h e r  a l l o y s  showed h ighe r  co r ros ion  r a t e s  bu t  s t i l l  exh ib i t ed  
sha rp  d e c l i n e s  wi th  i n c r e a s i n g  depth of d i scharge .  Examination of t h e  samples 
showed a  t r a n s i t i o n  i n  t h e  n a t u r e  of t h e  c o r r o s i v e  a t t a c k .  Thick. wel l-  
developed s u l f i d e  s c a l e s  were observed on t h e  samples t h a t , h a d  been exposed t o  
FeS2. For 25% d i scha rge ,  samples which were exposed t o  a  mixture  of FeS2 and 
Z phase s t i l l  e x h i b i t e d  the  FeS2-type of s c a l e  formation but  t o  a  l e s s e r  
e x t e n t .  The a t t a c k  on t h e  samples a t ' 5 0  and 75% discharge  was s i m i l a r  t o  t h a t  
i n  FeS-type environments,  b u t  t he  r e a c t i o n  r a t e s  were roughly two t o  fou r  
t imes h ighe r .  These h ighe r  r a t e s  a r e  probably due t o  t h e  presence of some 
FeS2, which is  more r e a c t i v e  toward t h e s e  a l l o y s  than  FeS. 

The co r ros ion  r a t e s  f o r  a  g iven  environment and a  given m a t e r i a l  were 
p l o t t e d  as a func t ion  of t h e  s t a t e  of d i scharge .  Each of t h e  f i v e  cu rves  was 
i n t e g r a t e d  over t h e  d ischarge  i n t e r v a l s  of 0-25%, 25-50%, ,and 50-75% t o  d e r i v e  
e s t i m a t e s  f o r  t h e  r e l a t i v e  amount of co r ros ion  occu r r ing  i n  each i n t e r v a l .  
These e s t i m a t e s  a r e  presented  i n  Table I V - 1 .  I f  one uses  t h e s e  va lues  a s  t h e  
b a s i s  f o r  p r e d i c t i n g  co r ros ion .behav io r  u n d e r . a c t u a 1  c e l l  ope ra t ing  condi t ions ,  
approximately 80% of t h e  t o t a l  c o r r o s i v e  a t t a c k  on each of t h e  f o u r  n i cke l -  
base  a l l o y s  should occur  i n  t h e  f i r s t  q u a r t e r  i n t e r v a l  (0-25% d i scha rge ) .  The 
remaining 20% of t h e  t o t a l  co r ros ion  would occur i n  t h e  next  two i n t e r v a l s ,  
most ly i n  t h e  second i n t e r v a l  (25-50% d i scha rge ) .  For Type 304 s t a i n l e s s  
s t e e l ,  which is  r e a d i l y  a t t acked  by FeS2, more than  95% of t h e  t o t a l  c o r r o s i v e  
a t t a c k  would occur  i n  t h e  f i r s t  i n t e r v a l .  

Table I V - 1 .  Percent  of T o t a l  Corrosion Occurring 
a t  Three I n t e r v a l s  of C e l l  Discharge 

Percent  of T o t a l  Corrosion 

Alloy U-25% 25-50% 50-75% 

Type 304 SS ' >95 > 5 0  

Has t e l loy  B 78.5 19.5 2  

Has t e l loy  C 78.5 20 1 .5  

Inconel  617 83 16 1 

Inconel  625 7 8  ' 21.5 0.5 



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

Postoperative examinations are conducted on test cells primarily 
to evaluate the performance of various construction materials, in particular, 
feedthroughs, current collectors, electrode separators, and cell housings. 
~hese postoperative examinations provide important information, not only on 
the compatibility of cell components with the cell environment, but on the 
performance and behavior of the lithium-aluminum and metal sulfide electrode 
materials. The examination procedures were described in a previous semi- 
annual report (ANL-8109, p. 72). 

a, Cells Fabricated at ANL 

Postoperative cell examinations were conducted on four pris- 
matic cells fabricated at ANL; two of these were assembled in the uncharged 
condition (5-86 and S-87) and two were assembled in the charged condition 
(BB-1 grid 1~1~1). ' Brief descriptions of the cells and summaries of the 
metgllographic observations are presented in Table IV-2. 

. . 

Table IV-2. ~esults of. Postoperative Examinations 
of Four ANL Prismatic Cells 

. . . . 

Total 
Cell. , Type of Operating 
No. . Cell Time, hr Remarks 

. . BB-1 Li-A11 3493 The 0.08 mm mild steel honeycomb 
FeS-26 wt % Cu2S current collector used in both 

electrodes underwent considerable 
deterioration: >50% corrosion 
occurred in the positive electrode 
and A l .  alloyed with .the steel in 
the negative electrode to a depth 

. , of 0.03 mm. 

1B/F1 Li-A11 334 First prismatic cell with Y203 felt 
FeS-26 wt % Cu2S separator. Movement of the posi- 

tive'electrode honeycomb current 
collector against the separator 

- :  
reduced its thickness by a factor 
of four or more. 

5250 Current collector in the positive 
.electrode was nickel sheet. Thick- 
ness of the sheet was reduced from 
'0.8 mm to 0.25 mm. 

S-87 ~ i - ~ l / .  3460 Current collector in the positive 
FeS2-13 wt .%  CoS2 " electrode was Hastelloy B sheet. 

Thickness of the sheet was reduced 
from 0.4 mm to O..3 mm. 



A s e p a r a t o r  of y t t r i u m  oxide f e l t  was u t i l i z e d  i n  C e l l  1B/F1; 
t h i s  c e l l  f a i l e d  because of a s h o r t  c i r c u i t  a f t e r  15 cyc le s  and 334. h r  of 
o p e r a t i o n  a t  430°C. Examination of t h e  c e l l  showed t h a t  t h e  honeycomb cur- 
r e n t  c o l l e c t o r  i n  t h e  pos i t . i ve  e l e c t r o d e  had moved away from t h e  c e n t r a l  
c u r r e n t - c o l l e c t o r  backing p l a t e  and was t i g h t l y  pressed  a g a i n s t  t h e  Y2O3. 

' 

f e l t ;  a s  a consequence, t h e  s e p a r a t o r  t h i ckness  was reduced by a b 0 u t . a  f a c t o r  * 
of f o u r .  M e t a l l i c  p a r t i c l e s  were observed i n  t h e  middle one-third of t h e  
s e p a r a t o r  of t h i s  c e l l  a s  w e l l  a s  i n  t h e  s e p a r a t o r s  of s e v e r a l  o t h e r  c e l l s  
which u t i l i z e d  a  copper s u l f i d e  a d d i t i v e . .  These p a r t i c l e s  were i d e n t i £ i e d  
as m e t a l l i c  copper by e l e c t r o n  microprobe a n a l y s i s . +  I n  a r e a s  where t h e  
s e p a r a t o r  was g r e a t l y  compressed, owing t o  e l e c t r o d e  swe l l i ng  and t h e  move- 
ment of m e t a l l i c  s t r u c t u r a l  components such a s  c u r r e n t  c o l l e c t o r s  o r  e lec-  
t r o d e  frames, t h e s e  m e t a l l i c  c l u s t e r s  can b r idge  t h e  gap a c r o s s  t h e  s e p a r a t o r  
and cause  numerous minor s h o r t  c i r c u i t s .  This  sequence of even t s  i s  be l i eved  
t o  have been r e s p o n s i b l e  f o r  t h e  s h o r t  c i r c u i t  i n  t h i s  c e l l .  

C e l l  BB-1 was i d e n t i c a l  i n  cons t ruc t ion  t o  C e l l  1 ~ 1 ~ 1  except  
t h a t  t h e  s e p a r a t o r  w a s  BN f a b r i c  r a t h e r  than  Y203 f e l t ;  Zr02 c l o t h  was used 
a s  a p a r t i c l e  r e t a i n e r  i n  t h e  p o s i t i v e  e l e c t r o d e .  Resu l t s  of t h e  examination 
of C e l l  BB-1 were s i m i l a r  t o  t hose  of C e l l  1 ~ / F 1 ,  i nc lud ing  t h e  movement of 
t h e  honeycomb away from t h e  c e n t r a l  c u r r e n t - c o l l e c t o r  backing p l a t e  i n  t h e  
p o s i t i v e  e l e c t r o d e  and t h e  presence of copper p a r t i c l e s  i n  t h e  s e p a r a t o r .  

The mechanism re spons ib l e  f o r  t h e  presence of e lementa l  copper 
p a r t i c l e s  i n  t h e  s e p a r a t o r  i s  n o t  known a t  t h i s  t ime. However, t h e  morphology 
sugges t s  t h a t  t h e  mechanism involves  a r e a c t i o n  i n  t h e  e l e c t r o l y t e  of s o l u b l e  
s p e c i e s  such a s  Cu2S ( s o l u b i l i t y ,  1820 ppm a t  520°c*) and l i t h i u m  t o  form 
Li2S,  which i s  a l s o  s o l u b l e  t o  about t h e  same e x t e n t  a s  Cu2S, and an i n s o l u b l e  
product--in t h i s  c a s e ,  m e t a l l i c  copper.  

