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PREFACE 

The program on high-temperature secondary b a t t e r i e s  a t  Argonne National 
Laboratory c o n s i s t s  of an in-house research and development e f f o r t  and sub- 
contrac ted  work by i n d u s t r i a l  l abora to r ies .  The work a t  Argonne is c a r r i e d  
ou t  pr imar i ly  i n  t h e  Chemical Engineering Division, wi th  ass i s t ance  on s p e c i f i c  
problems being given by t h e  Materials  Science Division and, from t i m e  t o  t i m e ,  
by o t h e r  Argonne divis ions .  The individual  e f f o r t s  of many s c i e n t i s t s ,  
engineers ,  and technic ians  a r e  e s s e n t i a l  t o  t h e  success of t h e  program, and 
recogni t ion  of these  e f f o r t s  is  r e f l e c t e d  by t h e  individual  contr ibut ions  
c i t e d  throughout the  repor t .  
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HIGH-PERFORMANCE BATTERIES FOR 
STATIONARY ENERGY STORAGE AND 
ELECTRIC-VEHICLE PROPULSION 

Progress Report .for the Period 
April-June 1977 

ABSTUCT 

This report describes the research, development, and management 
activities of the program at Argonne National Laboratory (ANL) on 
lithium-aluminum/metal sulfide batteries during April-June 1977. 
These batteries are being developed for electric-vehicle propulsion 
and stationary energy storage. The present cells, which operate at 
400-450°C, are of a vertically oriented, prismatic design with a 
central positive electrode of FeS or FeS2, two facing negative 
electrodes of lithium-aluminum alloy, and an electrolyte of molten 
LiC1-KC1 . 

A major objective of this program is to transfer the technology 
to industry as it is developed, with the ultimate goal of a com- 
petitive, self-sustaining industry for the commercial production 
of lithium-aluminum/metal sulfide batteries. Technology transfer 
is being implemented by several means, including the assignment of 
industrial participants to ANL for various periods of time and the 
subcontracting of development and fabrication work on cells, cell 
components, and battery testing equipment to industrial firms. 

Testing and evaluation of industrially fabricated cells is 
continuing. During this period, Li-Al/FeS and ~i-Al/Fes~ cells 
from Eagle-Picher Industries and from Gould Inc. have been t+ested. 
These tests provide information on the effects of design modifica- 
tions and alternative materials for cells. Improved electrode and 
cell designs are being developed and tested, and the more promising 
designs are incorporated into the industrially fabricated cells. 
Among the concepts receiving major attention are carbon-bonded 
positive electrodes, scaled-up designs of stationary energy storage 

. cells, additives to extend electrode lifetime, alternative electrode 
separators, and pellet-grid electrodes. 

Materials development efforts included the development of a 
lightweight electrical feedthrough; studies of various current- 
collector designs; investigation of powder separators; wettability 
and corrosion tests of materials for cell components; and post- 
operative examinations of .cells. Cell chemistry studies were 
concerned with discharge mechanisms of FeS electrodes and with 
other transition-metal sulfides as positive.electrode materials. 
In addition, voltammetric studies were conducted to investigate 
the reversibility of the FeS2 electrode. On studies of advanced 
battery systems the use of calcium and magnesium alloys for the 
negative electrode are being investigated. 



SUMMARY 

Commercial Development 

A commercial izat ion s tudy  w a s  undertaken t o  assess t h e  near-term markets 
f o r  t h e  fo l lowing  a p p l i c a t i o n s  of t h e  l i t h iumlme ta l  s u l f i d e  b a t t e r y :  vans, 
buses ,  mining v e h i c l e s ,  and defense  uses .  The r e s u l t s  of t h i s  assessment 
i n d i c a t e  t h a t  t h e  l i t h iumlme ta l  s u l f i d e  b a t t e r y  could e n t e r  t h e s e  near-term 
markets ,  owing t o  i ts  favorab le  performance c h a r a c t e r i s t i c s .  

I 

'The c o n c e p t u a l  d e s i g n l c o s t  s t u d y  f o r  a '5.6 MW-hr t ruckab le  energy s t o r a g e  
module is  nea r ing  completion. Also, systems des ign  work was cont inued on 
t h e  Mark 0 , j a c k e t  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 .  This  j acke t  i s  t o  be  used 
a s  a housing f o r  50 c e l l s  i n  s t a t i o n a r y  t e s t i n g .  

. . 

I n  c o n t r a c t u a l  work d i r e c t e d  toward c e l l  development, Ca ta lys t  Research 
Corp. completed t h e  f a b r i c a t i o n  of an FeS2 c e l l  us ing  t h e i r  u l t r a d r y  room f o r  
assembly; t h e  n e g a t i v e  e l e c t r o d e s  were f a b r i c a t e d  us ing  a  d ip-cas t ing  procedure. 
Eagle-Picher I n d u s t r i e s ,  Inc .  is  d e l i v e r i n g  FeSx c e l l s  wi th  modified c e l l  
des igns  ( r e l a t i v e  t o  b a s e l i n e  c e l l s ) ;  t h e  s p e c i f i c  .energy of t h e s e  r ecen t  c e l l s  
h a s  been improved 10-20% over  t h e  p rev ious ly  de l ive red  c e l l s .  Gould Inc.  is  
i n  t h e  process  of f a b r i c a t i n g  a  ma t r ix  of  55 upper-plateau FeS2 c e l l s ,  which 
cover  a  wide range of  des ign  v a r i a t i o n s .  I n  a d d i t i o n ,  Gould Inc.  is developing 
a n  improved design f o r  t h e  uncharged FeS c e l l .  

I n  c o n t r a c t u a l  work d i r e c t e d  toward m a t e r i a l s  development, t h e  product ion 
and s t o c k p i l i n g  of boron n i t r i d e  (BN) roving  i s  proceeding a t  about 1 5  kglmonth 
a t  Carborundum Corporation. Coors Po rce l a in  is a t tempt ing  t o  develop a  brazed 
feedthrough t h a t  i s  r e s i s t a n t  t o  chemical ox ida t ion .  1LC.Technology i s  
examining t h e  k i n e t i c s  of feedthrough f a i l u r e  i n  FeS2 c e l l s  wi th  s o p h i s t i c a t e d  
feedthrough designs.  Chemetal is determining whether t h e  vapor depos i t i on  of 
molybdenum onto s u b s t r a t e s  o f f e r s  any advantages i n  t h e  f a b r i c a t i o n  of c u r r e n t  
c o l l e c t o r s .  

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

Two Eagle-Picher c e l l s  t h a t  i nco rpora t e  changes from t h e  b a s e l i n e  des ign  
of  t h e  FeS c e l l  underwent t e s t i n g .  Une of  t h e  new c e l l s  had i ts  p o s i t i v e  
e l e c t r o d e  ha l f - th ickness  decreased from 6.0 t o  4.2 mm and t h e  r a t i o  of  negat ive-  
t o - p o s i t i v e  capac i ty  i nc reased  from 1.00 t o  1.33. The s p e c i f i c  energy of t h i s  
cel l  a f t e r  29 days of ope ra t ion  w a s  72 W-hrlkg at . t h e  l 0 , h r - r a t e ,  whereas t h a t  
f o r  t h e  b a s e l i n e  c e l l  was 62 W-hr/kg. The o t h e r  modified c e l l  had a  p o s i t i v e  
e l e c t r o d e  ha l f - th i ckness  of 5.6 mm and a nega t ive  e l e c t r o d e  th i ckness  of 6.6 
mm; i ts  negat ive- to-pos i t ive  capac i ty  r a t i o  w a s  1.34. This  c e l l  has  opera ted  
f o r  144 days and 238 c y c l e s  wi th  on ly  a  5% d e c l i n e  from i t s  peak performance. 

Two Eagle-Picher c e l l s  t h a t  i n c o r p o r a t e  changes from t h e  b a s e l i n e  design 
of t h e  FeS?. c e l l  underwent t e s t i n g .  One of t h e s e  c e l l s  had t h e  p o s i t i v e  
t e r m i n a l  rod moved from t h e  c e n t e r  l i n e  of  t h e  c e l l  t o  a p o s i t i o n  nea r  one 
edge of t h e  e l e c t r o d e  ( t h i s  p o s i t i o n  has  some advantages i n  b a t t e r y  des ign ) .  
The r e s u l t s  of t h i s  c e l l  i n d i c a t e d  a  lower u t i l i z a t i o n  of t h e  a c t i v e  ma te r i a l .  
The o t h e r  FeS2 c e l l  had a t h i n n e r  and denser  p o s i t i v e  e l e c t r o d e  and a l a r g e r  
n e g a t i v e  p l a t e  t han  t h e  b a s e l i n e  c e l l :  t h i s  change inc reased  t h e  s p e c i f i c  



energy from 67 t o  72 W-hr/kg. This  i nc rease  i n  s p e c i f i c  energy w a s  less 
than  expected. 

S tudies  have been d i r e c t e d  toward cur ren t - l imi ted ,  constant-vol tage 
charging (CLCVC) wi th  FeS and FeS2 c e l l s .  A pre l iminary  s tudy  of an FeS c e l l  
i nd i ca t ed  t h a t  CLCVC does no t  s i g n i f i c a n t l y  i n c r e a s e  performance b u t  does 
reduce charge t i m e  i f  h igh  i n i t i a l  c u r r e n t s  a r e  used. S tud ie s  of two FeS2 
c e l l s  l e d  t o  t h e  fo l lowing  conclusions:  (1) when t h e  cu r r en t  l i m i t  i s  r e s t r i c t e d  
t o  lower va lues ,  CLCVC i s  s i m i l a r  t o  cons tan t -cur ren t  charging,  (2) constant-  
vo l t age  charging is  b e n e f i c i a l  t o  c e l l s  t h a t  s u f f e r  some k i n e t i c  hindrance a t  
t h e  end of charge, and (3) CLCVC has  no s i g n i f i c a n t  impact on c e l l  l i f e t i m e .  

C e l l s  were t e s t e d  i n  a  s e r i e s  arrangement t o  s tudy  t h e  i n t e r a c t i o n s  of 
t h e  cells and t o  e s t a b l i s h  d a t a  f o r  scale-up of b a t t e r y  des igns .  A two-cell  
b a t t e r y ,  B7-S, has  opera ted  f o r  more than  386 days and 595 (deep) cyc ies .  
During t h i s  per iod ,  t h e  output  energy of t h i s  b a t t e r y  (10-hr r a t e )  has  dec l ined  
by 22% from i t s  peak of 246 W-hr. A s i x - c e l l  b a t t e r y ,  B10-S, has  had ope ra t ing  
problems. One of i t s  c e l l s  leaked e l e c t r o l y t e  through i t s  housing; t h i s  leakage 
caused e l e c t r i c a l  b r idg ing  around t h e  mica s h e e t s  used f o r  e l e c t r i c a l  i n su l a -  
t i o n .  The d e f e c t i v e  c e l l  w a s  rep laced ,  bu t  t h i s  new c e l l  a l s o  l e a k e d ' e l e c t r o -  
l y t e .  This  c e l l  w a s  removed and a shim was used t o  r e p l a c e  i t .  Tes t ing  w a s  
then  cont inued on t h e  f i v e - c e l l  b a t t e r y ,  des igna ted  B12-S. 

P repa ra t ions  are be ing  made f o r  l abo ra to ry  t e s t i n g  of l a rge - sca l e  (30-60 
kW-hr) b a t t e r i e s .  I n  a d d i t i o n ,  des ign  of an  e q u a l i z a t i o n  charger  has  been 
completed; a  power supply similar t o  t h e  one t h a t  w i l l  go i n t o  t h e  e q u a l i z e r  
i s  be ing  t e s t e d  f o r  performance c h a r a c t e r i s t i c s .  The system w i l l  have t h e  
c a p a b l l i t y ' o f  equa l i z ing  up t o  104 c e l l s  a t  a  r a t e  of 0-12 A. 

Three FeS c e l l s  and one FeS2 c e l l  w i t h  p e l l e t  e l e c t r o d e s  have been . 
cons t ruc ted ,  and placed i n  opera t ion .  

Ba t t e ry  Charging Systems 

A s ta tement  of work a s  a  b a s i s  f o r  a c o n t r a c t  t o  perform a c o s t  and des ign  
s tudy  of a complete charging system f o r  a LiAl/FeS2 e l e c t r i c - v e h i c l e  b a t t e r y  
i s  now i n  t h e  hands of a p o t e n t i a l  con t r ac to r .  A "minicycler" has  been modified 
by t h e  a d d i t i o n  of a  constant-vol tage,  cu r r en t - l imi t ing  c i r c u i t ,  and is p e r f o r w  
i n g  wel l .  An 100-ampere c e l l / b a t t e r y  c y c l e r  pro to type  was cons t ruc t ed ,  and 
f i n a l  checkout i s  almost completed. 

C e l l  Development and Engineering 

One of t h e  common reasons f o r  c e l l  f a i l u r e  is  s h o r t  c i r c u i t s  caused by 
e x t r u s i o n  of a c t i v e  m a t e r i a l  from t h e  e l ec t rodes .  Thus, i n  c e l l  R-29 .(an 
uncharged, upper-plateau Li-A1/FeS2-Cos2 c e l l ) , , t h e  p o s i t i v e  e l e c t r o d e  was 
r e in fo rced  wi th  a  double-s trength frame. This  c e l l  has  opera ted  f o r  50 days 
wi thout  a  d e c l i n e  i n  performance. 

An upper-plateau, uncharged FeS2 c e l l  was b u i l t  w i t h  X phase (Li2FeS2) 
as t h e  s t a r t i n g  material i n  t h e  p o s i t i v e  e l ec t rode .  Excess l i t h i u m  w a s  added 
t o  t h e  nega t ive  e l e c t r o d e  i n  t h e  form of Li-Al a l l o y  plaques.  A f t e r  s i x  



break-in cyc l e s  a t  a 5-A r a t e ,  t h i s  c e l l  has  a coulombic e f f i c i e n c y  o f . 9 7 %  
and a capac i ty  of 72 A-hr (63% of t h e o r e t i c a l ) .  