C e l l s  S-86 and S-87 which had FeS2 p o s i t i v e  e l e c t r o d e s  were 
opera ted  t o  t e s t  n i c k e l  and Has t e l loy  B ,  r e s p e c t i v e l y ,  as c u r r e n t  c o l l e c t o r s  
i n  FeS2 e l e c t r o d e s .  The n i c k e l  c u r r e n t  c o l l e c t o r  i n  C e l l  S-86 showed 
i r r e g u l a r  a t t a c k ,  presumably by t h e  formation of a n i c k e l  s u l f i d e ,  a l though 
no r e a c t i o n  1aye r .was  p re sen t .  The Has t e l loy  B c u r r e n t  c o l l e c t o r  i n  C e l l  
S-87 r e t a i n e d  a semiadhering r e a c t i o n  zone on t h e  parent  meta l ,  which was 
f a i r l y  uniform i n  th i ckness  a c r o s s  t h e  su r f ace .  

b .  C e l l s  Fabr ica ted  by I n d u s t r i a l  Firms 

Pos tope ra t ive  examination of Gould C e l l  02-006 provided an  
oppor tun i ty  t o  i n v e s t i g a t e ,  f o r  t h e  f i r s t  t ime,  the e f f e c t s  of ope ra t ion  i n  
an  a i r  environment. The c e l l ,  which was assembled i n  t h e  charged s ta te ,  had 
a  n e g a t i v e  e l e c t r o d e  of Li-A1 powder i n  i r o n  Retimet and a  p o s i t i v e  e l e c t r o d e  

* 
For comparison, examination of C e l l s  EP-IR1 and -1B2 (ANL-76-81, p. 25) 
showed a  much l e s s  ex t ens ive  s e p a r a t i o n  of t h e  c u r r e n t  c o l l e c t o r s  from t h e  
backing p l a t e s .  I n  C e l l  EP-1B2, which wa.s opera ted  under mechanical con- 
s t r a i n t s ,  t h e  t h i ckness  of t h e  BN f a b r i c  s e p a r a t o r  was reduced by ahout a 
f a c t o r  of two; however, i n  C e l l  EP-l~l, which had no mechanical c o n s t r a i n t s ,  
t h e  r educ t ion  i n  t h i ckness  o f . t h e  BN f a b r i c  was only  about 10%. 

'gy W. A.  Shinn, Chemical Engineering Div i s ion ,  ANL. 

$ S o l u b i l i t y  determined by James H a l l ,  Undergraduate P a r t i c i p a n t ,  West Chester  
S t a t e  College, West Ches te r ,  PA. 



of FeS2-CoS2 i n  v i t r e o u s  carbon foam. Boron n i t r i d e  c l o t h  was used a s  t h e  
s e p a r a t o r  m a t e r i a l  and Zr02 c l o t h  a s  a  p a r t i c l e  r e t a i n e r .  During i n i t i a l  
(336 h r )  o p e r a t i o n  i n  a  p r o t e c t i v e  helium atmosphere,  t h e  c e l l  ou tput  was 
abnormally low ( u t i l i z a t i o n ,  %20% of  t h e o r e t i c a l ) .  Subsequently t h e  c e l l  
was opera ted  i n  a i r ,  f o r  a  t o t a l  of 522 c y c l e s  and 3456 h r .  No s h o r t  c i r c u i t s  
were encountered and t e s t i n g  was vo lumtnr i ly  ended wi th  t h e  c e l l  f u l l y  charged. 

The e f f e c t s  of a i r  environment on c e l l  ope ra t i on  appeared 
minimal. . I r o n  oxide was formed on t h e  o u t s i d e  of . t h e  steel c a s e  (0.75 mm 
t h i c k )  t o . a  depth  of 4 t o  12 pm. I n t e r n a l l y ,  t h e  s teel  ca se  showed no e v i -  
dence of ox ida t ion .  The molybdenum 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  
appeared t o  b e  una l t e r ed  by c e l l  ope ra t i on ;  t h e  connect ion between t h e  
f l a t t e n e d  molybdenum rod and t h e  0.15-mm molybdenum s h e e t  was maintained 
only  by t h e  two r i v e t s .  The p o r t i o n  of molybdenum rod o u t s i d e  t h e  c e l l  
s e a l  showed no-measurable  l o s s  of meta l  through ox ida t ion .  The feedthrough 
showed e x c e l l e n t  e l e c t r i c a l - i n s u l a t i o n  p r o p e r t i e s .  

The e l e c t r o d e s  of t h e  c e l l  were a l s o  examined. I n  t h e  nega- 
t i v e  e l e c t r o d e s ,  t h e  morphology showed an ab rup t  change from f i n e  t o  coa r se  
p a r t i c l e s ;  t h e . l a t t e r  occupied about  75% of t h e  e l e c t r o d e  volume--the p o r t i o n  
f a r t h e s t  from t h e  p o s i t i v e  e l e c t r o d e .  The coa r se  p a r t i c l e s  a r e  t y p i c a l  o f  
t h e  s t r u c t u r e  of t h e  s t a r t i n g  m a t e r i a l ,  and t h e i r  p resence  i s  c o n s i s t e n t  
w i th  t h e  low u t i l i z a t i o n .  Macroexamination showed t h a t  l i t t l e  e l e c t r o l y t e  
remained wi th in  t h e  BN f a b r i c  s e p a r a t o r ;  t h i s  c i rcumstance probably con- 
t r i b u t e d  t o  t h e  low u t i l i z a t i o n  of t h e  e l e c t r o d e s .  I n  a d d i t i o n ,  microscopic  
examination showed t h e  presence of l a r g e  c r y s t a l s  of Li2S wi th in  t h e  c e n t r a l  
p o r t i o n  of t h e  BN s e p a r a t o r s .  I d e n t i f i c a t i o n  of  t h e  Li2S was confirmed by 

j; 
X-ray d i f f r a c t i o n  and e l e c t r o n  microprobe a n a l y s i s .  M e t a l l i c  i r o n  p a r t i c l e s  
were a s s o c i a t e d  wi th  t h e  Li2S. The presence  of BN f i b e r s  w i th in  t h e  l a r g e r  
Li2S c r y s t a l s  i n d i c a t e s  t h a t  they  w e r e  formed in situ by a . p r e c i p i t a t i o n  
and growth r e a c t i o n .  Addi t iona l  s t u d i e s  w i l l  be  r equ i r ed  t o ' i d e n t i f y  t h e  
mechanism r e s p o n s i b l e  f o r  t h i s  r e a c t i o n .  , . i 

B. 1 
(W. J .  Walsh) 

The r e l a t i v e  m e r i t s  of d i f f e r e n t  types  of advanced L i - N  FeSx c e l l s  a r e  
be ing  eva lua t ed  i n  an ongoing e f f o r t  t o  i d e n t i f y  t h e  most promising d i r e c t i o n s  
f o r  f u t u r e  work. The advanced eng inee r ing  e f f o r t  is  p r e s e n t l y  concent ra ted  
on fou r  a r e a s :  (1)  s t u d i e s  of t h e  mechanisms and causes  of l i f e t i m e  l i m i t a -  
t i o n ,  ( 2 )  s t u d i e s  of a l t e r n a t i v e  b i n a r y  and t e r n a r y  l i t h i u m  a l l o y s ,  (3 )  
development of l a r g e  mu l t i p l e - e l ec t rode  FeS2 c e l l s  f o r  off-peak energy s t o r a g e  
a p p l i c a t i o n ,  and (4)  development of high-performance FeS2 c e l l s  f o r  e l e c t r i c -  
v e h i c l e  a p p l i c a t i o n .  

Increased-emphasis  i s  bring placed on the f u r t h e r  development of 
Li-A1/FeS2 c e l l s  t h a t  a r e  opera ted  on t h e  upper v o l t a g e  p l a t e a u  (FeS2 FeS; 
equ i l i b r ium v o l t a g e ,  1.77 V us. Li-Al). This  des ign  is  be ing  cons idered  f o r  
t h e  c e l l s  descr ibed  i n  i t ems  3  and 4 above. Upper-plateau c e l l s  appear  t o  
have a  number of s i g n i f i c a n t  advantages:  (1)  very  h igh  power c a p a b i l i t y  

P .--,.. .. . . , . , , . - .. 
k 
X-ray d i f f r a c t i o n  ana lyses  by B. S. .Tani, Ana ly t i ca l  Laboratory,  ANL; e l e c t r o n  
microprobe ana lyses  by W.  A. Shinn, Chemical Engineer ing Div is ion ,  ANL. 



th roughout  t h e  d i s cha rge ;  ( 2 )  s p e c i f i c  e n e r g i e s  approaching those  of two- 
p l a t e a u  cel ls ;  ( 3 )  r e l a t i v e  ea se  i n  a d j u s t i n g  t h e  Li:S r a t i o  i n  uncharged 
c e l l s ;  (4) g r e a t l y  reduced thermal  energy d i s s i p a t i o n  du r ing  d i scha rge ;  (5)  
g r e a t e r  p r o t e c t i o n  from overd ischarge ;  (6)  s i m p l i f i e d  c o n t r o l  requirements  
through t h e  use  of a  s i n g l e  v o l t a g e  p l a t e a u ;  ( 7 )  reduced conductor /connector  
weights  because of t h e  h i g h e r  cu to f f  v o l t a g e  and t h e  r e s u l t i n g  r educ t ion  i n  
maximum b a t t e r y  c u r r e n t ;  (8) e a s e  . in  f a b r i c a t i o n  (i.e., no need f o r  supple- 
mental  l i t h i u m  i n  t h e  uncharged nega t ive  e l e c t r o d e ,  and a v a i l a b l e  methods f o r  
p r e s s i n g  uncharged upper-plateau FeS2 e l e c t r o d e s ) ;  and (9)  c o s t  advantages 
a s s o c i a t e d  w i th  t h e  h ighe r  average vo l t age .  The major' d i sadvantages  of t h e  
upper-plateau FeS2 c e l l  a r e  t h e  need f o r  molybdenum c u r r e n t  c o l l e c t o r s  i n  t h e  
p o s i t i v e  e l e c t r o d e ,  and t h e  requirement of  50% more c o b a l t  s u l f i d e  a d d i t i v e  
pe r  k i lowat t -hour  of ou tpu t  than i s  r equ i r ed  f o r  two-plateau FeS2 c e l l s .  

Previous work (ANL-76-81, p. 45) on e l s c t ru lyLr - s t a rved  ce l l s  showed t h a t  
good e l e c t r i c a l  performance could be  achieved i n i t i a l l y ,  bu t  d e c l i n i n g  capac i ty  
and inc reased  p o l a r i z a t i o n  occurred a f t e r  on ly  a  few c y c l e s ,  appa ren t ly  owing 
t o  mig ra t i on  of e l e c t r o l y t e  away from t h e  s e p a r a t o r .  The e f f o r t  on t h i s  type  
of c e l l  has  been reduced pending t h e  development of a  s e p a r a t o r  w i th  improved 
w e t t i n g  c h a r a c t e r i s t i c s .  S i m i l a r l y ,  t h e  e f f o r t  on "button" c e l l s  ha s  been 
reduced because of t h e  s e v e r e  problems a s s o c i a t e d  w i th  s e a l s  and i n s u l a t o r s  
i n  t h i s  type  of c e l l .  Both e l e c t r o l y t e - s t a r v e d  c e l l s  and b u t t o n  c e l l s  appear  
t o  be  promising concepts  f o r  primary b a t t e r i e s ,  bu t  many engineer ing  problems 
would have t o  be  so lved  b e f o r e  t h e s e  concepts  could be  a p p l i e d  t o  secondary 
b a t t e r i e s ,  which r e q u i r e  l ong  l i f e t i m e s .  

1. M u l t i p l a t e  C e l l  Development 
(J. D. Arntzen,  W. J. Walsh) 

A m u l t i p l a t e  c e l l  (Li-A1/FeS2, C e l l  A-1) i n c o r p o r a t i n g  s e v e r a l  new 
des ign  coricepts was put  i n t o  o p e r a t i o n  dur ing  t h i s  per iod .  C e l l  A-1, which 
was assembled uncharged, conta ined  t h r e e  nega t ive  and two p o s i t i v e  e l e c t r o d e s  
and was designed f o r  o p e r a t i o n  on both vo l t age  p l a t e a u s  (FeS2.2  Fe) .  The 
n e g a t i v e  e l e c t r o d e s  were pressed  aluminum demis te r  w i r e  and t h e  p o s i t i v e  
e l e c t r o d e s  were a hot-pressed mixture  of Li2S,  CoS2, Fe, Li2C2 and LiC1-KC1. 

The c e l l  housing was designed wi th  one s i d e  removable, s o  t h a t  t h e  
e l e c t r o d e s  could be  loaded through t h e  open s i d e  du r ing  assembly. This  
f e a t u r e  ezsed  the . a s sembly  procedure,  f a c i l i t a t e d  welding of indivi .dua1 com- 
ponents  t o  t h e  housing,  and allowed a c c u r a t e  spac ing  and good c o n t r o l  of . 
p r e s s u r e  between t h e  e l e c t r o d e s  du r ing  assembly. The p o s i t i v e  e l e c t r o d e s  
were wrapped wi th  Zr02 and BN f a L r l c s  s o  t h a t  a l l  f o l d s  and ove r l aps  occurred 
a t  t h e  edges of t h e  e l e c t r o d e s ,  thereby provid ing  smooth, seamless  l a y e r s  al: 
t h e  a c t i v e  f aces .  The housing h e l d  t h e  fo lded  edges i n  p l ace ,  and a  r e s t r a i n -  
i n g  channel  was used a t  t h e  t o p  of t h e  p o s i t i v e  e l e c t r o d e s  t o g e t h e r  w i th  a  BN 
i n s u l a t o r  (pressed  a g a i n s t  che BN c l o t h )  t o  prevent  a c t i v e  m a t e r i a l  from 
escap ing  from t'he t op  of t h e  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 s  u t i l i z e d  
a  one-piece c u r r e n t  c o l l e c t o r / c u r r e n t  l e a d l v o l t a g e  l ead  made from 5-mil 
molybdenum. 



The o u t e r  two nega t ive  e l e c t r o d e s  were he ld  i n  p l ace  by a  5-mil 
angle  frame t h a t  was spot-welded t o  t h e  c e l l  housing a t  t h e  edges of t h e  
e l e c t r o d e s .  A 325-mesh s t a i n l e s s  s t e e l  s c reen ,  welded t o  t h i s  frame ac ros s  
t h e  f a c e  of t h e  e l e c t r o d e s ,  was provided t o  con ta in  t h e  a c t i v e  m a t e r i a l  and 
prevent  d e n d r i t e  growth. The c e n t r a l  nega t ive  e l e c t r o d e  was enclosed i n  a  
l igh tweight  "p i c tu re  frame" having sc reens  t h a t  covered bo th  f a c e s  of t h e  
e l e c t r o d e .  The "p i c tu re  frame" was welded t o  a  heav ie r  bus ,  which w a s  i n  
t u r n  welded t o  t h e  c e l l  housing. - 

C e l l  A-1 had a  t h e o r e t i c a l  capac i ty  of 426 A-hr and weighed l e s s  
than  2.9. kg a f t e r  i t  was f i l l e d  wi th  e l e c t r o l y t e .  The c e l l  was opera ted  f o r  
31  cyc le s  and 1075 h r  and achieved a  s p e c i f i c  energy of 110 W-hr/kg a t  t h e  
8-1-11- r a t e .  F igure  IV-4, shows one of t h e  e a r l y  charge-discharge c y c l e s ;  and 
Fig.  IV-5 i l l u s t r a t e s  t h e  performance of t h e  c e l l  a s  a  func t ion  of cyc l e  
number. A summary of t h e  c e l l  performance i s  given i n  t h e  Appendix. 

The c e l l  t e s t  was terminated because of a  worsening s h o r t  c i r c u i t .  
Pos tope ra t ive  ekamination revea led  t h a t  t h e  r e s t r a i n i n g  channels  a t  t h e  t op  
edges of t h e  p o s i t i v e  e l e c t r o d e s  were inadequate  and had become detached from 
t h e  c e l l  housing,  thereby al lowing t h e  a c t i v e  m a t e r i a l  t o  ex t rude  around t h e  
c u r r e n t  l e a d  and callse a  s h o r t  c i r c u i t .  The nega t ive  e l e c t r o d e s  were q u i t e  
evenly r eac t ed ,  wi th  no i n d i c a t i o n  of e l e c t r o d e  mismatching. This  c e l l  des ign ,  
wi th  modi f ica t ions ,  w i l l  a l s o  be t e s t e d  i n  t h ree -e l ec t rode  conf igu ra t ions .  
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2. Advanced Slectrode'Development 
(D. R. Vissers, K. E. Anderson) 

Investigations are continuing on modifications of the Li-A1 electrode 
that may result in sustained high capacities during extended cycling. It is 
suspected that the decreasing capacity of'the present Li-A1 electrodes results 
from morphological changes of the active material over a period of time. The 
present studies are focused on the use of various metallic additives to the 
binary Li-A1 alloy as a possible means of controlling or modifying these mor- 
phological changes. The additives that are currently under investigation are 
indium;lead, and tin. 

The Li-A1-M (M = metal additive) electrodes were prepared by melting 
mixtures of the desired composition at about 800-900°C in tantalum crucibles.* 
The alloy was ground to a powder and placed in an iron Retimet disk, which was 
enclosed in a 325-mesh stainless steel screen basket to contain the particulate 
material. This clectrode, which had an area of 15.6 cm2 , was operated against 
a 'liquid-lithium counter electrode of the same area in LiC1-KC1 electrolyte 
at ~ 4 2 5  " C. 

The performance of the ternary-alloy electrodes was evaluated by 
comparing the capacity of the cells at constant current densities (0.05 
to 0.10 ~ / c m ~  during charge' and 0.05 to 0.30 ~/crn~ during discharge). The 
TK-free cutoff potentials for discharge and charge were 0.15 and 0.70 V, 
respectively; these are representative of the cutoffs for an upper-plateau 
FeS2 cell. 

,, .- 
A .  
These materials were prepared by A. E. Martin of the Cell Chemistry Group. 



C e l l  DK-33. The L i - A 1  e l e c t r o d e  i n  t h i s  c e l l '  contained 3.9 w t  % 
indium, and had a  t h e o r e t i c a l  capac i ty  of 10.27 A-hr. The performance of t h i s  
c e l l  was e x c e l l e n t .  Af t e r  an i n i t i a l  d e c l i n e  of about 5% dur ing  t h e  f i r s t  
100 cyc le s ,  t h e  capac i ty  remained cons tan t  u n t i l  t h e  136th cyc l e ,  when t h e  
t e s t  was terminated.  A t  t h e  t ime of te rmina t ion ,  t h e  l i t h i u m  u t i l i z a t i o n  was 
92% a t  t h e  C/12 r a t e  (0.05 ~ / c m * )  .and 75% a t  t h e  C/4 rate (0.10 ~ /cm ' ) .  
Fur ther  s t u d i e s  a r e  i n  p r o g r e s s . t o  determine t h e  e f f e c t  of t h e  indium a d d i t i o n  
on t h e  morphology of t h e  a c t i v e  m a t e r i a l  and t h e  concen t r a t ion  of indium 
requ i r ed  t o  achieve t h e  d e s i r e d  e f f e c t .  ~ l t h o u ~ h  .indium may not  be a p r a c t i -  
c a l  add , i t ive  i n  t h e  long range because of c o s t  cons ide ra t ions ,  t h e  r e s u l t s  of 
. t h i s  . c e l l  . i n d i c a t e  t h a t  t h e  a d d i t i o n  of a  t h i r d  component t o  Li-A1 e l e c t r o d e s  
may prolong t h e i r  ' c y c l e  l i f e .  