Charged FeS2-CoS2 c e l l s  having hot-pressed e l e c t r o d e s  and a 
s e p a r a t o r l r e t a i n e r  m a t e r i a l  of Y203 f e l t  are be ing  t e s t e d  t o  determine 
whether  they  produce h igh  s p e c i f i c  energy. One such c e l l ,  M-3, has  opera ted  
f o r  90 cyc le s  and 57 days. Although i t  i s  now showing s i g n s  of dec l in ing  
c a p a c i t y ,  t h e  coulombic e f f i c i e n c y  was g r e a t e r  than  95% f o r  65 cyc les .  The 
s p e c i f i c  energy of M-3 i s  83  W-hrlkg a t  t h e  25-A d ischarge  r a t e .  

Carbon-bonded p o s i t i v e  e l e c t r o d e s  us ing  FeS2 a s  t h e  a c t i v e  m a t e r i a l  
con t inue  t o  be i n v e s t i g a t e d .  C e l l  CB-1, a charged c e l l  w i t h  a carbon-bonded 
CuFeS2 e l e c t r o d e ,  has  opera ted  f o r  890 c y c l e s  and 503 days. The capac i ty  of 
t h i s  c e l l  has  dec l ined  s i g n i f i c a n t l y  over  t h e  last 100 cyc le s ;  t h e  p re sen t  
c a p a c i t y  i s  46 A-hr, which r e f l e c t s  a l o s s  of 30% from peak capac i ty .  An 
upper-plateau,  carbon-bonded FeS2-CoS2 c e l l ,  KK-11, was opera ted  f o r  50 days 
and 85 cyc le s  b e f o r e  t h e  test was terminated.  The peak capac i ty  of t h i s  c e l l  
was 71  A-hr; however, a furnace  malfunct ion caused t h e  capac i ty  t o  decrease  t o  
65 A-hr. The fu rnace  malfunct ion a l s o  caused t h e  coulombic e f f i c i e n c y  t o  
dec rease  by 3% (from 98  t o  95%). C e l l  KK-10, an  uncharged, upper-plateau 
FeS2-CoS2 c e l l ,  was f a b r i c a t e d  i n  a i r  us ing  X-phase as t h e  a c t i v e  m a t e r i a l  i n  
t h e  p o s i t i v e  e l e c t r o d e .  A Y203-felt  p a r t i c l e  r e t a i n e r  and a s e p a r a t o r  of new 
BN f a b r i c  were used i n  t h i s  c e l l .  Af t e r  35 cyc le s ,  ope ra t ion  of t h i s  c e l l  
was terminated owing t o  d e c l i n i n g  coulombic e f f i c i e n c y .  Examination showed 
t h a t  t h e  BN f a b r i c  had d i s i n t e g r a t e d ;  t h e  Y203 f e l t  r e t a i n e r  appeared t o  be  
i n t a c t .  

Small-scale experiments  were undertaken t o  f u r t h e r  d e f i n e  t h e  optimum 
parameters  f o r  t h e  p repa ra t ion  of carbon-bonded e l ec t rodes .  The parameters  
i n v e s t i g a t e d  t h i s  per iod  were pore volume and carbon content .  The r e s u l t s  
showed a maximum u t i l i z a t i o n  i n  t h e  25-35% pore volume range and i n  t h e  4-7 
vol % carbon range. 

l n v e s t i g a t i o n  i s  cont inuing  on t h e  a d d i t i o n  of  a t h i r d  metal  t o  t h e  LI-A1 
a l l o y  nega t ive  e l e c t r o d e  i n  engineering-size c e l l s .  C e l l  FM-3, which has  
n e g a t i v e  e l e c t r o d e s  of Li-Al-8 wt % Sn, was opera ted  f o r  232 c y c l e s  and 138 
days;  t h i s  c e l l  e x h i b i t e d  ve ry  s t a b l e  performance, w i t h  only  a 10% d e c l i n e  i n  
c a p a c i t y  a f t e r  200 cyc le s .  The a d d i t i o n  of t i n  t o  Li-A1 a l l o y  appears  t o  
enhance capac i ty  over  t h a t  of indium o r  calcium a d d i t i v e  o r  no a d d i t i v e .  

Three engineer ing-sca le  c e l l s  wi th  ceramic-powder s e p a r a t o r s  have been 
b u i l t  and t e s t e d .  The s e p a r a t o r s  of PW-1 and PW-2 were 0.2 cm l a y e r s  of Y2O3 
powder. C e l l  PW-1 i n i t i a l l y  exh ib i t ed  good performance; however, ope ra t ion  
of t h i s  c e l l  w a s  t e rmina ted  a f t e r  57 days and 116 c y c l e s  because of a ,short  
c i r c u i t .  Ce l l  PW-2 h a s  opera ted  f o r  25 days and 35 c y c l e s ,  and h a s  shoyn 
good performance. .Cell.PW-3 used a MgO-powder s e p a r a t o r ;  performance of t h i s  
c e l l  was similar t o  t h a t  of  t h e  o t h e r  two. This  pre l iminary  work shows powder 
s e p a r a t o r s  t o  be  promising. 

Materials Development 

For s e v e r a l  yea r s ,  a l l  a t t empt s  t o  develop a brazed-seal  feedthrough have 
r e s u l t e d  i n  premature f a i l u r e  owing t o  e lec t rochemica l  ox ida t ion  and ga lvan ic  
co r ros ion .  To circumvent t h e s e  problems, Coors Po rce l a in  Co. has  developed a 



feedthrough with a nonmetallic braze and ILC Technology is investigating new 
feedthrough designs. After postoperative examinations of ANL crimp-type 
mechanical feedthroughs had indicated that little electrolyte' salt penetrates 
into the BN seal, this feedthrough was redesigned to shorten- the bverall . 
height to less than 2.56 cm. - .  e 

The ability of BN fabric to retain the active materials within the'elec- 
trodes was tested in a Li-Al/FeS cell. The electrodes were enclosed in metal 
frames with 200-mesh screens over the electrode faces; no additional particle 
retainers were used. This test cell showed excellent performance, and post- 
operative examination showed that the BN fabric was an effective particle 

' 

retainer. Two powder separators were tested as alternatives to BN fabric. In 
the first, MgO powder was tested as a separator in a Li-Al/FeS cell. In ' 

similar fashion to the cell with a BN fabric separator, the electrodes were : 
enclosed in metal frames with 200-mesh screens over the electrode faces. This 
test cell was operated for 83 days with good performance. Postoperative exam- 
ination showed that, although the MgO powder was stable in this cell, impurities 
in the MgO powder were reduced to form a metallic band. Yttrium bxide powder 
was also tested as a separator in a Li-Al/FeS cell. No frames or screens were 
used around either electrode. This cell showed good performance at low current 
densities. The results suggested that the elimination of the frame and screen 
assembly around the positive electrode may be possible in cells with powder 
separators. The frame and screen assembly around the negative electrode appears 
to be needed. . . 

Porous, monolithic separators are being prepared by die pressing And ' 

casting of foamed ceramic slips. A Y203 foam separator is being prepared for 
an in-cell testing. A mercury porosimeter has been received, and will be used 
to characterize the pore volumes and pore size distributions of candidate 
separator structures. 

Static corrosion tests were conducted at '450°C in' test 'environments of 
Cu2S and CoS2 in LiC1-KC1 electrolyte. The following materials were evaluated: 
Hastelloy B, Inconel 625, Type 304 stainless steel, nickel, 1008 carbon sfeel 
(Cu2S environment), and molybdenum (CoS2 environment only). The results. of 
these tests were then compared with those from previous tests on the 'same. ' 
materials in FeS and 'FeS2 environments. The corrosion resistance 'of the 
nickel-base material was about the same for both the'Cu2S 'and FeS environments; 
however, iron and its alloys were corroded more rapidly by the,Cu2S than the 
FeS. In the CoS2 environment, the corrosion rates of the metals, with the . 

exception of molybdenum, tended to be significantly higher than in an FeS2 
environment. These comparisons -suggest that, under charged condition,, FeS-Cu2S 
electrodes with iron-base current collectors and FeS2-CoS2 electrodes with 
non-molybdenum components will have higher corrosion rates than similar elec- 
trodes without these metal sulfide additives. 

A pretreatment process has been developed for BN separators that improves 
their wettability by LiC1-KC1 electrolyte. This process involves the immersion 
of BN fabric in molten LiAlC14; after this is completed, the excess LiAlC14 
is drained. Molten LiC1-KC1 penetration tests have also been initiated on 
porous Y2O3 separators. These separators showed easy-to-penetrate behavior. 



The vacuum system required f o r  c e l l  degassing experiments has been 
f a b r i c a t e d  and a t tached t o  a quadrupole mass spectrometer.  Test ing of the  
system w i l l  begin a f t e r  vacuum gauge i n s t a l l a t i o n  i s  complete. , I n  add i t ion ,  
a l i t e r a t u r e  review has  been completed on t h e  i o n i c  conductivi ty of molten 
LiC1-KC1 e u t e c t i c  and t h e  theory of t h e  conduct iv i ty  of two-phase systems. 
This  survey has provided t h e  da ta  necessary f o r  es t imat ing  t h e  e l e c t r i c a l  
conduc t iv i ty  of e l ec t ro ly te - separa to r  combinations of i n t e r e s t  t o  the  b a t t e r y  
program. 

A review has  been c a r r i e d  out  concerning t h e  causes of f a i l u r e  i n  proto- 
type  engineering c e l l s  t h a t  have undergone pos topera t ive  examinations over 
t h e  l a s t  two years .  Most of these  c e l l s  were e i t h e r  operated u n t i l  complete 
f a i l u r e ,  o r  t h e  test w a s  terminated owing t o  decl in ing performance. Short 
c i r c u i t s  have heen t h e  predominant cause of  f a i l u r e .  The most common modes of 
f a i l u r e  have been ex t rus ion  of a c t i v e  mater ia l ,  s epa ra to r  cu t  by t h e  honeycomb 
current r n l l e c t o r ,  and m e t a l l i c  copper degosies wirhin Lhe separa tor .  The 
cause f o r  decl in ing coulombic e f f i c i ency  ( p a r t i a l  s h o r t )  has been a t t r i b u t e d  
t o  a buildup of metal o r  metal  s u l f i d e  depos i t s  i n  loca l i zed  a reas  wi th in  the  
s e p a r a t o r ,  p a r t i c u l a r l y  i n  overcharged c e l l s .  

* .  
cel l  Chemistry 

, . 
Slow-scan c y c l i c  voltammetry was used t o  s tudy t h e  FeS2 e l e c t r o d e , i n  a 

LiAl/LiCl-KC1/FeS2 c e l l .  The voltammograms showed t h a t  the  discharge.of  FeS2 
w a s  no t  k i n e t i c a l l y  hindered. On t h e  o t h e r  hand, t h e  charge reac t ion  was 
k i n e t i c a l l y  hindered, and required a combination of electrochemical  .. . and chemical 
s t e p s  t o  induce formation of FeS2 from i t s  precursors. ,  The s t e p s  . involve.  . , .  

s o l u b l e  s u l f u r  spec ies ,  a s  in termedia tes ,  t h a t  appear. t o  b e .  the  source -of  . 
' s u l f u r  (as Li2S) i n  t h e  separa to r s  of LiA1/FeS2, ' c e l l s .  ~ ~ d d i t i v e s  t o  improve 
t h e  charge k i n e t i c s  of FeS2 e lec t rodes  a r e  now being sought. . . 

A new phase was observed meta l lographica l ly  i n  p a r t i a l l y  discharged FeS2 
e lec t rodes .  This new phase, whose composition is  ye t  t o  be determined, is t he  
f i r s t  discharge product of FeS2 ( e a r l i e r  s t u d i e s  had ind ica ted  t h a t  t h e  f i r s t  
product cons is ted  of a mixture of Li4Fe2S5 and Fel-*S). The new phase h a s  
been observed during both charge and discharge;  however, FeS2 does not  appear 
t o  form r e a d i l y  from t h e  new phase. More d e t a i l e d  s t u d i e s  of the  p roper t i e s  
of t h e  new phase a r e  i n  progress. 

' 

A study was conducted of thr'ee TiS2 pos i t ive- l imi ted  e lec t rodes  t h a t  were 
pressed t o  about 70% t h e o r e t i c a l  capaci ty  dens i ty .  ' l 'he~e"e1ectrodes v g i l e d  
i n  th ickness  from 0.20 t o  0..66 cm. Good u t i l i z a t i o n  was obtained a t  high . ' 
rates even f o r  t h e  t h i c k e s t  elecerode (76% u ~ l l l a a t i o n  a t  4-hr charge and 2-hr 
d ischarge  rates).  A sea led ,  75 A-hr L ~ A ~ / T ~ E ~  c c l l  was also operated,  a n d ,  
achieved a s p e c i f i c  energy of 67 W-hr/kg a t  t h e  10-hr r a t e .  

Advanced Battery Research 

. The TiS2, NiS, and.CuFeS2 p o s i t i v e  e l ec t rodes  wcrc t e s t e d  i n  smail-scale 
calcium :ce l l s .  Of these ,  NiS appears t o  have the  b e s t  combination of revers i -  
b i l i ty , ,  i i e i l i za t iun ,  and r e s i s t a n c e  t o  overcharge. This posit.i.ve electrode.  
w i l l  be  t e s t e d  f u r t h e r  i n  a 75 A-hr cell.  Carbon current  c o l l e c t o r s  were 
t e s t e d  i n  i r o n  s u l f i d e  e l ec t rodes  t o  s tudy t h e i r  a b i l i t y  t o  con t ro l  i r o n  



oxidation in calcium cells. Neither of .the two.carbons tested (acetylene 
black and chopped graphite fibers) appeared to solve this problem. 

I .. . . I . ( .. ' ' % .  . . I 

.. A Mg-A1/FeS2 and a Mg-Zn/FeS2 cell' showed go0.d. coulombic.~efficiency~ after 
a few weeks of.,operation.. Studies of.the Mg/FeS2 system-will be continued.' .. 

. . . . .  .. . 
. . . . .  