, C e l l  DK-37. The Li-A1 e l e c t r o d e  i n  t h i s  c e l l  contained 10 w t  % l e ad  
a s  an a d d i t i v e  and had. a  t h e o r e t i c a l  capac'ity of 7.78 A-hr. The performance 
of t h i s  c e l l  was , . s imi la r  t o  t h a t  of a  c e l l  without  t h e  l e a d  a d d i t i v e .  The 
c e l l  t e s t  was terminated a f t e r  120  c y c l e s ,  a t  which t ime t h e  l i t h i u m  u t i l i z a -  
t i o n  was 74% a t  both. t h e  ' d l 8  r a t e  (0.05 ~ l c m * )  and t h e  C/4 r a t e  (0.10 ~ / c m ~ ) .  
A£ t e r  100 cycles, ,  t he  l i t h i u p  u t i l i z a t , i o n  appeared t o  be  d e c l i n i n g  about 0.2% 
per  cyc le .  These r e s u l t s  i n d i c a t e  ,tha't t h e  10 w t  % l e ad  a d d i t i o n  had l i t t l e  
o r  no e f f e c t  on the cyc le  l i f e  of t h e  Li-A1 e l ec t rode .  

C e l l  DK-39. A t e s t  of a  Li-A1 e l e c t r o d e  donta in ing  4.9 w t  % t i n  was 
r e c e n t l y  s t a r t e d .  p re l iminary  d a t a  from e a r l y  cyc l e s  a t  t h e  C/12 (0.05 ~ / c m * )  
r a t e  i n d i c a t e  a  l i t h i u m  u t i l i z a t i o n  of 95%. Fur the r  r e s u l t s  on t h i s  c e l l  w i l l  
be r@por t ed  as they  become a v a i l a b l e .  

3. Lifetinie s t u d i e s  
(W. R. F r o s t )  

The o b j e c t i v e s  of t hese  s t u d i e s  a r e  t o  determine t h e  cyc l e  l i f e  of 
the  p re sen t  L i -A1  a l l o y  e l e c t r o d e s  and t o  i d e n t i f y  those  f a c t o r s  which l i m i t  
cyc l e  l i f e .  C e l l  LT-2 (ANL-76-9, p. 31) ,  t h e  second t e s t  i n  t h i s  s e r i e s ,  
u t i l i z e d  a  Li-Al/LiCl-KCl/Al c e l l  wi th  Li thcoa e l e c t r o l y t e .  The t e s t  was 
terminated a s  planned a f t e r  300 cyc le s  and 4425 h r .  The ampere-hour e f f i -  
c iency  a t  t e rmina t ion  was 99% and t h e  l i t h i u m  u t i l i z a t i o n  was 46%. During 
t h e  l i f e  of LT-2, t h e  average l i t h i u m  u t i l i z a t i o n  was 52%. Pos topera t ive  
a n a l y s i s  of C e l l  LT-2 i n d i c a t e d  a  bui ldup  of l i t h i u m  on t h e  f r o n t  f a c e s  of t h e  
e l e c t r o d e s  and an a x i a l  concent ra t ion  g rad ien t  of l i t h i u m  i n  t h e  e l e c t r o d e s .  
Evidence of t h e  formation of a  l iqu id-meta l  phase r i c h  i n  l i t h i u m  was a l s o  
observed a t  va r ious  l o c a t i o n s  w i t h i n  t h e  c e l l .  Examination of t h e  c r y s t a l  
morphology of t h e  f rozen  e l e c t r o l y t e  from t h e  c e l l  i nd i ca t ed  t h a t  t h e  e l e c t r o -  
l y t e  was no longer  of t h e  e u t e c t i c  composition i n  many a r e a s  of t h e  c e l l .  
This  observa t ion  sugges ts  t h e  p o s s i b i l i t y  t h a t  i n  t h e s e  a r e a s  t h e  e l e c t r o d e  
m a t e r i a l s  were coated by s o l i d  e l e c t r o l y t e  dur ing  cyc l ing  and thereby became 
i n a c t i v e .  Attempts t o  remove t h e  e l e c t r o l y t e  from t h e  a c t i v e  m a t e r i a l s  of t h e  
e l e c t r o d e s  by leaching  wi th  such s o l v e n t s  a s  py r id ine ,  propylene carbonate  
s a t u r a t e d  wi th  A 1 C 1 3 ,  and va r ious  a l coho l s  were unsuccessfu l .  



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

1. Metal lographic Study .of FeS Elec t rodes  
(A. E. Mart in ,  Z. Tomczuk) 

S tud ie s  of t h e  phase changes t h a t  occur  i n  i r o n  s u l f i d e  e l e c t r o d e s  
a r e  cont inuing .  Laboratory-scale  LiILiC1-KCl/FeS c e l l s  t h a t  had been cycled 
r e p e a t e d l y  a t  400°C were te rmina ted  a t  va r ious  s t a t e s  of charge and a photo- 
g raph ic  record  was made of t h e  pos i t i ve -e l ec t rode  phases.  In  each c e l l ,  t h e  
p o s i t i v e  e l e c t r o d e  c o n s i s t e d  of 1 A-hr of FeS (1.6 g)  w i t h i n  a  5-cm2 g raph i t e  
cup having a porous g r a p h i t e  cover .  

Figure IV-6 shows t h e  phases p re sen t  and t h e  e l e c t r o d e  morphology 
at  s i x  s t a g e s  of charge. A l l  photomicrographs a r e  a t  t h e  same magni f ica t ion ,  
and t h e  background phase is  LiC1-KC1. I n  t h e  f u l l y  discharged e l e c t r o d e ,  
shown on t h e  upper l e f t ,  t h e  phases p re sen t  a r e  l a r g e  grey p a r t i c l e s  of Li2S, 
sma l l  wh i t e  p a r t i c l e s  of i r o n  ( o f t e n  a s  i n c l u s i o n s  i n  Li2S) ,  and a  minor 
amount of K C 1  c r y s t a l s  t h a t  have t h e  same c o l o r  a s  t h e  background. On the  
upper r i g h t ,  t h e  p a r t i a l  conversion t o  Li2FeS2 p l a t e l e t s  i s  shown. The next  
photomicrogra$h (middle,  l e f t )  shows t h e  mixture of Li2FeS2 and Fe t h a t  r e s u l t s  
a f t e r  50% charge. A s  charg ing  is cont inued (middle,  r i g h t )  t h e  J phase, 
LiK6Fe24S26C1, becomes t h e  dominant phase; i r o n  i s  s t i l l  present  t o  a  minor 
e x t e n t .  Charging beyond t h i s  s t a g e  i n  t h e  presence of a n  i r o n  c u r r e n t  co l l ec -  
t o r  may l e a d  t o  exces s ive  d i s s o l u t i o n  of t h e  c o l l e c t o r .  Conservat ive p r a c t i c e  
would d i c t a t e  s topp ing  a t  conversion of Li2S and i r o n  t o  J phase. In  t h e  
f u l l y  charged e l e c t r o d e  on t h e  lower l e f t ,  t h e  only s u l f i d e  phase is  FeS, 
which u s u a l l y  appears  a s  f i n e ,  porous c r y s t a l s .  I n  c e l l s  opera ted  a t  high 
tempera tures ,  l a r g e r ,  more dense FeS c r y s t a l s  a r e  formed. Overcharge (lower,  
r i g h t )  r e s u l t s  i n  formation of Fel-,S, t h a t  i s ,  t h e  compound con ta ins  more 
s u l f u r  than  s t o i c h i o m e t r i c  FeS; d i s s o l u t i o n  of i r o n  a s  FeC12 i n  t h e  e l e c t r o -  
l y t e  a l s o  occurs .  

2.  Wick and Pool Elec t rodes  f o r  Use i n  P r i sma t i c  and C y l i n d r i c a 1 , C e l l s  
(S. F a i s t , *  L. E. Ross, M. F. Roche) 

A s tudy of novel  liquid-lithium-electrdde s t r u c t u r e s  f o r  u se  i n  
p r i s m a t i c  and c y l i n d r i c a l  c e l l s  has  been i n i t i a t e d .  The purpose of t h i s  s tudy  
i s  t o  f i n d  e l e c t r o d e  s t r u c t u r e s  t h a t  circumvent t h e  dewett ing problem of con- 
v e n t i o n a l  l i qu id - l i t h ium e l e c t r o d e s .  I f  t h i s  problem is so lved ,  t h e  l i q u i d -  
l i t h i u m  e l e c t r o d e  may perform a s  w e l l  a s  Li-A1 s o l i d  e l e c t r o d e s .  The devel- 
opment o f ' l i q u i d - l i t h i u m  e l e c t r o d e s  i s  of i n t e r e s t  because Li/FeS, cel ls  have 
h i g h e r  c e l l  vo l t ages  and much h ighe r  t h e o r e t i c a l  s p e c i f i c  ene rg i e s  than  

. LI-A1jFeSx c e l l s .  

The convent iona l  wethod of r e t a i n i n g  l i q u i d  l i t h i u m  i n  an e l e c t r o d e  
i s  t o  absorb  i t  i n  a  porous meta l  s u b s t r a t e  of high, s u r f a c e  a rea .  However, 
t h e  abso rp t ion  process  i s  only  p a r t l y  r e v e r s i b l e  because of t h e ' d e w e t t i n g  
t h a t  occurs  a f t e r  repea ted  cycl ing; ,  a s  a  r e s u l t ,  t h e  l i t h i u m  t h a t  i s  not  
reabsorbed tends t o  cause s h o r t  c i r c u i t s .  

9< 
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FULLY DISCHARGED. Phases: Li@, Fe, KCl. PARTIALLY CHARGED. Phases : Li2S; Li2FeS2, Fe; 
LiZS being converted to  Li2FeSZ. 

PARTIALLY CHARGED. Phases: Li2FeS2, Fe; PARTIALLY CHARGED. Phases: J(LiKgFe24S26Cl), 
LiaFeS2 dominant. Fe; J Phase dominant. (Maximum charge practical 

with Fe current collector.) 

FULLY CHARGED. Phases: FeS only. (Full charge OVERCHARGED'. Phases: Fel,S only. 
attainable only in the absence of Fe current collector.) 