.. 9 . . .  celi and ~a.tter9 Development .at Atomics International . .. . . , 

: '  / " 
' 1  . f  . . .  . ' ,; ; ' .  <.,: :. . ,. . 

. . Small' cell? with.' ~ i ~ ~ i  negative .electrodes,:. FeS positive electrodes, and:. 
L~CI-KC~ electrolyte, continue .to be tested.. . Progress. has been mkde toward . . 

optimization ..of. powder, separators in these. cells. ,.So far, AlN, S13N4 ; and ..,',. 

C ~ O  powder have shown promise as a separator material.. : . . .. 



I. INTRODUCTION 

Lithium-aluminum/metal sulfide batteries are being developed at Argonne 
National Laboratory (ANL) for use as (1) power sources for electric vehicles, 
and (2) stationary energy storage devices for load-leveling on electric 
utility systems and storage of electrical energy produced by solar, wind, or 
other sources. Performance and lifetime goals 'for the electric vehicle 
batteries and stationary energy storage batteries are listed in Table 1-1. 
These goals remain the same as those presented in the preceding report of this 
series (ANL-77-35, p. 9). However, future revision of these goals may be 
appropriate as the requirements of these two applications are investigated in 
greater detail through systems design studies. 

Table 1-1. ' Performance Goals for Lithium-Aluminum/Metal Sulfide Batteries 

Electric Vehicle Stationary Energy 
Propulsion Storage 

Mark I Prototype BEST Pro to type 
Battery Goals 19 78 1985 1982 1985 

Power 
Peak 30 kW 60 kW 1.5 MW 25 MW 
Sustained Discharge 12 kW 25 kW 1 MW 10 MW 

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

Specific ~nergy , a W-hr/kg 110 180 . 60-80 60-150 

4 4 5 Discharge Time, ILK 5-10 

Charge Time, hr 8 5-8 8 10 

Cycle Life 300 1000 1000 3000 

Cose of Cells, $/kW-hr 35 25-30 b 2 0 

a Includes cell weight only; insulation and supporting structure is approxi- 
mtely 25% of total weight for the Mark I electric vehicle battery and 15 
to 20% for the 1985 prototype vehicle battery. 

b~rojected cost at a production rate of 2000 W-hrlyr. 

Because the performance, cost, and lifetime requirements for the electric- 
vehicle and stationary energy storage applications differ significantly, 
separate approaches are being taken both in the conceptual design studies and 
in the development effort on cells and batteries for these two applications. 
The electric vehicle requires a battery'of high energy and power per unit 
weight and volume to achieve the desired performance and range. The specific 
energy and power requirements are less severe for the stationary energy storage 
battery, but low cost and long lifetime are essential. The cells being 
developed for the electric-vehicle battery are relatively small,.with individual 
capacities of about 150-200 W-h;. The cell design for the stationary energy 
storage battery is still in the conceptual stage. However, it is anticipated 



that these batteries will consist of large, multielectrode cells having 
individual capacities of about 4-5 kW-hr. 

The.first in-vehicle test of a lithiumlmetal sulfide battery is.scheduled 
for late 1978 or early 1979. This battery, designated Mark I, will have a 
capacity of. about 30-40 kW-hr and will be tested in a van. A conceptual . . 
design.of the Mark I battery has been completed and detailed design studies, 
are in progress. Prior to fabrication of the Mark I battery, a preliminary 
test (Mark 0) will be conducted with a partial loading of cells in an insulated 
housing designed for the Mark I battery. 

Conceptual design studies are nearly complete on a 5.6 MW-hr battery 
module for stationary energy storage applications. This design calls for the 
stacking of eight 4.4 kW-hr cells to form 35 kW-hr submodules. About 168 
submodules would be loaded into a weatherproof insulated housing that can be 
shipped to the point of use.by truck. The present plan is to:test battery 
modules of this type in the BEST (Battery Energy Storage Test) Facility. 

A study has been conducted on possible near-term (1980-1985) markets for 
lithium/metal sulfide batteries in which the cost requirements are less 
restrictive than for electric-vehicle or stationary energy storage applications. 
If lithiumlmetal sulfide batteries can be produced at a projected cost of 
$15O/kW-hr in 1985, they could find a market as power sources for submersibles, 
postal vans, buses, and mining vehicles.; 

The battery development program consists of an in-house research and 
development effort at ANL and subcontracts with several industrial firms. 
The ANL effort includes cell chemistry studies, materials development and 
evaluation, cell and battery development, industrial cell and battery testing, 
and commercialization studies. Another small effort at ANL is directed 
toward the development of advanced battery systems that utilize low-cost, 
abundant materials. The major industrial subcontractors are the Atomics 
International Division of Rockwell International, Carborundum Co., Catalyst 
Research Corp., Eagle-Picher Industries, Inc., and Gould Inc. Atomics Inter- 
national is conducting a general research and development program with current 
emphasis on Li-Si/FeS cells for stationary energy storage batteries. The 
Carborundum Corp. is producing boron nitride fibers for electrode separators. 
Catalyst Kesearch, Eagle-Yicher, and Gould are involved primarily with the 
development and fabrication of cells that are tested either at ANL or in their 
own laboratories. 



11. COMMERCIAL DEVELOPMENT 
(A. A. Chilenskas) :_ 

The objective of the commercialization effort is to develop, with a 
minimum of federal support, a competitive self-sustaining. indust iy' capable of 

. producing a supply of lithium/metal~sulfide batteries' that: meets national needs 
Commercialization planning has been.undertaken to establish realistic tech- 
nical and. economic goals in meeting'thia objective. .Important elements in our 
commercial development plan are the following: (1) materials and.productioli'. 
costs for cells and assembled batteries, . (2)  -marketing. analyses,, (3) manufac- 
turing plans, and (4) analyses of competing systems and technologies. 

A. Commercialization Studies 
... (S. H. Nelson*) . . .  

. , ' . .  . , 

A rought draft of an assessment of the near-term (1980-1985) markers for. 
various applications of the lithiumjmetal sulfide'.battery--vans, buses, ,mining 
vehicles, defense uses (e .  g. , submersibles)--has been completed. This study+ 
examines the potential of high-cost, low-volume markets'for high-performance 
batteries. : 

. .  , . . .  

In this assessment, the following battery performance characteristics'were 
taken into consideration: specific energy, volumetric~energy density, physical 
dimensions, service life; safety, maintainability, and compatibility with - : 

existing systems. In addition, the following four market characteristics were 
considered: ease of capture, status of competition, dates of markets, and 
applicable subsidies. The importance of' each'of these features to the various 
battery.applications varied.considerably; thus,'separate estimation'"approaches 

. ..... were required for each application.. ? \  i . I 

. . . . . . . . .  . , I 

The defense and mining markets wereG evaluated by detefmining what ;kind 'of 
battery could meet the job specifications at a lower cost. For the.van 'and 
bus markets, a comparison was.made between the economic competitiveness of' 
electric and conventional vehicles.. This comparisdn was done withouk any . > : -  

consideration of the social benefits of electric vehicles (less,noise, reduced 
pollution, etc.). .A key assumption in this analysis is that time-of-day 
pricing, which has been mandated inat least six states; is practiced,. -:This . 
pricing scheme provides low rates for off-peak electric power (1-3~/kW-hr). . 

. . I .  

1. Buses s .  

In recent years, about 5000 conventional-type buses per year have 
been sold. l Projections through 1980 indicate that this sales level will 
remain fairly stable. Most of the bus companies are operated by municipai 
governments; and, although there are nearly 1000 bus systems,.slightly over 
50% of the buses are owned by the 20 largest systems. Thus, this market is 

* 
Energy and Environmental Systems Division of ANL. 

'~ased upon information provided by L. Chrzanowski (Gould Inc.), R. Farmer 
(Eagle-Picher Industries, Inc.), and J. Von Osdol (Atomics International 
Division of Rockwell International). In addition, information generally 
available to the battery industry was used. 



fairly concentrated. More than 60% of bus usage is for local routes with 
five or more stops per mile. These buses travel nearly '160 km/day (100 miles/ 
day) and average 16-19 km/hr (10-12 mph). >These conditions are suitable for 
electric buses with advanced batteries. . . 

. .  . 

The principal competition for this market is the diesel bus, which 
costs about $75,000 and lasts 12 to 14 years.2 These buses average 14 km/L 
(3.5 mpg) and have maintenance costs* of 14~/km (23~lmile). Comparable 
electric buses would cost about $90,000 and last 18 to 23 years.3 They would 
require approximately 400 kW-hr for a 160 km (100 mile) range and a 5.2 kW-hr/ 
mile electrical input from the grid.4 Operation and maintenance costs are 
expected to be 10~/km (16clmile). A present-value analysis (ANL-77-35, p. 14) 
has indicated that an electric bus would be cheaper to operate than a diesel- 
fueled bus by about $400-2200/~ear.t Given this economic advantage over diesel 
buses, electric buses should capture 20-60% of the near-term market. It is 
expected that 1500 electric buses will be needed in 1985; the market size* for 
these buses would be 6.0 x lo5 kW-hr/yr. 

The Urban Mass Transportation Administration (UMTA) administers an 
. 80% federal subsidy for'bus purchases. To obtain a subsidy, the purchaser 
must satisfy the UMTA that a new bus type is either cost effective or has . 

social benefits sufficiently great to outweight any increased costs. The : 
electric bus appears to be both cost effective and socially beneficial. 

2. Vans 

The projected van market is large. The market for the near term is 
an estimated 3,300,000 battery-powered vans. If the lifetime of'the vans is 
assumed .to be 12 years, then this market is 30,000 per year. 

Although the van market is highly diverse, some very large fleets 
exist. For example, AT&T has over 140,000 vans and the U. S. Postal Service 
over 115,000. At present, the Postal Service has over 300 electric-powered 
vans and another 750 on order. Preliminary data by the Postal Service from 
the operation of these vehicles indicate that they are economical. At present 
about 30,000 of their internal-combustion vehicles can be replaced by electrical 
ones. Since the lifetime of their electric vans is 6-8 years, there is a 
market for 5000 postal vans a year. The estimated market size for the early 
1980s is lo5 kW-hr/yr. 

Estimates of the economics for the remainder of this market. are difficult 
to determine, due to a paucity of information. Nevertheless, one study 
estimates that the electric van market will be 55,000 vehicles in 1985. For 
a van using a 50 kW-hr battery, this market would require 3.3 x lo6 kW-hr of 
plant capacity. 

. . 

* 
Costs in 1976 dollars. 

'Assuming 43,000 km (27,000 miles) driven per year, and the cost of diesel fuel 
at 40~/gal and electric power at 1~-2.5~/kW-hr. 

If 
Total battery production capacity needed in a year. 



3. Mining Vehicles  

The market . f o r  b a t t e r i e s  i n  mining v e h i c l e s  i s  governed b l  she  
followin:: performance c h a r a c t e r i s t i c s :  ( a )  vo lumetr ic  energy d e n s i t y ,  (b) 
p h y s i c a l  dimensions, ( c )  s a f e t y ,  and (d) ea se  of maintenance. The cramped 
c o n d i t i o ~ l s  underground and t h e  at . tendent  h e a l t h  hazard , .a re  respons ib le  f o r  

. . t h e s e  'recluirements . 
. . . > .  . . . . .  

: . . _ .  
: .. . The market i t s e l f  i s  concent ra ted ,  'with 75% of s a l e s  t o  t h r e e  manu- 

:facturer:;. Because t h i s  market i s  dominated by s o .  few manufacturers ,  market 
p e n e t r a t i o n  invo lves  ve ry  few dec i s ion  makers.' , A t  p r e sen t ,  l e a d - a c i d ' b a t f e r y  . .  . 
p r i c e s  f o r  mining v e h i c l e s  range from $110 t o  $195/kW-hr wi th  t h e  avera'ge-'. 
about  $140/kW-hr. P r i c e  i n c r e a s e s  a r e  c u r r e n t l y  exceeding i n f l a t i o n .  ' 

. . .  

The mining v e h i c l e  market i s  growing r a p i d l y ,  w i t h  cu r r en t  demand a t  
-1.9 x lot '  kW-hr and the  p ro j ec t ed  demand* f o r  1981 a t  2.9 x ' l o 5  kW-hr. A t .  ' the 
p r e s e n t  growth r a t e ,  demand i n  1985 would be  4.2 x l o 5  t o  4.8 k l o 5  kW-hr. 
However, 25% of  t h e  above va lues  a r e  replacement b a t t e r i e s ;  and, because 
Iith.ium/metal s u l f i d e  b a t t e r i e s  ' r equ i r e  a new charger  and .replacement b a t t e r i e s  
do n o t ,  t h i s  p o r t i o n  of t h e  marke t  i s  probably no t  a v a i l a b l e  f o r  l i t h iumlme ta l  
s u l f i d e  b a t t e r i e s .  I n  f a c t ,  t h e  p o t e n t i a l  market Is even l e s s ,  than  75% of ' the 
t o t a l  because new v e h i c l e s  wi th  l i thiumlrnetal  . s u l f i d e  b a t t e r i e s  . for  a l r eady  
e s t a b l i s h e d  mines would probably not  be j u s t i f i e d  owing t o  t h e  e x t r a  c o s t  of 
a new charger .  Thus, t h e  a v a i l a b l e  market f o r  l i th iumlrne ta l  s u l f i d e  b a t t e r i e s  
may b e  a s  low as l o 5  kW-hrlyr i n  1981. 

.. % .  4..  :. $Defense Appl ica t ions  : 

. . . . , .  ,. 

The p o s s i b l e  defense ' app l i ca t ions  o'f t h e  l i thiumj/metal '  s ~ i f i d e  b a t t e r y  
a r e  mobile launcher  backup power i n  m i s s i l e  s i l o s  and propuls ion  of submersibles .  
Of t h e s e  two, submersibles  a r e ' t h e  b e t t e r  prospect  f o r  t h e  l i thiumlrnetal  s u l f i d e  
. b a t t e r y  because t h e  Department of ~ e f e n s e  i s  in ' t e r e s t ed  i n  priinary b a t t e r f e s ,  
such a s  %i th ium/chlor ine ,  f o r  t h e  s i l o s .  

. ~ 

. , ' I .  

, , 

The only  d e c i s i o n  maker- i n  t h e  b a t t e r y  market f o r  submersibles  is t h e  
.. Department of Defense. A t  presen't ,  s i l v e r / z i n c  b a t t e r i e s  a r e  be ing  'developed 

f o r  t h i s  app l i ca t ion .  The cos t  goa l  f o r  t hese  b a t t e r i e s  is  $333/kW-hr in .1983.  
I n  1976 d o l l a r s , .  t h i s  va lue  would be  $220/kW-hr a t  5% y e a r l y  i n f l a t i o n  and. $2501 
kW-hr a t  bX yea r ly  i n f l a t i o n .  Our p ro j ec t ed  c o s t  of t h e  l i th ium/meta l  s u l f i d e  
b a t t e r y  i n  1983 is  about $2OO/kW-hr (1976 d o l l a r s ) ,  Thus. lithium/metal sulfide 

: b a t t e r i e s  f o r  submersibles  should be  more economical than  s i l v e r l z i n c  i n  t h e  
n e a r  term. 

î 

. . Tllr LuLal w r k r t  slxe fur n u c l e a r '  submarines is estimeed to be about  
2.5 x l o 5  kW-hr. With a 2-year b a t t e r y  l i f e  (present  requirement) ,  t h e  b a t t e r y  
product ion  needed is  about 1 .3  x l o 5  kW-hrlyr. 

- -  
. .Based upon mines under c o n s t r u c t i o n . #  



, . . , .( , . 5.. Conclusions .. . . ... . . . 
. . 

The r e s u l t s  of t h i s  assessment i n d i c a t e  t h a t  s e v e r a l  of t h e  markets 
could support  high-cost b a t t e r i e s  f o r  t h e  nea r  term. Although l i t h iumlme ta l  
s u l f i d e  b a t t e r i e s  may n o t  completely cap tu re  t hese  markets ,  they should b e  a b l e  
t o  e n t e r  them, owing t o  t h e i r  f avo rab le  performance c h a r a c t e r i s t i c s .  An e s t ima te  
of t h e  market s i z e  ( t o t a l  b a t t e r y - p r o d u c t i o n  capac i ty  needed i n  a year )  i n  
1985 f o r  va r ious  b a t t e r y  a p p l i c a t i o n s  i s  given i n  Table 11-k. 

Tab.le .PI-I:. Market . s izea  in .  1985 

Appl ica t ions  of t h e  
P r i c e ,  Market S i ze ,  LithiumlMetal 
$ / k ~ - h r  kw-hr / y r  Su l f ide  Ba t t e ry  

200 .. 8.0 x 10%-1.3 .x lo5 .  . . ' submersibles : .. . 

170 1.2 x lo5-1.6 x l'05 P o s t a l  vans 

160 3.2 .x lo5-3. 6 x l o 5  P o s t a l  vans and buses  

' 150 9.6 x lo5-1.1 ~ " 1 0 "  'Pos ta l  vans,  ' buses , .  ' 

and'  mining v e h i c l e s  

a To ta l  b a t t e r y  product ibn.  capac i ty  needed i n  a year .  

8.  Systems Design . 

(A. A. Chilenskas) 
. - * .  

The- conceptua l  des,ign/cost s tudy '  f o r  5.6 MW-hr, truclcable energy s t o r a g e  
module i s  nea r ing .  completfon ( see  ANL-77-35, p. 15)  . 

. . 
I n  a coopera t ive  e f f o r t  between ~ a ~ l e - P i c h e r  I n d u s t r i e s  and ANL, a con- 

c e p t u a l  des ign  of a j acke t  f o r  a 30 kW-hr e l e c t r i c - v e h i c l e  b a t t e r y  has  been 
completed; and a developmeiital phase i s  under way. ~ h i s . j a c k e t  (see.ANL-77-17, 
p. 1 4 ) ,  des igna ted  Mark 0, i s  designed t o  be used i n  thermal  a n a l y s i s  s t u d i e s  
of t h e  vacuum-fo&l i n s u l a t i o n  ana cool ing. /heat ing system.' It .is, a l s o  planned 
t o  u se  t h i s  j a cke t  as' a housing f o r  50 c e l l s .  i n  s t a t i o n a r y  t e s t i n g  as a pre- 
l iminary  engineer ing  t e s t  p r i o r  t o  t h e  development of 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 .  Fab r i ca t ion  of t h i s  j acke t  i s  scheduled f o r  completion about 

. . 
November . l977.  

C. - I n d u s t r i a l  Cont rac ts  

The c o n t r a c t u a l  ' c e l l .  and b a t t e r y '  development e f f o r t  i S  d i r e c t e d  toward 
(a)  t h e  t r a n s f e r  of  technology from  research and development s t u d i e s  t o  
t h e  c o n t r a c t o r s  and f tom c o n t r a c t o r  t o  -on t r a= to r ;  (b) developdent of e l e c t r o d e  
,designs,  c e l l  des igns ,  and 'manufacturing t echn iques  tha t '  can b e  used f o r  load- 

. l e v e l i n g  and e l e c t r i c - v e h i c l e  c e l l s ;  and ( c )  development . . of hardware s u i t e d  
f o r  la rge-sca le '  manufacture . . ' i n  t h e  f u t u r e .  1 



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

Personnel from Cata lys t  Research Corp. pa r t i c ipa ted  i n  a technology 
t r a n s f e r  sess ion  a t  ANL.. The emphasis of t h i s  meeting was concentrated on 
carbon-bonded p o s i t i v e  e lec t rodes .  Cata lys t  Research be l i eves  t h a t  carbon- 
bonded p o s i t i v e  e l ec t rodes  would be  i d e a l l y  su i t ed  f o r  f a b r i c a t i o n  i n  t h e i r  
p lan t .  ANL is i n  t h e  process of preparing the  cont rac tual  documents t o  allow 
them t o  begin work i n  t h i s  area.  

Cata lys t  Research completed t h e  f ab r i ca t ion  of an FeS2 c e l l  using 
t h e i r  u l t r a d r y  room ( a i r  atmosphere) f o r  assembly. This c e l l  has a p o s i t i v e  
e l e c t r o d e  with a honeycomb current  c o l l e c t o r  t h a t  was supplied by ANL. The 
nega t ive  elect . rodes w e r e  f ab r i ca ted  using a dip-cast ing procedure (developed 
by Ca ta lys t  Research) i n  which l i q u i d  Li-A1 is- c a s t  onto a s t a i n l e s s  s t e e l  
screen i n  an inert-atmosphere glovebox; Uperaelon of t h i s  c e l l  S h ~ u l d  provide 
va luab le  information regarding t h e  performance of t h i s  type of negative elec-  
t r o d e  and f a b r i c a t i o n  of charged c e l l s  i n  a dry a i r  environment. 

Eagle-Picher I n d u s t r i e s ,  Inc. continued t o  d e l i v e r  FeS and FeS2 c e l l s .  
The design of these  c e l l s  has  been modified from t h e . b a s e l i n e  design by use of 
a c e l l  design evaluat ion  matrix. The r e s u l t s  of t h e  performance t e s t i n g  of 
t h e s e  new c e l l s  a r e  described i n  Section 1 I I . A .  The s p e c i f i c  energy of these  
r e c e n t  Eagle-Picher c e l l s  has  been.improved..lO-20% over . . t h a t  of t h e  previously 
de l ive red  c e l l s .  

During t h e  q u a r t e r ,  ANL ou t l ined  i n  d e t a i l  t h e  e f f o r t  required by 
Eagle-Picher f o r  the  balance of t h e  calendar year.  The a reas  t h a t  w e r e  ou t l ined  
included:  (1) t h e  design and i n s t a l l a t i o n  of a 500 ton  (4.5 x l o 5  kg) press  
t o  produce 13  x 18  cm cold-pressed e lec t rodes ;  (2) the  f a b r i c a t i o n  of charged, 
upper- and two-plateau FeS2 c e l l s ;  (3) f a b r i c a t i o n  of new s e p a r a t o r / r e t a i n e r  
conf igura t ions  a s  w e l l  a s  new p o s i t i v e  e l e c t r o d e  mate r i a l s  and add i t ives ;  
and (4) development of t h e i r  c e l l  test matrix. 

The main t h r u s t  of  t h e  work a t  Gould Inc.  i s  the  f a b r i c a t i o n  of;.55 
upper-plateau FeS2 c e l l s .  A c e l l  test matr ix  has  been devised t o  allow, 
s e l e c t i o n  of t h e  optimum set of design v a r i a b l e s  i n  these  c e l l s .  Twenty-seven 
cells i n  t h i s  matr ix  cover a range of p o s i t i v e  e l ec t rode  th icknesses  from 
5.6 t o  10.4 mm, p o r o s i t i e s  from 27 t o  40%, ,and assumed negative-electrode . ,, 

u t i l i z a t i o n s  of 65, 75, and 85%. The balance of t h e  v a r i a t i o n s  i n  , c e l l  design 
cover a range of cu r ren t -co l l ec to r  candidates f o r  t h e  p o s i t i v e  and negative.  
e l ec t rode .  

A pruducb duulgn suviuw wax lrlsld witlr Guuld a L  ANL. Tlre eubjecr 
of t h i s  review was t h e  55-cell  test matrix. A s  a r e s u l t  of t h i s  review, 
ANL requested t h a t  Gould proceed wi th  t h e  f a b r i c a t i o n  of s i x  prototype , 

c e l l s  ac ross  t h e  matr ix  a s  soon a s  the' con t rac tua l  documents a r e  processed. 
Completion of a l l  t h e  matr ix  test c e l l s  is  expected i n  August, 1977. 

x , 

Gould w i l l  have completed the  i n s t a l l a t i o n  of t h e  s a l t  f i l l i n g  and 
formation cycl ing  equipment a t  t h e i r  t e s t  f a c i l i t y  i n  August. 

* 
Chemical Engineering Division of ANL. 



Another a r e a  of Gould's work is t h e  continuing e f f o r t  t o  develop an 
improved design f o r  the  uncharged FeS c e l l .  Their primary goal i s  t o  improve 
the  s p e c i f i c  energy i n  FeS c e l l s .  A number of c e l l s  a r e  being fabr i ca ted  and 
t e s t e d  a t  Gould under t h i s  program. Gould is a l s o  developing a mul t ip la t e  
c e l l  design, which shows promise of de l ive r ing  the  h ighes t  s p e c i f i c  energy of 
any FeS c e l l  b u i l t  t o  date.  

The regu la r  c e l l .  cont rac tor  update meeting was h e l d  a t  ' ~ a ~ l e i ~ i c h e r  
on ~ u n e  2, 1977. ~ e ~ r e s e n t a t i v e b  from ANL, c a t a l y s t  Research, Gould, and , 

Atomics I n t e r n a t i o n a l  at tended t h i s  meeting. A t o u r  of t h e  ' ~ a ~ l e - p i c h e r ,  
f a c i l i t y  was included a s  p a r t  of t h e  meeting. 

2. Cel l  Mater ia ls  and Component Development i n  Industry 
(J .  E. Ba t t l e s )  

The production and s tockp i l ing  of boron n i t r i d e  roving by the  
Carborundum Co. i s  proceeding a t  t h e  r a t e  of about 15  kglmonth. The mate r i a l  
i s  being s tockpi led  a s  roving f o r  l a t e r  converiion t o  e i t h e r  f a b r i c  o r  f e l t  
separa tors .  Carborundum has continued development of BN-bonded f e l t  s epa ra to r s  
(1.2 cm th ick ,  8% dense). A p a r t i a l  shipment has been received,  and w i l l  be  
u t i l i z e d  i n  some of t h e  c e l l s  f ab r i ca ted  by o the r  i n d u s t r i a l  cont rac tors .  In  
add i t ion ,  Carborundum has i n s t a l l e d  a f i b e r  sp inner  f o r  producing smaller- 
diameter BN f i b e r s  (0.5 t o  2.0 pm V S .  6.0 t o  8.0 pm) . These f i b e r s  w i l l  be  
b e t t e r  s u i t e d  f o r  f e l t  making and should considerably reduce the  time f o r  the  
f i r s t - s t a g e  n i t r i d i n g  (present ly  86 h r ) .  A prel iminary c o s t  es t imate  by 
Carborundum ind ica ted  a separa tor  manufacturing cos t  of about $12. 50/m2 
($1. 25 / f t2 )  a t  moderately high production r a t e s .  However, Carborundum indica ted  
t h a t  considerable developmental e f f o r t  remains t o  b e  done t o  optimize t h e  f e l t  
f a b r i c a t i o n  process,  t o  convert from a labora tory  process t o  a production 
process, and t o  design a production p lan t .  

Fiber  Mater ia ls ,  Inc. has provided separa to r  samples t h a t  were pre- 
pared using varying l eng ths  of BN f i b e r s  wi th  organic binders.  The prel iminary 
evaluat ions  of these  samples i n d i c a t e  t h a t  t h i s  approach t o  f a b r i c a t i n g  separa- 
t o r s  is  un l ike ly  t o  be  successful .  Thus, t h e  remainder of the  con t rac t  with 
Fiber  Mater ia ls  has  been cancelled.  

Coors Porcela in  is  at tempting t o  develop a non-metallic,  brazed feed- 
through t h a t  is r e s i s t a n t  t o  chemical oxidat ion.  ILC Technology i s  examining 
soph i s t i ca ted  feedthrough designs. Both of these  programs a r e  discussed i n  
g rea te r  d e t a i l  i n  Section I V . A . l .  

Chemetal i s  t r y i n g  t o  determine whether o r  not  the  chemical vapor 
deposi t ion  of molybdenum onto base  metal s u b s t r a t e s  o f f e r s  any advantages i n  
the  f a b r i c a t i o n  of current  c o l l e c t o r s .  Two a reas  w e r e  examined i n  t h i s  period: 
t h e  f a b r i c a t i o n  of a molybdenum cur ren t  c o l l e c t o r  wi th  a .  copper conductor and 
t h e  bo6ding of a conductor onto. a molybdenum f la t -sheet  cu r ren t  c o l l e c t o r .  
Some success was achieved ' i n  both - areas ,  and samples f o r  in-house evaluat ion  
a r e  expected soon. 