Fig. IV-6. 

Srructure of Positive Electrodes of L~/LICI-KC~/P~S Cells During Chargfng 
(gray background phase is LiC1-KC1 eutectic; original magnification 500 X; 
as-polished; photographically reduced by 38%). ANL Neg. No. 308-76-360 



A different approach to liquid-metal-electrode structures is being 
taken in this study--one that exploits the properties of the liquids more 
fully. A low-surface-area wick is employed to draw lithium from an isolated 
pool and down through the electrolyte. Two types of wicks are being considered 
for this application: a corrugated sheet* with V-shaped grooves to provide a 
strong capillary force, and fine wires packed within tubing to provide capillary 
interstices. (The latter type is similar to a heat pipe in its construction.) 
Three methods by which the pool can be isolated are as follows: (1) floating 
of the lithium on the electrolyte surface within a retainer ring; (2) retention 
of the lithium in an inverted cup on the electrolyte surface, with the cup 
raised slightly to create a partial vacuum that holds the lithium in place; and 
(3) placement of the lithium in a container separated from the cell so that the 
lithium is lower than the electrolyte surface. Conventional liquid-metal elec- 
trodes combine the lithium-wicking and lithium-storage functions and are more 
restrictive than the present concept, which permits independent optimization 
of the wick and storage capabilities. 

The first test of a lithium wick-and-pool electrode was conducted in 
a L~/LIC~-KC~/A~ cell. The lithium pool was confined on the electrolyte surface 
in an open tantalum tube. A corrugated iron sheet (6 vertical channels 0.6 cm 
deep and 0.15 cm wide) penetrated the pool and extended through the electrolyte 
to a small aluminum test electrode (capacity, 0.2 A-hr on the basis of forma- 
tion of LiA1) that was located at a depth of 12 cm. The cell was operated 
for 16 cycles at 65 m ~ / c m ~  with a utilization of 75%. The resistances measured 
with the wick positioned as described above and with the lower end of the wick 
just contacting the lithium pool were 220 and 365 mQ, respectively; these 
measurements demonstrated that the wick was functioning. However, when the 
wick was removed and examined, four of the channels were filled to a depth of 
approximately 9 cm, but two had failed to wet completely and were filled to 
only a 5-cm depth. Lithium/iron sulfide cells that employ the pool-and-wick 
electrode are being constructed to provide a more stringent test of the concept. 

3. Lithium-Silicon Electrodes 
(D. R. Vissers, W. R. Frost, M. F. Roche, K. E. Anderson) 

Lithium-silicon electrodes were first studied at Atomics International 
(A11 . Studies at A N L ~  were directed toward optimization of electrode capacity 
as a function of current density. A more detailed examination of the data from 
the Li-Si/LiCl-KCl/Li cell tests at ANL was undertaken, and other cells were 
operated to further test the Li-Si electrode in LiF-LiC1-LiBr and in LiC1-KC1 
electrolytes. 

Results of recent studies showed good agreement with A1 data on com- 
pounds formed in the Li-Si system, and a better understanding has been gained 
of the problem of irreversible losses of silicon by compound formation with 
current collector materials. This problem (and a second problem of poor polar- 
ization characteristics) need to be solved before silicon can be considered a 
satisfactory electrode material. The solution will require either incorporation C 

of the silicon in a chemical compound to lower the silicon activity or improve- 
ments in the conventional current collectors that will result in lessened 
silicon attact. 

* 
Suggested by J. Eberhart (Cell Chemistry Group). 



Figure  IV-7 shows t h a t  t h e  d e c l i n e  i n  observed Li-Si p l a t e a u  l e n g t h s  
i s  p r o p o f t i o n a l  t d '  th'e square  root"of t ime o£ o p e r a t i o n ;  .,Data a r e  p l o t t e d  f o r  
two c e l l s .  C e l l  ~ ~ - 1 ' d m ~ l o ~ e d  LiC1-KC1 e u t e c t i c  and opera ted  a t  425OC. C e l l  
MR-1 employed 22 mol % LiF-31 mol %'LiCl-47 mol % LiBr and ope ra t ed  a t  490°C, 

' excep t  f o r  t h e  f i n a l  d i s cha rge ,  which was a t  58Q°C. The l o s s  i n  p l a t e a u  l e n g t h s  
G i t h  c y c l i n g  has  been t r a c e d  t o  r e a c t i o n  w i t h .  t h e  n i c k e l  c u r r e n t  c o l l e c t o r  and 
s t ' a i n l e s s . s t e e 1  e l e c t r o d e  housings t o  form s i l i c i d e s . '  I n  t h e  c a s e  of t h e  high- 
temperature  c e l l  (MR-1) & - ~ i ~ ~ i  was i d e n t i f i e d  by'X-ray examinat ion,  and metal-  
l og raph ic  s t u d i e s  showed t h a t  90% of t h e  n i c k e l  R e t i m e t  c u r r e n t  c o l l e c t o r  had 
r eac t ed .  * 
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. Fig..IV-7. 

Decline i n  Li-Si P l a t eaus  w i th  Cycling Owing t o  Reaction 
' of.  S i l i c o n  wi th  Housing and Current  C o l l e c t o r  ( A 1  d a t a  
.,. from Ref. 4): 

, .The d a t a  i n  Fig.  IV-7, which show :a dependence o f , L i / S i  r a t i o  on 
t h e  square  r o o t  of t ime, a r e  i n d i c a t i v e  of a  f i lm-formation r e a c t i o n  t h a t  i s  
c o n t r o l l e d  by d i f f u s i o n .  These curves-were p l o t t e d  on t h e  assumption t h a t  
s i l i c o n ,  l o s s  occurred when t-he s i l i c o n  a c t i v i t y .  was h igh  (i.e. , on t h e  f i r s t  

. p l a t e a u ,  which i s  a  mixture  of L i2Si  and S i  t h a t  h a s  a  s i l i c o n  a c t i v i t y  of 
one) .  The re fo re ,  t h e  va lues  of t chosen f o r  t h e  p l o t  of t h e  f i r s t  charge. 
r e p r e s e n t  t h e  time t o  charge S i  t o  Li2Si  ( t h e  c e l l  was assembled w i t h  t h e  

, e l e c t r o d e s  uncharged).  The f i r s t  d i s cha rge  of t h e  Li-Si compounds would aga in  
. . 

- * 
~ e t a l l o ~ r a p h y  s t u d i e s  by F. C. Mrazek of t h e  Materials Development Group; 
,X-ray s t u d i e s  by B. S:. Tani  of t h e  A n a l y t i c a l  Chemistry Laboratory,  ANL. 
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l e a d  t o  s i l i c o n  l o s s  on t h e  ( ~ i ~ ~ i , ' S i )  p l a t e a u ,  b u t  t h i s  would n o t  a f f e c t  
t h e  l e n g t h s  of t h e  d i s cha rge  because l i t h i u m  i s  no t  l o s t  by co r ros ion .  
Consequently,  t h e  f i r s t  d i s cha rge  w a s  p l o t t e d  a t  t h e  same time p o s i t i o n  a s  t h e  
f i r s t  charge.  For l a t e r  charges ,  l o s s , o f  s i l i c o n  was cons idered  t o  have taken  
p l a c e  .dur ing  t h e  charge i t s e l f  and du r ing  t h e  preceding (Li2Si ,  S i )  d i scharge .  
Thus, i f  C 1  and D l  were p l o t t e d  a t  a  t ime ( t  112 ,  C2 and D2 would be  p l o t t e d  
a t  ( 3 t 1 ) ' I 2 ;  where t l  i s  t h e  t i m e  f o r  charge o r  d i scharge .  

~ e a s b r e m e n t s  of t h e  p l a t e a u  l e n g t h s  a t  A 1  w e r e  made by s t a r t i n g  wi th  
a  Li-Si a l l o y  t h a t  conta ined  excess  l i t h i ~ m . ~  Therefore ,  t h e  p l a t e a u  l eng ths  
d u r i n g  t h e  f i r s t  d i s cha rge  would have been una f f ec t ed  by S i  l o s s .  I n  t h e  A 1  
s t u d i e s ,  t h e  compounds formed i n  t h e  Li-Si system were c i t e d  a s  L i5S i ,  L i 4 .  l S i ,  
L i 2 . 8 S i  and Li2Si .  These a r e .  p l o t t e d  a s  t r i a n g l e s  a t  z e ro  t i m e .  Ex t r apo la t i on  
of  our  c e l l  d a t a  t o  z e r o  t i m e  is  seen  t o  be  i n  good agreement w i t h  t h e  A 1  d a t a .  

P l a t e a u  emfs w e r e  measured on extended open c i r c u i t  over  a  wide 
tempera ture  range i n .  Cells MR-1 and J W - 1  and a l s o  i n  C e l l  MR-2. Cells J W - 1  
and MR-1 employed L i  (3.5 mol % Cu) a s  a  r e f e r ence  and counter  e l e c t r o d e ,  bu t  
C e l l  MR-2 employed a  pure l i t h i u m  re fe r ence l coun te r  e l e c t r o d e  t h a t ,  w e  b e l i e v e ,  
gave more accep tab l e  r e s u l t s  f o r  purposes of thermodynamic c a l c u l a t i o n s .  The 
emf d a t a  were w i t h i n  1 mV of t h e  l ea s t - squa re  f i t  f o r  both t h e  Li(Cu) and L i  
c e l l s .  The equa t ions  f o r  t h e  curves  a r e  compared i n  Table IV-3 wi th  t h o s e  
r e p o r t e d  by A I .  The r e s u l t s  f o r  a l l  ANL c e l l s  ag ree  w i t h i n  a  few m i l l i v o l t s  
a t  400°C, and t h e  equa t ions  f o r  C e l l  MR-2 and f o r  A 1  d a t a  a r e  i n  f a i r  agree- 
ment except  f o r  t h e  (Li2Si ,  L i2 ,8S i )  p l a t eau .  The d a t a  i n d i c a t e  t h a t  a l l  f ou r  
compounds a r e  s t a b l e  t o  a t  l e a s t  580°C. 