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

. . 

Bat t e ry  eng inee r ing  inc ludes  (1) t e s t i n g  of i n d u s t r i a l l y  f a6 r i ca t ed -  , 

Li-Al/FeS, c e l l s  and b a t t e r i e s  assembled from t h e s e  c e l l s ,  (2) development of 
e l e c t r o d e  and c e l l  des igns  t o  meet t h e  e l e c t r i c  v e h i c l e  and s t a t i o n a r y  energy 
s t o r a g e  goa ls  f o r  c e l l  performance, (3) improvement of c e l l - f a b r i c a t i o n  tech- 
n iques ,  and (4) development of c e l l s  t h s t  u se  lower c o s t  components. S t a t i s -  
t i c a l  d a t a  on t h e  FeS and FeS2 c e l l s  opera ted  over t h e  p a s t  y e a r  a r e  presented 
i n  Appendix A. 

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

1. Tes t ing  of  Contractor-Produced C e l l s  
(Re C. E l l i o e e ,  Y .  F. Eshman, W. E. M i l l e r ,  V. M, ~ u l b ' i ,  . , 

G. W. Redding, J. L. Hamilton) . . ' . . 

A perforaarlce summary of c e l l s  opera ted  dur ing  t h e  q u a r t e r " i s  pre- 
s e n t e d  i n  Appendix B. Some of t h e s e  . c e l l s  are. r e f e r r e d  t o  a s  b a s e l i n e  c e l l s ,  
i.e., they  have been q u a l i f i e d  by t e s t i n g  a s e r i e s  of c e l l s  w i t h  t h e  same 
design: t o  o b t a i n  b a s e l i n e  performance da t a .  I n  later c e l l s ,  destgn modiffca- 
t i o n s  w e r e  made, and t h e  e f f e c t s  of t h e s e  modi f ica t ions  were determined by 
comparing c e l l  performance wi th  t h e  b a s e l i n e  da t a .  For f u r t h e r  'd iscussion,  of 
Eagle-Picher I n d u s t r i e s '  b a s e l i n e  c e l l s  s e e  ANL-76i98, pp. 15-17. : . - 

. . .. ( . , ." . * ( 

. .. . I I 

a. Eagle-Picher Base l ine 'FeS C e l l s  ' . -  3 ,;.. 

. . .' ... 
T e s t s  of b a s e l i n e  FeS c e l l s  wi th  th.fn e l ec t rod& (Type 'A).' , ' 

f ab r i caLrd  by Eagle-Picher have no t  been r epor t ed  previous ly .  Although tl iese 
c e l l s  are p a r t  o f  t h e  o r i g i n a l  test g r i d ,  they  were n o t  sub jec t ed  t o  q u a l i f i c a -  
t i o n  t e s t i n g  u n t i l  r e c e n t l y .  These c e l l s  have 3-mm-thick e l e c t r o d e s  t h a t  are 
prepared  by cold-pressing i n  an  i n e r t '  a ~ l n o s ~ h e r e  glove box.  he‘ nega t ive ,  .' 
e l e c t r o d e  composition i s  1.i-N (45 a t .  X. Li)'; ' ' c ~ ~ s  has  been added ' to  t h e  ' 

p o s i t i v e  e l ec t rode .  Tes t  r e s u l t s  f o r  ' one of t h e s e  c e l l s ,  EP-1A6, a r e  presented  
i n  Table 111-1; r e s u l t s  of a b a s e l i n e  FeS c e l l  wi th  t h i c k  (6 mrn) e l e c t r o d e s ,  
EP-1B2, a r e  presented  f o r  comparison. Owing t o  i ts  lower weight ,  c e l l  EP-1A6 
showed a h ighe r  s p e c i f i c  power than  EP-1B2. ' The s p e c i f i c  ene rgy 'o f  EPT1A6 w a s  
g r e a t e r  than  t h a t  of EP-1B2 a t  h igh  diocharge raLas and lower a t  moderate . . 
d i scha rge  r a t e s .  

, . 

b. Eagle-Picher Modified FeS Cells 

Eagle-Picher has  d e l i v e r e d  r e 3  c a l l s  w i t h  modified b a s e l i n e  
des igns ;  As compared wi th  the '  Type 2B b a s e l i n e  c e l l s ,  t h e s e  new c e l l s .  were '  
t h i n n e r  and l i g h t e r ,  and had h ighe r  negative-to-positive,capacity' r a t i o s .  I n  
one of t h e  new c e l l s ,  EP-I-3-C-1, ' t h e  r a t i o  of negat ive- to-posi t ive '  c apac i ty  
was increased  from 1.00 t o  1.33 and t h e  ha l f - th ickness*  of the.  p o s i t i v e  

: . 8 .  

* 
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  is considered t o  c o n s i s t  of two ha lves .  This  
dimension i s  r e f e r r e d  t o  as t h e  ha l f - th ickness ;  



Table 111-1. Performance Data f o r  Thick (Type B) and 
Thin (Typc A) FeS: C e l l s  

Data 

- - - -- - -  - ~ -  -~ 

Basel ine  C e l l  Base l ine  C e l l  
EP-1A6 (Thin) EP-1B2 (Thick) 

Average Caulombic Ef f i c i ency ,  % 

Average Energy Ef f i c i ency ,  % 

Discharge Cutoff Voltage, V 

Charge Cutoff Voltage, V 

S p e c i f i c  Energy, W-hr/kg 
A t  2-hr rate 
A t  4-hr r a t e  
A t  10-hr r a t e  

Peak Power, a Wlkg 
(percent  d i scharged)  

Es t imated  S e r i e s  ~ e s i s t a n c e , ~  mS2 

a. 
. , .  . 15-sec high-current  pu lse .  

b15-sec c u r r e n t  i n t e r r u p t i o n .  . 

. . 

e l e c t r o d e  w a s  decreased from 6.0 t o  4.2 mm. The s p e c i f i c  energy of t h i s  c e l l  
a f t e r ' 2 9  days of ope ra t ion  was 72 W-hrlkg a t  t h e  10-hr r a t e  and 50 W-hr/.kg 
a t  t h e  4-hr rate. ' This  i s  a s i g n i f i c a n t  improvement over,  t h e  performance of , 

. t h e  : b a s e l i n e  c e l l .  . .  ~ 

The FeS c e l l  EP-I-3-B-1 has  a p o s i t i v e  e l e c t r o d e  ha l f - th i ckness  
of 5.6'mm and a nega t ive  e l e c t r o d e  th i ckness  of 6.6 w. Its loading  r a t i o  
(nega t ive- to-pos i t ive  capac i ty )  i s  1.34. This  c e l l  h a s  opera ted  f o r  144 days 
and 238 cyc le s .  Performance has  been extremely s t a b l e ,  w i th  only  a 6% d e c l i n e  
i n  performance s i n c e  s t a r t -up .  A t  t h e  4-hr r a t e  ( cu r r en t  d e n s i t y ,  60 r n ~ / c m ~ ) ,  
t h e  s p e c i f i c  energy i s  46 W-hrjkg. ' ~ t  t h e  10-hr r a t e  t h e  s p e c i f i c  energy i s  
60 W-hr/kg. Over t h e  last  56 cyc le s ,  coulombic e f f i c i e n c y  has  dec l ined  only  
3%. 

c .  Eagle-Picher Modified FeS? C e l l s  

The f i r s t  FeS2 c e l l s  w i t h  des igns  modified from t h a t  of t h e  
FeS2 b a s e l i n e  c e l l s  have been rece ived  from Eagle-Picher. One of t h e  new 
des igns  (Type 1-4) was s i m i l a r  t o  t h e  Type 2B b a s e l i n e  c e l l s  except  t h a t  t h e  
p o s i t i v e  t e rmina l  rod w a s  moved from t h e  c e n t e r  l i n e  of t h e  c e l l  t o  a p o s i t i o n  
near  one edge of t h e  e l e c t r o d e .  (Ba t t e ry  des ign  s t u d i e s  had p rev ious ly  
i n d i c a t e d  t h a t  t h i s  p o s i t i o n  of t h e  p o s i t i v e  t e rmina l  rod is  t h e  p r e f e r r e d  one.) 
The nega t ive  e l e c t r o d e s  contained a s l i g h t l y  g r e a t e r  Li-A1 c a p a c i t y  l oad ing  
than  t h a t  of t h e  b a s e l i n e  c e l l .  Of t h e  t h r e e  Type 1-4 c e l l s  de l ive red  by 
Eagle-Picher, one (EP-1-4-1) has  undergone q u a l i f i c a t i o n  t e s t i n g  a f t e r  25 days 
of ope ra t ion .  These tests showed t h a t  t h e  performance of EP-1-4-1 was poorer  
than  t h a t  f o r  a Type 2B b a s e l i n e  c e l l .  For example, a t  a 4-hr r a t e ,  t h e  
s p e c i f i c  energy of EP-1-4-1 w a s  lower than  t h a t  f o r  a b a s e l i n e  c e l l ,  50 us.  



67 W-hr/kg. The peak s p e c i f i c  power was a l s o  lower (40 us. 55 Wlkg). The 
i n t e r n a l  r e s i s t a n c e  (15-sec current  i n t e r r u p t i o n )  was about t h e  same i n  both 
. c e l l s .  These r e s u l t s  suggest  a  considerable lowering i n  u t i l i z a t i o n  of t h e  
a c t i v e  ma te r i a l  i n  t h e  Type 1-4 c e l l s .  This w i l l  be checked by q u a l i f i c a t i o n  
tests' of c e l l s  EP-1-4-2 and -1-4-3. 

Another of t h e  c e l l  designs,  Type.1-6, is s i m i l a r  t o  t h e  Type 
2B b a s e l i n e  c e l l  except t h a t  i t  has a th inner  and denser p o s i t i v e  e l ec t rode  
and a l a r g e r  negat ive  p l a t e .  These modificat ions g ive  a capaci ty  loading of 
1.27 (negative-to-posi t ive r a t i o ) . .  The Type 1-6 c e l l  is  th inner  and 
l i g h t e r  than i ts  b a s e l i n e  c e l l .  One of these  c e l l s ,  EP-I-6-A-1, has undergone 
q u a l i f i c a t i o n  t e s t i n g .  This c e l l  has a  s p e c i f i c  energy of 67 W-hrlkg, which 
i s  h igher  than t h a t  f o r  t h e  base l ine  c e l l .  The peak s p e c i f i c  power of  t h i s  
c e l l  (57 W/kg) i s  a l s o  h igher  than t h a t  f o r  t h e  b a s e l i n e  c e l l .  

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

Inves t iga t ion  i n t o  the  e f f e c t s  of charge-discharge current  r a t e s  on 
t h e  ce l l  temperatures was continued (see  ANL-77-35, p. 22) using t h e  FeS2 c e l l  
EP-2B6. Tests were conducted on t h e  upper p la teau  with a discharge cutoff  
vo l t age  of 1.25 o r  1.50 V. The temperature v a r i a t i o n  during a dischargelcharge 
c y c l e  i s  given i n  Table 111-2. Under these  test condi t ions  t h e  average 
opera t ing  temperature was about 414OC, which is  about 6OC lower than t h a t  
previous ly  found f o r  a  10-A discharge and 5-A charge over t h e  same vo l t age  
ranges. These lower temperatures suggest t h a t  b a t t e r y  temperature can be 
modified and con t ro l l ed  by t h e  s e l e c t i o n  of discharge and charge condit ions.  
This  capability, coupled wi th  a simple heat ing  and cooling system, should 
permit con t ro l  o t  b a t t e r y  opera t ing  temperatures wi th in  t h e  400 t o  450°C range. 

Tes t ing  of EP-2B6 has been terminated due t o  an inadver tent  over- 
charge dur ing set up and checkout of a  new d a t a  a c q u i s i t i o n  system. The c e l l  
has  been submitted t o  t h e  Mater ia ls  Group f o r ' p o s t o p e r a t i v e  examination 
( see  Table IV-3). 

Table 111-2. Thermal ~ f f e c t  of Mixed Discharge 
and Charge Races . 

Current ,  A Cutoff Voltage, V 
Temperature 

Change ,a 
Discharge Charge Discharge Charge C 

a  
Over: a s ing le  cyr.1.e. 



3. Charging Mode Studies 

a. Charging of Cel l  EP-I-3-C-2 . , . .. 
. . (V. M. Kolba, G. W. Redding, J. L. Hamilton) 

The FeS c e l l ,  EP-I-3-C-2, is being used t o  compare a 'current -  
l imi ted ,  constant-voltage charge (CLCVC) with a constant-current charge. A 
"mini-cycler" has been modified by W. W. Lark t o  permit charging a t  e i t h e r  
constant  current  o r  current- l imited constant  voltage.  The constant vol tage  
charge may be set t o  current  limits up t o  25 A, a f t e r  which t h e  current  is 
reduced a s  required t o  maintain t h e  constant  voltage. The constant  vol tage  
charge is  terminated when a minimum (adjus table)  current  (e. g. , 2 A) i s  
reached. A l l  discharges a r e  a t  a constant  current .  

The i n i t i a l  s tar t -up and condi'tioiiing of EP-I-3-C-2 was ,at  a 
, 

10-A constant '  current ,  with discharge and charge between. 0.9 and 1.60 'V. 
Comparison wi th  EP-I-3-C-1, which was operated a t  constant-current charge, 

. showed t h a t  t h e  capacity of EP-.I-3-C-2 was .about 18% below' that' of -I-,%C-I. 
The reason f o r  t h i s  is  unknown. Changing from t h e  10-A const-ant-current: 
charge t o  a 20-A CLCVC (decreasing . t o  2 A a t  end of charge) ' . resul ted  i n . a  9%' 
gain i n  energy on t h e  next  cycle. After  two cycles  t h e  gain - in energy reached 
%13.6%, but  declined t o  %2.8%.by the  ,end of 11 cycles.  A reduction i n  charging 
time of up t o  32% occurred using t h e  CLCVC. 

Af ter  switching EP-I-3-C-2 from a 15-A CLCVC t o  a 15-A constant- 
current  charge, . t h e  energy. declined by about 9%, and remained' f a i r l y  constant  
(within 1%) over t h e  next 11 cycles.  The 15-A CLCVC required about. 301%'more 
charging t ime than t h e  constant-current charge but  supplied only: 7% moke ' . . 

capacity.  These preliminary r e s u l t s  do not i n d i c a t e  a l a r g e  b e n e f i t  ' in  perfbr-  
mance with t h e  CLCVC, but  charge t i m e  is  reduced with high i n i t i a l  currents .  

. . 

b. Current-Limited, constant-voltage Charging 
(R. C. E l l i o t t )  

Tests  t o  determine t h e  poss ib le  b e n e f i c i a l  e f f e c t s  of various 
charging methods on the  l i f e t i m e  of c e l l s  a r e  under way.. These t e s t s  a r e  
being conducted with t h e  computer-controlled Varien-Vidar-Robicon c e l l  cycler .  
The f i r s t  charging mode being examined is current- l imited,  constant-voltage 
charging (CLCVC). Idea l ly ,  t h i s  charging cycle c o n s i s t s  of two par t s .  F i r s t ,  
the  current  being del ivered t o  t h e  c e l l  is  l imi ted  t o  some constant  value and 
t h e  c e l l  vol tage  i s  allowed t o  r i s e  t o  t h e  des i red  constant  voltage l i m i t .  
Second, a f t e r  t h i s  constant  voltage l i m i t  is reached, t h e  current  is reduced 
t o  maintain the  constant  voltage.  In  t h e  charging t e s t s ,  t h i s  new cur ren t ,  

Inew, was ca lcula ted  from t h e  following equation: 

.where 
. . 

= previous;current s e t t i n g  ' las t  
E, = constant  vol tage  l i m i t  

E - observed vol tage  

Rs = series res i s t ance  



I f  Inew i s  g r e a t e r  than t h e  cu r ren t  l i m i t ,  then Inew is s e t  a t  I,,,. The 
determinat ion  of t h e  Rs va lue  i n  t h e  c a l c u l a t i o n  of Inew i s  important because 
t h e  a c t u a l  r e s i s t a n c e  (15-sec current  i n t e r r u p t i o n )  v a r i e s  throughout the  
charging cycle  and i s  q u i t e  high a t  t h e  end of charge. The Rs term i s  ef fec-  
t i v e l y  t h e  gain i n  t h e  c o n t r o l  loop. It was discovered t h a t ,  i f  Rs was about 
one-third of  t h e  c e l l ' s  a c t u a l  r e s i s t a n c e ,  then t h e  system indica ted  rap id ,  
uns tab le  cu r ren t  f l u c t u a t i o n s  around t h e  des i red  current .  On t h e  o the r  hand, 
when Rs was over f i v e  times t h e  a c t u a l  r e s i s t a n c e ,  the  system indica ted  slow 
c u r r e n t  wanderings about t h e  des i red  cur ren t .  A Rs value of about t h r e e  times 
t h e  a c t u a l  r e s i s t a n c e  was optimum i n  avoiding these'problems throughout the  
e n t i r e  charging cycle.  These ca lcu la t ions ,  along with o the r  da ta  a c q u i s i t i o n  
t a s k s ,  a r e  c a r r i e d  out  once a second u n t i l  the .charging cycle  i s  cut  o f f .  

Two FeS2 c e l l s  with t h i n  e l ec t rodes  a r e  being used i n  t h e  
charging tests--EP-2A7 and EP-2AB. Qua l i f i ca t ion  t e s t i n g  had es tab l i shed  t h a t  
t h e  performance of EP-2A7 was typica l ,  f o r  a Type 2A c e l l .  The t e s t i n g  of 
t h i s  c e l l  was conducted under two d i f f e r e n t  current  cnndit ions.  During break- 
i n ,  t h e  charge cur ren t  l i m i t  was gradually r a i sed  u n t i l  t h e  cel1,was e s s e n t i a l l y  
charging a t  a cons tant  vol tage  without a cu r ren t  l i m i t .  The purpose of elim- 
i n a t i n g  t h e  cu r ren t  l i m i t  w a s  t o  examine an extreme case under condi t ions  t h a t  
would magnify r e s u l t s .  La te r  i n  the  t e s t ,  a cu r ren t  .limit of 30 A.was re- - 
es tab l i shed .  This c e l l  was discharged a t  a constant  power of 19 W during the  
e n t i r e  test. Discharge took about 4 h r .  A t  f i r s t ,  t h e  charge vol tage  was . se t  
a t  1.95 V b u t ,  owing t o  dec l in ing  capaci ty ,  i t  was l a t e r  r a i sed  t o  2.2 V. 

Figure 111-1 shows the  constant  vol tage  charging c h a r a c t e r i s t i c s  
of  EP-2A7. The graph on t h e  top  shows t h e  charging curve . for  noicurrent  l i m i t .  
The c e l l ' s  vol tage  i s  constant  a t  2.2 V. The high cur ren t  s e c t i o n  of the  * 

graph (>30 A) rep resen t s  t h e  recharge of t h e  lower vol tage  plateau.  A s  can 
b e  seen from the .graph,  t h e  lower p la teau  is charged very rap id ly ,  in10.5 h r .  
The lower cu r ren t  s e c t i o n  of  t h e  graph (<30 A) is  associa ted  with t h e  upper 
vo l t age  p la teau ,  and de f ines  the  maximum charge r a t e  of t h i s  c e l l .  Af ter  1 .5  
h r  t h e  ce1.l would accept  no appreciable  f u r t h e r  charge (time l i m i t ,  4 t o  7 h r ) ,  

The middle graph of Yig. T I T - 1  is the -charge curvc when a current  
l i m i t  (30 A) i s  imposed. The botrom graph shows the  c e l l  v o l t a g e - f o r  constant- 
vo l t age ,  current- l imited charging. .. 

C e l l  EP-2A8 was on constant  vol tage  charging during i t s  $?-day 
l i f e t i m e .  An i n v a r i a n t  15 A, 1.95 V charging cycle  l i m i t  was used throughout, 
t h e  t e s t i n g .  Charging t y p i c a l l y  took about 4 h r .  During charging, t h e  c e l l  
w a s  a t  1.95 V f o r  more than 2 h r .  C e l l  opera t ing  temperature was 430°C. 
During discharge,  a constant  power o f .19  W was drawn from t h e  c e l l  t o  a 1.0-V 
~ u t o f f  vol tage .  The discharge took about 4 h r .  b 

The t e s t i n g  of these  two FeS2 c e l l s  r e su l t ed  i n  the  following 
conclusions:  (1) When t h e  cu r ren t  l i m i t  i s  r e s t r i c t e d  t o  lower va lues  (<30 A), 
t h e  CLCVC is  s i m i l a r  t o  constant-current  charging; t h i s  behavior was a s  
expected. (2)  Constant-voltage charging would be b e n e f i c i a l  t o  c e l l s  t h a t  
s u f f e r  some i n h i b i t i o n  of t h e  r eac t ion  k i n e t i c s  a t  t h e  end of charge; however, 
EP-2A7 d id  not  have such a k i n e t i c  hindrance a t  the  end of charge. (3) The 
CLCVC has  no b e n e f i c i a l  e f f e c t  on c e l l  l i f e t i m e ,  a ~ ~ d ,  i f  c a r r i e d  t o  extremes 
such a s  very high cur ren t  l i m i t s ,  i t  probably has an adverse e f f e c t .  
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Fig. 111-1. Constant Voltage Charging Characteristics 
of Cell EP-2A7 

4. Battery Testing ' 

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

Cells have been tested in both parallel and series arrangements. 
When a sufficient number of cells becomes available, testing will be conducted 
in combined parallel-series arrangements. The cells tested in this program 
were individually monitored for voltage, and the charge or discharge was 
terminated when one individual cell of the battery configuration reached its 



voltage limit. Descriptions of the batteries are given.in Table 111-3. A 
summary of battery performance data is given'in Appendix C. 

Table 111-3. Description of Batteries 
- 

Battery Designation 

- 

Cell ~ y p e ~  

Theoretical 
Capacity, A-hr 

Total Operating Time 
Days >386 
Cycles >595 

Status Operating Terminated Terminated . . Operating 

a All cells have Eagle-Picher thick electrodes. 

bAll cells f abrichted by Eagle-Picher . 

a. Two-Cell Battery Test 

During this period, testing of FeS Cells EP-1B4 and -1B6 in 
series (designated Battery B7-S) was continued. With charge equalization, the 
performance .of these two cells has declined significantly: at the 5-hr rate 
the specific energy was 23 W-hrlkg on cycle 570 and at the 10-hr rate it was 
34 W-hr/kg on cycle 588. Without equalization, the capacity and energy at 
10 A (initiai rate, 10-hr) were .higher than with equalization. For example, 
the specific energy on cycie 595 was 44 W-hr/kg, which is abour 302 higher 
than the specific energy with equalization. .This result will be verified by 
additional testing. 

The battery has operated for more than 386 days and 595 cycles. 
Cell EP-1B4 in this battery has operated for more than 435 days and 629 cycles. 

b. Six-Cell Battery Tests 

Lithiumliron sulfide cells have been successfully tested as 
batteries in test chambers that were externally heated. The next phase of the 
program is to operate a battery in an insulated case. Thus, testing of Battery 
B10-S (six series-connected FeS2 cells) in a vacuum-foil insulated case has 
begun. On the initial discharge cycle, increasing battery resistance (>I11 
ma) was observed. The battery was then cooled and removed from the case, and 
examination revealed oxidation of the copper bus bars at the bar-to-cell 
interfaces. The bus bars were cleaned and silver-plated at the contact areas 
of the cell leads and bus bars. The plug of the insulated case was modified 
to provide a purge line which extended to the rear of the battery package. 
The preoperation procedure was also modified: rather than relying on an inert 



gas  purge dur ing  heat-up and t e s t i n g ,  evacuat ion and back f i l l i n g  of t h e  case  
wi th  i n e r t  gas  was done p r i o r  t o  heat-up. These modi f ica t ions  appeared t o  
have reso lved  t h e  i n i t i a l  ox ida t ion  problems, a s  evidenced by subsequent 
t e s t i n g .  

The f i r s t  of s e v e r a l  c e l l  f a i l u r e s  t o  occur  i n  t h i s  b a t t e r y  was 
t h a t  of C e l l  EP-1-5-1, which leaked e l e c t r o l y t e  through p inholes  i n  t h e  c e l l  
housing. ' T h i s  leakage caused br fdging  around mica s h e e t s  used f o r  e l e c t r i c a l  
i n s u l a t i o n  of B10-S. This  b r idg ing  c r e a t e d  an e l e c t r i c a l  pa th  between C e l l s  
EP-1-5-1 and -1-5-3, t hus  causing -1-5-3 t o  s e l f -d i scha rge  t o  %0.25 V. C e l l  
EP-1-5-1 was then  rep laced  wi th  EP-1-5-2 t o  form Ba t t e ry  B11-S. C e l l  EP-1-5-3 
was i n d i v i d u a l l y  charged p r i o r  t o  c y c l i n g  of t h e  b a t t e r y  i n  t h e  t e s t  chamber. 
Star t -up wi th  t h e  unconditioned c e l l  intermixed w i t h  t h e  cycled c e l l s  presented 
no problem. Af t e r  r e so lv ing  e l e c t r o n i c  and e l e c t r i c a l  problems, i nc lud ing  
replacement of t h e  power supply,  t h e  b a t t e r y  was placed i n  t h e  vacuum-foil 
i n s u l a t e d  case .  The i n i t i a l  d i scharge  was w i t h i n  1% of t h e  capac i ty  obta ined  
i n  t h e  t e s t ,  chamber. The b a t t e r y  r e s i s t a n c e  was about 68 m a .  Near t h e  . e n d ,  

.of t h e  subsequent charge cyc l e ,  C e l l  EP-1-5-2 would no t  accept  a  charge. The 
b a t t e r y  was cooled down and examination showed t h a t  e l e c t r o l y t e  had leaked 
around t h e  p o s i t i v e  l e a d  of EP-1-5-2 and had subsequent ly br idged t o  t h e  Conax 
feedthrough. The c e l l  was removed from t h e  c e l l  s t a c k  and, s i n c e  no s i m i l a r  
c e l l s  were a v a i l a b l e ,  a  spacer  was used a s  a  replacement.  This  assembly of 
f i v e  c e l l s  was des igna ted  B12-S. 

Power inpu t  was measured 'during t h e  t e s t i n g  of B10-S and ~11-S. 
It was found t h a t ,  dur ing  cyc l ing ,  t h e  r equ i r ed  power t o  maintain t h e - . b a t t e r y  
a t  %435OC was 50-53 W ,  which i s  about 12% l e s s  than i n d i c a t e d  by previous  d a t a  
obta ined  from t e s t s  under s t a t i c  (no cyc l ing )  cond i t i ons .  

c .  Five-Cell  Ba t t e ry  T e s t s  

Operat ion of t h e  f i v e - c e l l  b a t t e r y ,  B12-S, has  provided some 
i n t e r e s t i n g  i n s i g h t s  i n t o  b a t t e r y  ope ra t ion .  The i n i t i a l  cyc l e  of B12-S 
y ie lded  19% more capac i ty  and about t h e  same energy a s  t h e  l a s t  c y c l e  of 
B11-S. The b a t t e r y  r e s i s t a n c e  was about 56 mR. Monitoring of i n d i v i d u a l  c e l l s  
l i m i t e d  d ischarge  t o  1 . 0  V and charge t o  2.0 V.  Equal iza t ion  charg ing ,  when 
used,  was t o  a  l i m i t  of 1.95 V.  Af t e r  11 c y c l e s ,  t h e  capac i ty ,  be ing  l i m i t e d  
by C e l l  EP-1-5-4, had dec l ined  t o  %61 A-hr. This  c e l l  w a s  then  removed from 
t h e  l imit-monitor ing c i r c u i t  and allowed t o  " f loa t . "  .On t h e  subsequent dis-. 