Table  IV-3. Voltages of P l a t eaus  i n  t h e  Li-Si System 

Emf us. L i  

This  Studv 

P l a t e a u  
A I ~  C e l l  MR-2 Cells JW-1, MR-1 b 

(633-713 K) (648-773 K) (673-853 K) 

Equations 

S i ,  L i2S i  430.7-0.1402 T  " 422.0-0.126 T  416.3-0.120 T -  

L12Si,  L i2  8Si 332.1-0.0771 T 364.4-.0.1182 T  355.4-0.1077 T  

L i 2 .  BSI ,  L i4  1 S i  276.5-0.1761 T 272.9-0.1662 T 257.3-0.1448 T 

Corresponding Emfs, mV, a t  673 K 

S i ,  L i 2 S i  336 337.1 335.8 

L i 2 S i ,  L i2 .  8Si 2  80 284.8 , 282.9 

Li2.8Si; L i4 .  1S i  158 161.0 159.8 

L i 4 .  l S i ,  L i5Si  " 48 51.7 49.0 

a 
Ref. 4. 

b ~ h e s e  c e l l s  have lower emfs than  C e l l  MR-2 because Li (3 .5  mol X Cu) was used 
a s  a  r e f e r e n c e l c o u n t e r  e l e c t r o d e ;  Cell MR-2 and A 1  c e l l s  employed pure L i .  . 



D. A l t e r n a t i v e  Secondary Cells 
(M. F. Roche, W. J .  Walsh) 

The o b j e c t i v e  of t h i s  work i s  t h e  development of  new secondary c e l l s ,  
w i th  emphasis be ing  p laced  on t h e  use of inexpens ive ,  abundant m a t e r i a l s .  The 
exper imenta l  work ranges from c y c l i c  voltammetry and pre l iminary  ce l l  tests 
through c o n s t r u c t i o n  and ope ra t i on  of engineer ing-sca le  cel ls  f o r  t h e  more 
promising systems. A t  p r e sen t  t h e  s t u d i e s  a r e  be ing  focused on development 
of new e l e c t r o d e s  f o r  mol ten-sa l t  c e l l s .  

1. Pre l iminary  T e s t s  of New Systems 
(Z; Tomczuk, A. E. Mar t in ,  C.  Sy) ; 

Small c e l l s  a r e  be ing  opera ted  t o  e v a l u a t e  t h e  s u i t a b i l i t y  of v a r i o u s  
e l ec t rochemica l  couples  f o r  use  i n  secondary cells .  These c e l l s  employ e l ec -  
t r o d e s  w i th  a r e a s  of 5 cm2; t h e  con ta ine r  f o r  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  
i s  a g r a p h i t e  cup wi th  a porous-graphi te  cover ,  and t h e  nega t ive  e l e c t r o d e s  a r e  
housed i n  s t a i n l e s s  steel. 

The preceding q u a r t e r l y  r e p o r t  (ANL-76-81, p. 53) gave t h e  r e s u l t s  
of a test of a LiA1/TiS2 ce l l  i n  LiC1-KC1: I n  t h a t  c e l l  some gas s ing  was 
observed,  and t h e  u t i l i z a t i o n  of TiS2 ( t o  form LiTiS2) was on ly  40%. A u t i l i -  
z a t  i on  of 100% has: now been obta ined  i n  t h r e e  L i / L i c l - K C l / ~ i S ~  c e l l s  opera ted  
a t  420°C. A s  i n  t h e  L i A l S / ~ i s 2  c e l l ,  t h e  pos i t i ve -e l ec t rode  c a p a c i t y  was 0.25 
A-hr' ('1.05 g TiS2) ; a d e t a i l e d '  meta l lographic  examination and X-ray s tudy*  of t h e  

. .  d i scha rge  products  from t h e s e  e l e c t r o d e s  'has  shown t h a t  they  c o n s i s t ' o f  i n t e r -  
connected ' p l a t e l e t s  of LiTiS2,  i n  agreement wi th  Whittingham's r e s u l t s  f o r  
ambient-temperature Li /TiS2 c e l l s . 6  The performance of t h e  TiS2 e l e c t r o d e  i s  
q u i t e  good, a s  can be seen  from t h e  v o l t a g e  curves i n  Fig.  IV-8, which show 
t h a t  100% u t i l i z a t i o n  i s  obta ined  even a t  high, c u r r e n t  d e n s i t y  (98 mA/cm2). 
 hi emf of t h e  Li/CI,TiS2 couple ,  which d e t l i n e s .  from 2.33 V a t  f u l l  charge 
( x - 0 )  t o  1 . 7 3 " ~  a t  x = Oi8, 'is lower than  t h a t  f o r  t h e  ambient temperature  
c e l l 6  (2.45 ' V a t  ' f u l l  Charge and 2.07 v a t  x = 0 . 8 ) ,  b u t  t h e  p o l a r i z a t i o n  
c h a r a c t e r i s t i c s  i n  t h e  molten'salt  c e l l  a r e '  s u p e r i o r .  , . 

In  t h e  preceding  r e p o r t  (Am-76-81, p. 5 3 ) ,  t h e  va lue  given f o r  t h e  
emf of a Na/FeS2 c e l l  opera ted  a t  420°C was 1.545 V. The c e l l  had an e l e c t r o -  
l y t e  of LiC1-KC1 e u t e c t i c  con ta in ing  10 mol.%.NaC1. It has  s i n c e  been 
determined t h a t  Fes2 i n  p o s i t i v e  e l e c t r o d e  had been converted t o  ~ i ~ ' F e ~ 2 ,  
which was never  recharged t o  FeS2. Moreover, emf measurements on t h i s  t ype  of 
c e l l  showed- t h a t  t h e  e m i  on,  t h e  FeS2 p l a t e a u  was 1 .98  V and on t h e  Li2FeS2 
p l a t e a u ,  . .  1,5'45 . V. . , 

. . ,  . .  . I :  

Tn r . ~ . a r i £ ~  these r e s u l t s ;  f o t r  a d d i t i o n a l  Na/LiCl-NaC1-KC1/FeS2 c e l l s  
were oqera ted  and te rmina ted  a t  Garioiis s t a t e s  05 , cha rge ;  samples were then  
tak.en f o r   ray* &nd'metal log?8phi= . . s t u d i e s :  . , Except f o r  i n d i ~ a t i o ~ s  t h a t  NaCl 
had p r e c i p i t a t e d  du r ing  c ' e l i  ' o p e ' ~ a t i o n ;  t h e  r e d u l t s  f o r  t h e  p o s i t i v e  e l e c t r o d e  
were t h e  saine a s  t h o s e '  f of ' - F ~ s ~ . '  i n .  L ~ / . L ~ C I - K C ~ / F ~ S ~  c e l l s .  ' I r o n  and L i 2 S  . 

were":found i n -  t h& f b l l y  d i scharged  ce l l . ;  Li'2FeS2 was. t h e  phase p re sen t  a t  50% 
charge ; and F ~ S ;  ,> iq~e i~5 ,  and FeS were 'found n e a r  f u l l  charge.  The so'dium 
e l e = t r o d e  from one of t h e  c e l l s  was a l s o  analyzed;. and 2 w t '  % L i  was found. 

. . ,  , . 

4 - .- * 
X-ray s tudy  conducted by B. S. Tani ,  Ana ly t i ca l  Chemistry Laboratory,  ANL. 

. . . t . .  



VALUE OF a IN LI,T1S2 
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AMPERE - H O U R S  DISCHARGED OR TO B E  CHARGED 

Fig.  IV-8. Performance of Li/TiS2 C e l l  a t  4 2 u . O ~  ( a l l  d i s cha rges  
preceded'  b,y 21. m ~ / c m ~  charge)  

In  a l l  t h e s e  c e l l s ,  sodium.was discharged from t h e  nega t ive  e l e c t r o d e ,  
b u t  i t  remained i n  t h e  e l e c t r o l y t e  a s  NaC1, and l i t h i u m ,  r a t h e r  than  sodium, 
was inco rpora t ed  i n  t h e  p o s i t i v e  e l e c t r o d e .  The emfs of t h e s e  c e l l s  a r e  about 
50 mV less than those  of t h e  corresponding Li/Li2FeS2 and Li/FeS2 c e l l s .  Fur ther  
tests a r e  planned t o  determine t h e  e f f e c t  of NaCl a d d i t i o n s  on t h e  chemistry 
and performance of FeS and LiAl e l e c t r o d e s .  

2 .  Negative'  E l ec t rodes  of t h e  Second Kind 
(S. Von Winbush,* S. J.  P re to )  

Slow-sweep, cyclic-voltammetry s t u d i e s  of t h e  lithium-aluminum and 
calcium-aluminum compounds i n  molten-sal t  e l e c t r o l y t e s  were descr ibed  i n  t h e  
preceding  r e p o r t  (ANL-76-81, pp.49-51); i n  a d d i t i o n ,  Zr02 f a b r i c  was found t o  
be e l e c t r o a c t i v e  i n  t h e  presence of calcium ion .  This  l a s t  observa t ion  l e d  
t o  t h e  p re sen t  s tudy  of nega t ive  e l e c t r o d e s  t h a t  employ mixtures  of r e a c t i v e  
me ta l s  ( o r  t h e i r  a l l o y s )  w i t h  l i t h i u m  ( o r  calcium) oxides  and s u l f i d e s .  I n  
t h i s  t ype  of e l e c t r o d e ,  - c a l l e d  an  e l e c t r o d e  of t h e  second kindY7-8.  t h e  
meta l  d i scha rges  t o  form an oxide o r  s u l f i d e  p r e c i p i t a t e ,  and l i t h i u m  (o r  
'calcium) i o n s  a r e  r e l e a s e d  t o  c a r r y  c u r r e n t  through t h e  e l ec . t ro ly t e .  For 
example, one mole of ~ i ~ l  may d ischarge  t o  LiA102 i n  t h e  presence of Li20,  
w i t h  t h e  r e l e a s e  of fou r  moles of l i t h i u m  ion .  The a t t r a c t i v e  f e a t u r e s  of 
t h i s  type  o£ e l e c t r o d e  a r e  a s  fol lows:  1 )  t h e  meta l  can be cyc led  r e v e r s i b l y  

----- * . . 
Research p a r t i c i p a n t ,  S t a t e  Univers i ty  of New York, Old Westbury, NY 



without  . requi r ingq 'a  s ign-izicant  concen t r a t ion  of i ts  i o n ' i n  t h e  s a l t ,  2) t h e  
d ischarge  of t h e  metal  i s  s h i f t e d  toward s t r o n g l y  anodic p o t e n t i a l s  because 
of t h e  low metal-ion concen t r a t ion  i n  t h e  sa l t ,  and 3) t h e  meta l  can b e  
depos i ted  a s  a mixture of 4ine2powders  rather-&an d e n d r i t e s .  Note t h a t  t h e  
p o s i t i v e  ' e l ec t rodes*  of ~ i ~ l / ~ i ~ l - ~ c l / i r o n  s u l f i d e  c e l l s  a r e ;  i n  f a c t ,  p o s i t i v e  
e.1 e.rt.rode.s o f  t h e  second k ind  s i n c e ,  - i n  t h e s e  e l ec ' t rodes ,  mixtures  of ' Fe and 
Li2S a r e  conver-ted t o  i r o n  s u l f i d e s  and l i t h i u m  Tons: - 

The e l e c t r o d e s  t h a t  were t e s t e d  by c y c l i c  voltammetry f o r  t h e i r  
a b i l i t y  t o  ope ra t e  as nega t ive  e l e c t r o d e s  of t h e  second kind were mixtures  of 
A I ,  Mg, o r  Ti  wi th  an excess  of' 1 i t h i u m . o r  calcium. oxides  and su l f ' i de s .  Tes t s  
wi th  l i t h i u m  oxide o r  s u l f i d e  were 'conducted i n  L ~ C I - K C ~  e u t e c t i c  a t  460°C 
and, w i th  calcium oxide o r  s u l f i d e ,  i n  LiC1-KC1-CaC12 (54.5, 14.5,  and 31 
mol %, r e s p e c t i v e l y )  a t  500°C. The r e fe rence  and counter  e l e c t r o d e s  were LiAl 

. . 
( in '  LiC1-KC1) and CaA12 ( i n  LiC1-KC1-CaC12). 

. . 

peak'  c a p a c i t i e s  conk i s t en t  w i th  formation of e l e c t r o d e s  of t h e  second 
kind were found i n  two cases :  1 )  mix tu re s ,o f  A 1  (charged t o  LiA1) w i t h  Li20,  
and 2) mixtures  of Mg (charged t o  LiMg') wi'th Li20. Other mixtures  underwent 
s imple a l l o y  formation and d ischarge  ( f o r  example, formation and d ischarge  of 
CaAl,.; and'CaAl2 wi th  calcium ions  and aluminuin-) o r  produced low-capacity peaks 
i n d i c a t i v e  of poor k i n e t i c s  ( f o r  example., a l l  t e s t s ' w i t h  t i t an ium) .  

. . 
In  t h e  case  of A 1  (23.8 mg) and excess  Li20,  charged t o  LiAl and 

Li20, t h e  d ischarge  peaks had emfs 'of -80 mV (25'mA-hr), ze ro  mV (28 mA-hr, 
complex) and approximately -200 mV (10 mA-hr) r e l a t i v e  t o  LiA1. A t  least two 
Faradays per  mole of A l  were obta incd  w i t h i n  t h e  range -300 t o  f300 mV 11s. 

LiA1, and about four  Faradays per  mole of A 1  were obta ined  over  a wide anodic 
range (-300 t o  +900 mV u s .  LiAl) .  The va lue  of fou r  Faradays i s  equ iva l en t  t o  
d ischarge  of L i A l  t o  LiA102. With t h e  magnesium e l e c t r o d e  (62.5 mg Mg) and 
excess  Li20,  charged t o  LiMg and Li20,  a two-electron peak (132 mA-hr) wi th  
an emf of -200 mV u s .  LiAl and a one-electron peak (58 mA-hr) a t  approximately 
350 mV u s .  LiAl were observed. For both t h e  (LiA1, Li20)  and (LiMg, Li20)  
mixtures ,  t he  peaks descr ibed  above occurred dur ing  each c y c l e  of t h e  e l e c t r o d e .  
The d a t a  i n d i c a t e  t h a t  t h e s e  al loy-oxide mixtures  a c t  a s  r e v e r s i b l e  e l e c t r o d e s  
of t h e  second k ind ,  bu t  i t  was n o t  p o s s i b l e  t o  determine t h e  e l e c t r o d e  compounds 
or t o  p r e d i c t  i p - c e l l  performance from t h e s e  voltammetry experiments .  

Cha rac t e r i za t ion  of t h e  e l e c t r o d e  compounds w i l l  r e q u i r e  metal lo-  
graphic  and X-ray a n a l y s i s .  In  a d d i t i o n ,  i n - c e l l  t e s t s  w i l l  b e  conducted. 
For t h e  c e l l ' t e s t s ,  a p o s i t i v e  e l e c t r o d e  based on oxide formation and d i s -  
charge w i l l  be  needed. To t h i s  end, s t u d i e s  of t h e  Li-Fe-0 system have been 
i n i t i a t e d .  

3. Engineering C e l l  Tes t s  
(W. R. F r o s t ,  D, R. V i s se r s )  

An in te rmedia te -sca le  (1.14 cm d i a )  CaMg2/FeS c e l l  has  been f a b r i c a t e d  
and i s  be ing  opera ted  a t  480°C. The capac i ty  of t h e  CaMg2 e l e c t r o d e  i s  60 A-hr 
and t h a t  of t h e  FeS e l e c t r o d e ,  90-A-hr; t h e  e l e c t r o l y t e  is  LiF-LiC1-KC1-CaC12 
(mp, %400°C). A t  p r e sen t ,  t h e  c e l l  has  been opera ted  through t h r e e  cyc l e s  
with an ampere-hour e f f i c i e n c y  of ~ 1 0 0 % .  I n  t h e s e  e a r l y  c y c l e s ,  t h e  calcium 
u t i l i z a t i o n  has  ranged from 60% a t  a 10 r n ~ / c m ~  r a t e  t o  282 a t  a 25 rnfl/cm2 r a t e  
( cu r r en t  d e n s i t i e s  based on 93.3 cm2 a c t i v e  e l e c t r o d e  a r e a ) .  On t h e  b a s i s  of 
exper ience  wi th  o t h e r  c e l l s ,  t h e  e l e c t r i c a l  performance of t h i s  c e l l  i s  
expected t o  i n c r e a s e  wi th  continued cyc l ing .  



V. ~i-si/FeS CELL AND BATTERY DEVELOPMENT--ATOMICS INTERNATIONAL 

A cell and battery,development.program by the Atomics' International 
~ivision of Rockwell International is directed primarily toward application 
of the'Li-Si/LiCl-KCl/FeS system to stationary energy storage. This program , . 

is funded jointly by the Electric Power Research Institute, Atomics Inter- 
national, and Argonne National Laboratory. That portion of the work con- 
tracted by Argonne involves the development of iron sulfide electrodes, the 
long-term testing of cells, the development of ceramic components, the con- 
struction and testing of compact,, high-energy-density bicells, and the con- - 
'struction and testing of a 1.0-kW-hr demonstration cell. 

The work on iron sulfide electrode development currently consists of 
tests of 25 cm2 FeS electrodes in com act cells that have volumetric capac- ! ities in the range of 0.8-1.0 A-hr/cm . In the long-term cell tests, a 150 
W-hr demonstration cell has been operated through 1,120 charge-discharge 
cycles over a period of 11,370 hr, and the test is continuing at the C/4 
rate. In the work on ceramic components, attention is being focused on the 
fabrication of rigid, porous ceramic separators and their testing for compati- 
bility in lithium/electrolyte and lithium-silicon alloy/electrolyte mixtures 
at 420°C. The cell development effort is concerned mainly with the scale-up 
of compact cells having volumetric capacities of about 1.0 ~-hr/crn~ in both 
electrodes. A 1 kW-hr demonstration cell has completed 65 charge-discharge 
cycles in 1400 hours of operation. The coulombic efficiency has remained in 
the range of 95-99%. At the C/10 rate, the utilization of active materials 
is 66%, the specific energy ~ 8 0  W-hr/kg, and the energy efficiency 74-77%. 
At the C/5 rate, the corresponding values are 56% utilization, 54 W-hr/kg 
specific energy, and 71% energy efficiency. 
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- .  APPENDIX. S~immary of Large-Scale C e l l  Tes ts  

C e l l  o r  
S a t t e r y  

No. 

Opera t ing  C h a r a c t e r i s t i c s  
L i f e  ~ h a r a c t e r i s t i c s  

Capaci ty .  A-hr 
% Decl ine  i n   ax.^ a t  Ra te s ,  h r  

Type of Ind ica t ed  - a . A A-hr 
c e l l  Theor. Rates  Disch. Charge A-hr W-hr noursL cyclesc capacityn E f f .  Remarks 

130 %4 0 0 .3  Eagle-Picher t h i ck  e l ec t rodes .  Operation 
terminatec  because of d e c l i n e  i n  capac i ty .  