. 'charge,  t h e  b a t t e r y  achieved a  capac i ty  of 87 A-hr and 78% of t h e  i n i t i a l  
energy. Near t h e  end of d i scharge ,  C e l l  EP-1-5-4 was found t o  "reverse" t o  
about -1.5 V ( c u r r e n t ,  7.5 A). On charging,  t h i s  c e l l  a t t a ined .  a  maximum vo l t age  
of about 1 .5  V.  The average b a t t e r y  vo l t age  was reduced by t h e  l o s s  of EP-1-5-2 
and t h e  d i f f e r i n g  vo l t age  of EP-1-5-4 dur ing  cyc l ing .  On subsequent d i s -  
charges a t  10 A, t h e  vo l t age  of EP-1-5-4 d i d  no t  reach va lues  as nega t ive  a s ,  
those  when discharged a t  7.5 A. Owing t o  p rog res s ive  d e c l i n e  i n  c a p a c i t y ,  on 
t h e  1 9 t h  cyc l e  C e l l  EP-1-5-7 was a l s o  taken o f f  t h e  monitor ing system. Placing 
EP-1-5-7 on " f l o a t "  brought about a  temporary r i s e  i n  capac i ty  t o  84 A-hr; 
however, w i t h  p rbg res s ive  cyc l ing ,  t h e  capac i ty  aga in  dec l ined .  C e l l  EP-1-5-7 
d id  not  "reverse" t o  t h e  same ex ten t  as. -1-5-4. The minimum b a t t e r y  vo l t age  
a t  t h e  end of d i scharge  i s  p re sen t ly  be tween. l .0  and 1.75 V. 

The capac i ty  and energy va lues  obtained i n  B12-S a r e  presented  
' i n  Table 111-4. When the average energy i s  very  low and a  b a t t e r y  v o l t a g e  of 



Table 111-4. perform an^^ of Battery B12-S 

Current, Capacity, Energy, 
Cycle A A-hr W-hr Remarks 

1 . 7.5 81 606 

13 7.5 87 473 EP-1-5-4 taken off ; .. 
monitoring system :. 

22 , 10 84 519 EP-1-5-7 taken, off- . ; 
monitoring ,system . . 

<1 V is reached, the battery will be shut down and its cells examined. Cell 
Er-1-5-4 will be especially interesting because we wfll Be able ro'srudy rhe. 
effects of voltage reversal. 

5. Equipment for Electric-Vehicle Cell and Battery Tests . , 

(V. M. Kolba, R. Alford,* W. E. Miller) 

Static testing of 30-60 kW-hr batteries is scheduled for early 1978. 
Equipment, instrumentation, and support equipment will be specified, procured, 
installed, and checked out by February 1978. Our present plans call for 
simultaneous static testing of two electric-vehicle batteries. These will be 
cycled by a computer-controlled power supply to permit evahation using driving 
profiles. The computer will also'accumulate data at the end of each cycle. 
Cell monitoring, cycling mode selection, and other functions will be computer- 
contxolled. 

During this period, specifications for the power supply and the 
computer control and data-acquisition system were prepared, and procurement 
requests were initiated. In addition, a tentative proposal for control and 
distribution systems for the inert atmosphere in the battery case and the 
heating and cooling systems for the battery has been prepared. 

A 2.7 x 6.6 m (9 x 22 ft) dry room (<300 ppm H20) is being planned 
for the following purposes: assembly of8batteries, post-operative examinations, 
and repair of batteries that have electrolyte escaping from defective cells. 
In the latter case, low moisture levels are required to reduce corrosion by 
the exposed salt of the battery hardware and components. 

Prototype bulk charge-equalizer'syktems for the electric vehicle . 
will not be available for the static-test phase of the program. In lieu of 
this, an equalizer system for static battery testing is being procurred. ' 

2 

The design of the Mark 0-Mark I equalization system has been completed. 
A power supply similar to the one that will go into the equalizer is being 
tested for performance characteristics. Also, current-us.-efficiency and 
voltage-us.-efficiency curves will be run on this power supply to determine 

* 
Industrial Participant, ~agle-picher ~nduitries, Inc. 



the feasibility of measuring the total power input to the system and calculating 
the power input into the cells. This would eliminate the need for measuring 
devices on the output of each supply. 

The system will have the capability of equalizing up to 104 cells at 
a rate of 0-12 A. It will occupy a floor space of 0.8 m2 (8 ft2) and an overall 
height of 2.1 m (7 ft). Power supplies may be removed or replaced in the 
system in groups of two. Set-up of the voltage unit and current unit will be 
accomplished by plugging each supply into a "black box" that is able to simulate 
a cell; then the supply will be plugged back into the system. Construction is 
to begin in late July 1977. 

6. Design and Testing of Pellet Cells 
(R. Thompson,* P. F. Eshman) 

Four baseline cells with pellet-grid electrodes have been constructed 
as described in ANL-77-35, p. 28. Cell PC-1-01 had a pellet-grid positive 
electrode of FeS-Cu2S and a zirconia retainer next to both the positive and 
negative electrodes; the remainder of the cell consisted of standard EeS cell 
parts. Cell PC-2-01 was essentially identical to PC-1-01 except that graphite 
was added to the pellet and the zirconia retainer was next to the positive 
electrode only. Post-operative examination (see Section IV.A.8) of this cell 
indicated a possible short circuit caused by a chain of metallic particles 
that had moved out from the negative electrode through holes in the separator. 
The graphite was well confined to the positive electrode. In PNC-1-01, the 
Li-A1 negative electrode had a pellet design, and, like PC-2-01, the zirconia 
retainer was next to the positive electrode. The remainder of this cell also 
consisted of baseline FeS cell parts. Cell PFC-1-01, a Li-A1/FeS2-CoS2 cell, 
was fabricated with a positive pellet grid. This cell was given a molybdenum 
grid structure similar in design to that used in the FeS pellet cells; the 
remainder of this cell consisted of baseline FeS2 cell parts. Table 111-5 
presents a performance summary of all of the above cells. 

Table 111-5. Pellet Cell .Performance 

Coulombic .Energy Internal 
Rests- 

Utilization, Efficiency, Efficiency, 
Lifetime % % % tance 

Cell Range , 
No. Cycles Days Max Final Max Final. Max Final .mS1 

PC-1-Ola 153 114 68.8 , 66.0 99.3 .99.3 89.4 85.0 - . 6.2-7.6 

PC-2-Ola ,38 . 31 72.2 -52.7' -96.5 77.5 82.8 . 6 6 , 7  4.8-6.2 
PNC-1-Olb 41 ' 41 80.0 73.6 96.5 87.9 78.4 73.4 8.0-8.6 

PFC-1-Ola >lgC ' >20 77.4 65.7 99.4 93.4 87.4 72.9 9.4-14.7 
- - -  - 

a Current density, 44 mA/cm2 (baseline cells operate at 31 mA/cm2). 

b~urrent density, 39 nul/mo2. 
C 
Cell still in operation. 

* 
Industrial Participant from Gould Inc. 



Some difficulty was encountered in' welding ;the heavy molybdenum bus 
bar to the pellet grid in Cell PFC-1-01. Thus., an FeS2 pellet cell is being 
fabricated that will use a minimal amount of molybdenum in the pellet-grid 
structure. The molybdenum grid for the design under consideration uses only 
51% of the molybdenum required for the current collectors in the baseline 
FeS2 cells (ANL-76-81, p. 12). This cell design is attractive from a cost 
viewpoint because molybdenum is very expensive. 

B. Battery Charging and Control Systems 

1. Charging Systems for the Electric-Vehicle Batteries 
(I?. Hornstra, W. H. DeLuca) 

Astatement of work as a basis for a contract to perform a design 
and cost study of a complete charging system for a LiA1/FeS2 electric-vehicle 
battery is now in the hands of a potentiai contractor. A respcinsive proposal 
is expected by the end of July. This charging system'is to provide'automatically 
the main charge to the propulsion battery as well as'the equalization charge 
to the cells. Size, projected cost, performance; and simplicity of 'operation 
are items that will be addressed in the study. . I 

. . .. . 

2. ' Electronics Development * (F. Hornstra, E. C. .Berrill, W. W,'    ark, C. A. ~w;jbocia, J.:. M: 'Paul ) 

- A "mini-cycler'' was modified by the addition of a constant-voltage, 
current-limited charging capability. . This mode of operation allows 'the cherging 
of a-cell at a selected fixed current until a specified voltage is reached; the 
voltage then remains fixed as "the current monotonically decreases to the self- 
discharge value. The charge cycle is automatically terminated when the,current 
drops below .a preset value. This method more charge to be retumed to 
the cell than does the method of charging at a constant current until a voltage 
cut-of f is reached. The modified minicycler has been ogerating stably 'and 
reliably in this mode for several weeks. 

A quotation was solicited and received from Paraplegics, an outside 
fabricator, to construct an additional number of "mini cyclers" to meet the 
additional needs of the testing program, 

A prototype 100 ampere celllbattery cycler has been constructed by 
the Electronics Division at ANL,,and is in the final stages of checkout. This 
unit will cycle individual cells or a battery of up to four cells. Additional 
units will be produced when the prototype has been checked out. The subsequent 
interface of this cycler to a control computer has been explored. The 'unit 
was made to be remotely programmable; however, interface levels and logic 
conventions require specific consideration. Additional work remains to complete 
this definition. 

* . . . . Electronics Division. 



C. Cell Development and Engineering 
, . (H. Shimotake) . . 

The effort in this part of the program is directed toward improving the 
performance and lowering the cost of Li-A1/FeSx cells. Technical advances 
resulting from this effort are incorporated into the cells that are fabricated 
by industrial firms. The present work is concentrated on the development of 
FeS2 cells that are designed for operation on the upper-voltage plateau, with 
emphasis on high specific energy at high rates. Investigations are under way 
on (1) the prevention of short circuits in uncharged FeS2 cells, (2) the 
assembly of uncharged FeS2 cells in air using X-phase (Li2FeS2) as the starting 
material in the positive electrode, (3) the development of charged FeS2 cells 
with advanced separator/retainer materials, (4) the development of carbon-bonded ' 

electrodes, and (5) the use of metal additives in cells with Li-Al electrodes. 
In addition, efforts are continuing on the scale-up of cells with advanced 
separators. A summary of performance data for the test cells is presented in 
Appendix B. 

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

One of the common causes for cell failure has been short circuits. 
These are usually caused by extrusion of active material from one electrode 
(owing to inadequate confinement) into the counter electrode. In Cell R-29, 
an uncharged, upper-plateau Li-Al/FeS2-CoS2 cell, the positive-electrode 
structure was reinforced with a double-strength frame to resist the expansion 
of the positive material. This cell has operated for 50 days and 100 cycles 
without a decline in capacity or coulombic efficiency. 

- We are continuing in our attempt to assemble an upper-plateau FeS2 
cell in air. Cell .VB-3, a prismatic (13 x 13 cm) sealed cell, has bee11 . 

completely assembled in air. X-phase (Li2FeS2) was used as the actlve material 
in the positive electrode. The positive.electrode was a hot-pressed Li2FeS2 
plaque .containing KC1 as the binder; The negative electrodes consisted of. 
pressed Al wire. Excess lithium was added to the negative electrodes in the 
form of thin lithium foil sheets that had been hot-pressed at 180°C under 
helium between thin aluminum sheets; these Li-A1 alloy sheets had been sealed 
in aluminum foil under helium before the pressing of the electrode plaques. 
This technique avoids the contamination by gaseous impurities that normally 
results from the use of Li-A1 powder. After six break-in cycles at 5-A charge 
and discharge, Cell VB-3 shows a coulombic efficiency of 97% and a capacity of 
72 A-hr (63% of theoretical). 

.2. Charged Cells with Hot-Pressed Electrodes 
(F. J. Martino, E. C. Gay) 

. Charged cells having hot-pressed electrodes and an advanced separator/ 
retainer material of Y203 felt are being tested to determine whether they 
can produce high specific energy (>I00 W-hr/kg); Lithium-aluminum alloy con- 
taining 55 at. % Li was used in the negative electrode, and hot-pressed FeS2- 
10 mol % CoS2 in the positive electrode. 



Three such cells, M-1, M-2, and M-3, have been built and put into 
operation. All three cells were constructed in a similar fashion (see ANL- 
77-35; p. 31) with the following exceptions: (1) Cell M-2 weighed 360 g 
(or about 15%) less than M-1 owing to the fact that the current-collector 
straps of the negative electrode were a part of the.cel1 housing; (2) the 
positive and negative electrodes of M-3 were half as thick (3 mm) as those 'of 
the other two cells; and (3) the Hastelloy B framework around the positive 
electrodes of M-1 and M-2. was replaced i~y.molybdenum.in M-3. . 

Cell M-1 showed good performance with a low resistance (2.7 to 4.8 
d). Its high average discharge voltage demonstrated the beneficial effect of 
the lithium rich Li-Al alloy in the negative electrode. Cell operation was 
terminated after 17 days owing to a rapid decline in coulombic efficiency. 

Cell M-2 exhibited a similar performance to that of M-1. However, 
due to its reduced weight, M-2 had a small increase in specific energy over 
that of M-1, with values of 111 W-hr/kg at a 25-A discharge rate and 118 W-hr/ 
kg at a 14-A discharge rate. The resistance of M-2 was low, 3.8 to 4.8 d. 
After 31 cycles and 24 days of operation, testing of M-2 was also terminated 
because of a rapid drop in coulombic efficiency. Postoperative analysis 
showed that corrosion followed by the rupture of the Hastelloy B framework 
surrounding the positive electrode had pinched the Y203 felt separator/ 
retainer material. This chain of events created a weakened area in the separa- 
tor where a short circuit occurred. . 