>72 7 3 ~ a ~ l e - ~ < c t e r  t h i n  e l ec t rodes .  Max. s p e c i f i c  
. e n e r g y ,  6:.8 W-hrlkg (5.6-hr r a t e ) ;  pres- 

e n t l y ,  52 W-hrlkg (5.3-hr r a t e ) .  

>55 16 None ~ i g l e - p i c h e r  t h i c k  e l ec t rodes .  ~ i g h e r  
charge cutoff  (2 .1  US. 2.0 V f o r  2B4). 
Capacity is 15% .higher than t h a t  of ,  2B4. 

>13 2 None Star t -up  and ope ra t ion  wi th  c e l l  b lanketed  
i n  Kaowool i n s u l a t i o n ,  exposed t o  a i r .  

1L9 76 83 14 B6-S Li-A11 7.6 7.6 99 192 - - Eagle-Picher t h i c k ' e l e c t r o d e  % e l l s  1B'4., fB5, WI 
- FeS-Cu2S 66. Terminated because of dec l in ing  capac- 

i t y  and A-hr e f f .  Ce l l  1B5. removed f o r  
pos t - t e s t  exam. Operation of 1B4 and 1B6 
continued i n  B7-S. 

B7-S Li-A1 1 4  9 100 10 8 .5  99 80 >2016 >92 None None Eagle-Picher t h i c k  e l e c t r o d e  c e l l s  i n  
FeS-Cups 77 5 .1  6.2 s e r i e s .  Tota l  l i f e  of 1B4 is 3200 h r ,  156 

5 7 2.8 4 .1  cyc l e s ;  1B6, 2560 h r ,  129 cyc l e s .  Being 
35 1 .4  3.5 operated with bulk  charge + 4 h r  equal i -  

za t ion .  

B8-P LiyA1/ 1$9 113 5:6 5.6 ' 33 83 ' 480 ' 30.  - - Eagle-Picher t h i n ' e l e c t r o d e  C e l l s  2A3,, 2A4 
FeS2-CoS2 90 i n . ~ a r a l l e l . .  S t i r tuplcond ' i t ioning t e s t .  

Terminated a f t e r  performanc* t e s t i n g .  
Ce l l s ' u sed  i n  B8-S. 

B8-S Li-A11 . 69 50 9.9, 10 93 78 >lo80 A 0 5  19 N~~~ Eagle-Picher t h i n  e l e c t r o d e  c e l l s  (2A3 and ' 
. . FeS2-CoS2 50 5.0 4.5 . . 2A4) , i n . s e r i e s .  T o t a l  l i f e  of each c e l l  is  

44 2.2 . 6.2 1560 h r ,  135 cyc l e s .  Being opera ted  wi th  
. ' ,  

24 1 .2  4.3 bulk  charge only.  

(contd) .. . . . 



APPENDIX. ( c o n t d )  

O p e r a t i ~ g  C h a r a c t e r i s t i c s  
L i f e  C h a r a c t e r i s t i c s  

C a p a c i t y ,  A-hr 
I n i t e l  % D e c l i n e  i n  

C e l l  o r   ax.^ a t  
Ind ' icated 

R a t e s ,  h r  
B a t t e r y  Type o f  

E f f . ,  % 
A-hr 

No. C e l l  Theor.  R a t e s  D i s c h .  Charge  A-hr W-hr  ours' c y c l e s C  C a p a c i t y  Ef f .  Remarks - 

R- 6  Li-A11 7 3  4  7  5  9  9  6  E 6  6678 635 7  0  1 6  Assembled uncharged ;  1 0  mol % Cu2S i n  FeS. 
FeS-Cu2S C a p a c i t y  d e c l i n i n g ,  t e r m i n a t e d  f o r  exami- 

n a t i o n .  

R- 8  Li-A11 8 5  . 72 19 1 0  9  9  8 5  3300 438 5  9  58  Assembled uncharged ;  h o t - p r e s s e d  p o s i t i v e  
FeS2-CoS e l e c t r o d e  w i t h  L i2S  f rom'Eag le -P icher ; .  

one-p iece  Wo c u r r e n t  c o l l e c t o r / l e a d .  
T e m i n a t e d  ( s h o r t  c i r c u i t ) .  

R-12 Li-A11 1 0 5  5  8 6' 8  ' 8 9  69 . 3210 1 7 3  20 60  Absembled uncharged ;  20 mol % Cu2S i n  FeS; 
FeS-Cu2S a l s o ,  CaC2 added t o  p o s i t i v e  e l e c t r o d e .  

. . Termina ted  v o l u n t a r i l y .  

Li-A1/ 
FeS-Cu2S 

~ i - ~ l /  
FeC 

Li-A11 
FeS2-CoS 

Li-A11 
FeS 

L i - S i /  
FeS-Cu2S 

Li-A11 
FeS2-CoS 

7  8  64 >2424 

8 0  67 1294 

9  8  57 >650 

97 8 0  >630 

95  8 0  > I 5 0  

8  8  6  8  1075 . 

( c o n t d )  

>303 35 8 Assembled uncharged ;  20 mol % Cu2S i n  FeS; 
e l + c t r o l y t e ,  1 0  wt X CaC12 in.LiC1-KC1 

, e u r e c t i c .  

8 0  20 20 Assembled ;ncharged. High-pressure  p r e s s -  
i n s  of  p o s i t i v e  p l a q u e  f o r  low c o n t a c t  
r e s i s t a n c ' e .  Termina ted  f o r  e x a m i n a t i o n .  

>42 9  None Assembleduncharged ; .  FeS2-CoS in.honeycomb 
s t r u c t u r e ;  p r e s s e d  Al. w i r e  n e g a t i v e .  

> 6 2  8  8  Assembled uncharged ;  FeS, no addi t ' ive; .  
Woven A1 p l a q u e s  w i t h  Cu s t r a n d s  i n  
n e 3 a t i v e  e l e c t r o d e s .  

> l o  8 1 0  Assembled c h a r g e d ;  FeS-Cu2S p o s i t i v e ;  
n q a t i v e ,  L i q S i  powder i n  compartment- 
a l i z e d  s t r u c t u r e .  

3 1  30 5 8  T e s t  of  m u l t i p l e - e l e c t r o d e  c e l l  a s sembled  
unc'harged. 321 N-hr a t  8-hr  r a t e .  C e l l  
w e i g h t ,  2.3 kg. Termina ted ;  s h o r t  c i r c u i t .  



APFENDIX . ( c o n t d )  

C,perating Characteristics 
. . L i f e  C h a r a c t e r i s t i c s  Capzci ty ,  A-hr 

I n i t i a l  % Decline i n  
C e l l  >r I4axqa a t  Rates ,  h r  Eff . ;  % . 
B a t t e r y  Type o f  Ind ica t ed  - AAhr - .  

No. C e l l  Theor. Rates  Disch. Charge A-hr W-hrl noursC cyclesL ' capacityu ~f f .  

KK-4 Li-A1/ 9 0 8 7 5 5 99 . 79 >4600 >280 . 50 6 Assembled charged; cart-on-bonded FeS2-CoS2 
FeS2-CoSZ and hot-pressed Li-A1. C e l l  r e s i s t a n c e  

5 .8  m R ,  with No cu r r en t  c o l l e c t o r .  

KK-5 Li-A11 120 , 93 5 10 9 9 85 >3100 >I70 1. None Assembled uncharged; c&rbon-bonded Li2S + 
FeS-CuFeS2 Fe + Cu and A 1  w i r e  p l ique  + Li-A1 hot- 

pressed electrode. .  Terminated f o r  e l e c t r o d e  
exam, then ' r e s t a r t e d .  C e l l  r e t a i n s  h igh -  
u t i l i z a t i o n  and 3.8 mR r e s i s t a n c e .  

None Kone Assembled uncharged; carbon-bonded Li2S + 
Fe + CoS2 and 32 a t .  X Li-Al s o l i d  p l a t e  
e l ec t rodes .  Cycled a t  10-hr r a t e ,  
>75 W-hr/kg. 

4 Kone Assembled charged; carbon-bonded FeS-Cu2S 
and Li-A1 i n  Fe Retimet. Designed f o r  ' in 
u t i l i t y  a p p l i c a t i o n .  Operating we l l  i n  D 
s ta r t -up  cyc l e s .  

'r. 

CB-1 Li-All .  14 5 6 7 5.3 5.5 93 63 >5350 >365 None 4. charged, carbon-bondeh ~ " ~ e . 5 2  e l e c t r o d e ;  
CuFeS2 . . hot-pressed Li-A1 negacive e l ec t rode .  

. +  . Open e e l l . i n  sea led  furnace  w e l l .  

. . Performance s t a b l e .  
. . 

Mi)-2 Li-A11 l i G  6 1 5.0 5 .0  96 77 51925 '163 15 4 Tes t  3f m u l t i p l a t e ,  charged c e l l  with two 
FeS2-CoS2 carbon-bonded p o s i t i v e  e l ec t rodes  and four  

negat ive  e l ec t rodes  of Li-A1 i n  i r o n  
Retimet. Beingopera t ,?d  with constant -  

. . . . vo l t age  charging. 

FM-1 Li-A1-In/ 75 46 6 6 9 9 85 >325 >30 None None Charged Eagle-Picher .F=S-Cu2S p o s i t i v e e l e c - '  
FeS-Cu2S t rode ,  Li-A1-4 w t  % In  negat ive  e l ec t rode .  

Performance improvinp. iurinp.  e a r l y  cyc l ing .  

. a 
Based on a t  l e a s t  f i v e  c;rcles.  '  he "grea t e r  than" symbols denote  cont inuing opera t ion .  

b ~ & s e d  on a t  l ea s t . . lO  cyc l e s  a t  t h e  5-hr . r a t e .  d ~ e r c e n t  dec l ine  from max. capaci ty  a t  5-hr r a t e ,  except where noted.  
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