The third cell in the series, M-3, has operated the longest, 90 
cycles in 57 days. A schematic drawing of this cell is presented in Fig. 111-2. 
Although now showing signs of decline, its coulombic efficiency was greater 
than 95% for 65 cycles. Cycling at the same discharge- and charge-cutoff 
vofcages as the other two cells (1.18 and 2.18 V, respectively) M-3 has 
achieved a peak capacity of 73 A-hr (71% and 100% utilization of the negative 
and positive theoretical capacities, respectively). The specific energy of 
M-3 is' 83 W-hr/kg at the 25-A discharge rate (current density, 92 d / c m 2 ) .  
Resistance ranges from 4.2 to 6.5 mS2. Cell M-3 has a higher ratio of current 
collector weight to theoretical capacity than either M-1 or M-2. In spite of 
this, M-3 does not show improved electrode utilization over M-2 or M-1; and 
the peak power of M-3 at the 5-hr rate (25 A) is almost 30% less than that of 
M-2. ' .  

3. Carbon-Bonded Metal Sulfide Electrodes 
(T. D. Dun,  W. A. Kremsner, F. J. Martino, W. ~or~er*) 

Cell CB-1, an unsealed, chargdd cell of carbon-bonded chalcopyrite 
(CuFeS?) and hot-pressed, pyrnm~tallurgisally preparcd Li-A1 is still IjpeiaLiug 
after 890 cycles and 503 days. The capacity of this cell at the 5-hr rate 
(65 m~/crn~) has declined significantly over the last 100 cycles. Lowering the 
charge current-from 12.5 A to 8.0 A had little effect on regaining the lost 
capacity. The present capacity is 46 A-hr (31% of negative theoretical 
capacity), which reflects a loss of 30% from its peak capacity. The 'coulombic 
efficiency has remained at ~ 9 7 %  and the resistance at 12 mS2.  

* 
Industrial Participant from Varta Batteries, A. G,, Cermany. 



Fig. 111-2. Schematic Drawing.of Cell M-3 

Cell KK-11.; an. upper-plateau, carbon-bonded FeS2-CoS2 cell, 'was built 
in a design similar to that of M-3 (see Fig. 111-3). During start-up, KK-11 
was inadvertently completely discharged to <0;3 V, and this may have changed 
the distribution of the active material in the positive electrode; 

The peak capacity of KK-11 is 71 A-hr, with 25% on the lower-voltage 
plateau (this cell was designed as an upper-plateau cell). In spite.of 
initial problems with this cell, KK-11 has performed well. After 26 days and 
45 cycles, a peak power density of 180 Wlkg was obtained at full charge and 
100 Wlkg at 50% discharge; resistance was 3.6 mQ. At the 5-hr rate (current 
density, 51 m~/cm~), the specific energy was 74 W-hrlkg 'with a 2.1-V charge . 

cutoff. At the 2-hr rate (current density, 125 m~/cm~), the specific energy 
was 63 W-hr/kg at a 1.0-V cutoff. At 35 cycles, a furnace malfunction increased 
the cell temperature to 500°C, and the coulombic efficiency decreased by 3% 
(from 98 to 95%) over the next 50 cycles,. In addition, the capacity decreased 
from -71 to 65 .A-hr Snd *the resistanck -increased ftom'4.3 to 5.2 1162. Cell 
operation was terminated after 50 days and 85 cycles. 



Cell KK-10, an uncharged, upper-plateau FeS2-CoS2 cell, was fabricated 
in air. X-phase (Li2FeS2) was used as the active material in the positive 
electrode. The negative electrodes consisted of pressed' aluminum wire; excess 
lithium capacity was added through the use of a pressed Li-A1 plaque encapsu- 
lated in aluminum foil (see Section III.C.l). The BN fabric used in the 
separator was a new material (smaller diameter,yarn); a Y203-felt particle 
retainer was used in this cell. After 35 cycles, the cell was dismantled to 
determine the cause of low coulombic efficiency. Examination showed that the 
new BN fabric had disintegrated. Sections. .. of the separator had completely dis- 
appeared; all that remained of the separator was loose fibers. The Y203-felt 
retainer appeared to be intact. 

In connection with the preparation df X-phase material for the positive 
electrode of Cell KK-10, Li2S and FeS powders were reacted at 1000°C for 4 hr 
in a graphite crucible to form a glassy black material. Photomicrographs by 
A. E. Martin revealed some Li2S, FeS, and Fe. It was concluded that 
a more elaborate furnace with stirring capability was required to form large 
batches of X-phase. Exposing this X-phase to air for 48 hr produced a 60% 
weight gain. Analysis by B. ~ani* showed no X-phase remaining; only hydrates 
with a small amount of FeS were present. Bulk X-phase material, therefore, 
should be handled in a dry room or inert atmosphere. 

Small-scale experiments are being undertaken to further define the 
optimum conditions.for the preparation of carbon-bonded (ANL-77-18, p. 15) 
electrodes. Two parameters being investigated.are pore volume and carbon 
content, which can be varied over wide ranges. The effects of these two 
parameters on utilization are being determined in small, cylindrical FeS cells. 
The positive electrode-s have a 'diameter of 6.25 cm and a capacity of 10 A-hr. 

The results of these experiments showed that the utilization of che 
active material in these electrodes is strongly dependent on pore volume (see 
Flg .  T T T - 3 ) .  

5 .  

0 
0 20 40 

I A 
PORE VOLUME AT DISCHARGED STATE,  % 

Fig. 111-3. 

Pore Volume of carbon-~onded 
FeS Electrode us.  Utilization : .  
of Active Material at 430°C 

* 
Analytical Chemistry Laboratory, of .the 'Ch,?mical Engineering ~ivision at ANL. 



The maximum utilization is obtained in the range of 25-352 pore volume 
(discharged state). At a low current density (25 mA/cm2), utilization decreases 
only slightly at pore volumes greater than the maximum (>30%). On the other 
hand, at the higher current densities the utilization decreases very sharply 
at pore volumes greater than the maximum. For example, at 100 mA/cm2, utiliza- . tion drops from 70% at a pore volume of 31% to 41% at a pore volume of 43%. 
This effect is probably caused by an increase in resistance with increasing 
pore volume. In the region of low pore volume (about 13%), the drop in utiliza- 
tion with increasing current density is not very large; the utilization decreases 
from 70% at 25 m ~ / c m ~  to only 58% at 100 d/cm2. The diffusion of the ~ i +  ions 
appears to be the capacity-limiting process in this region. 

The utilization of the active material in these positive electrodes 
is also dependent on carbon content. The maximum utilization was observed at 
4-7 vol % carbon. At carbon contents greater than this maximum, the utilization 
decreased with increasing carbon content. 

4. Advanced Cell Design 
(J. D. Amtzen) 

Figure 111-4 is a design for an upper plateau, uncharged cell (Cell 
A-4) with LiAl and FeS2-CoS2 electrodes. The objectives of this design were 
to provide edge support to the electrodes, eliminate void space, and reduce 
structural weight. Mfficulty in achieving a good weld on the top of this cell 
required its operation as an $pen cell (this problem will be eliminated in the 
future). The specific energy of this cell was 95 W-hr/kg at the 14-hr rate 
and 65 W-hr/kg at the 4-hr rate. These values were obtained in spite of a 
high resistance, about 13 mS2. The testing of additional cells is planned to 
further examine the suitability of this de~ign. 

5. Cells with Li-Al Alloy ~e~ative Electrodes with Additives 
(F. J. Martino, H. Shimotake) 

Engineering-size FeS cells (13 x 13 cm) are being operated to evaluate 
the effects of the addition of a third metal to Li-Al alloy electrodes. 'These 
cells have a negative electrode in which pyrometallurgically prepared Li-A1 and 
an additive are loaded in an iron Retimet current collector. 

The baseline cell with no additive, FM-0, has operated for 120 cycles 
in 62 days. Capacity has 'been about 52 A-hr at the 5-hr rate (60% utilization 
of negative theoretical capacity) with a discharge-charge current of 8 A 
(27 mti/crn2). Cutoff voltages are set at 1.0 V for discharge and 1.70 V for 
charge. At present, there has been no decline in capacity or coulombic 
efficiency. Operation of Cell FM-3, which had negative electrodes of Li-A1- 
8.6 wt % Sn (86 A-hr theoretical capacity), was terminated after 232 cycles 
and 138 days. This cell demonstrated very stable performance, with only 10% 
decline in capacity after 200 cycles. In addition, duripg the fizet 100 cycles 
this cell's overall capacity was %lo% higher than that of the baee1ine.cel.L 
(-0). 

* 
Calculation of this value included the weight of the cell top. 
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Fig. 111-4. Advanced Design for Upper-Plateau FeS2 Cell 

The performance of FM-I. (indium additive) cmd FM-2 (calcium additive) 
was reported in AN'-77-35, p. 34. A summary of the performance of the FM-taarfss 
cells is shown in Pig. TTI-5. ha can be seen from this figure, the tin 
additive results in a higher capacity than indium additive, 'calcium additive, 
or no additive. 

6. Cells with Advanced Separators 
(T. W. Olszanski and H. Shimotake) 

Three engineering-scale cells containing ceramic-powder separators 
have 'been built, and are being ~valaated. These are the first scaled-up 
(12.4 x 13 cm) cells in which all-powder separators were used to replace the 
BN-fabric separator and zirconia-cloth particle retainer. Each cell was an 
upper-plateau Fe92 type with approximately 120 A-hr capacity. All cells were 
made by a simple, two-step operation in which the separator and negative 
electrodes were hot pressed onto a pre-pressed positive electrode; the resulting 
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plaque was placed in a can and sealed. The major advantages of the 'powder 
separator are low cost and ease of fabrication. 

- 
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- DISCHAROE CUT- OFF VOLTAGE : 1.0 V 

The separators of Cells PW-1 and PW-2 both were 0.2 cm layers of 
Y2O3 powder consisting of coarse particles (150-250 urn) that occupied 46% of 
the separator volume and fine particles (1-5 vm) that occupied 19% of the 
separator volume. LiC1-KC1 electrolyte, acting as a binder, made up the 
balance of the separator. Both cells operated in an "electrolyte-starved" 
state. * 

Operation of Cell PW-1 was terminated after 57 days and 116 cycles 
owing to a short circuit at the upper corner of the powder separator. The 
cell initially had'htgh coulombic efficiency, and a 10 mh2 internal resistance. 
The electrolyte content, initially less than 300 g, was increased to 400 g 
because data had lndlcatsd that: aboilt 400 g of electrolyte was needed for PW-1 
to reach optkmum performance. Cell PW-2 has high coulomblc efficiency aud 
utilization, and has operated for 25 days and 35 cycles. 

* 
I- 

Cell PW-3 used a MgO-powder separator, This powder is m&h less 
expensive and less dense than Y2o3 powder. The MgQ-powder separptor consists 
of MgO particles (5-400 vm) that fill 70% of the separator volume; the r-ining 
volume is LiC1-KC1 electrolyte. Performance of this cell is similar to that 
of the previous powder cells. This cell has operated for over 6 days apd 11 
cycles, and is maintaining a high coulombic efficiency. A schematic dradng 
showing the design of the cells with ceramic powder separators is,given in, 
Fig. ' 111-6. 

* 
Cells typically contain excess electrolyte to ensure complete utilization 
of the active materials; the vulm of electrolyte added to the "electrolyte 
starved" cell is restricted to that which can be absorbed within the separator 
and the electrodes. 



~i AI IN HONEYCOMB --/ STEEL CELL CAN ' L  

Fig, 111-6. Schematic .Dikt@;r+m of PW Cells 

A n  additional advantage of the powder separator is related La the 
type of feedthrough employed in the cell. Barly results indicate that the 
DN sleeve of the feedthrough in a cell with a powder separator does not need 
to protrude into the electre~de, as was the case with previous cells. The 
powder separator electrically insulates that portinn of the fcedthrougb pre- 
vfously occupied hy the BN sleeve. New feedthrough designs for powrlur- 
separator cells are under conn9dcrution by the Materials Group. 

Thus far, the results for engineering-scale powder separator cells 
appear to be promising. Future efforts will focus on cell design and ways to 
optimize electrolyte content. 



7. Performance Assessment of Upper-Plateau Cells 
(H. Shimotake) 

A number of tests involving upper-plateau FeS2 cells were con- 
ducted in this quarter. Figure 111-7 plots the specific energy v s .  the 
current density for five of these cells. The shaded area represents the 
program's goals for the Mark I cell. As can be seen from this figure, the 
highl'y compact cells, such as M-1, and ;.I-2, have met the specific energy goals 
for the Mark I cell in the region of low-to-moderate current density (<I00 
m~/cm~). The less compact cells, such as R-24 and KK-11, are also very' close 
to meeting these goals. In the high current density regions (>I00 m~/cm~), 
the specific energy goals have not yet been met. 
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Fig. 111-7. Specific Energy as a Function of 
Current Density' o'f Upper-Plateau 
FeS2 Cells 



. IV. TECHNOLOGY DEVELOPMENT . 
. . . . 

A. ' Materials Development 
, (J. E. Battles) . . . . . . . .  

, Efforts in the materials program are direc'ted toward the development of 
various cell components (electrical feedthroughs, electrode separa.tors,.current 
collectors,,.and cell hardware), testirig and.evaluation of cell materials. 

' '(corrosion and wettability testing)., and postoperative examination. of .cells to 
eJaluate the behavior' of. the electrodes ,and the construction. materials. . , 

. . .  . . 

1 ; Electrical ~eedthrou~hs . , . . . : 

(K. M. Myles and J. L. Settle) 

The corrosive environment withh L~-A~/L~.C~-KC~/F~SX cells precludes 
the use of any known electrical. f eedthrougho .that aie commercially availabf e. 
The best long-term solution may be a.braze-seal feedthrough, but to date no 
reliable ceramic-to-metal braze has been found. In the meantime, oevcral 
mechanical-seal feedthroughs have been sufficiently refined to a 

. > .  

temporary solution. 

For several years, the effort to develop a brazed-seal feedthrough 
has involved tuo approaches. In the first, attempts were made to protect the 
brazed joints of conventionally metallized feedthroughs by coating the braze 
with corrosion-resistant metals. In-cell tests showed.rapid failure because 
the coating could not adequately cover.the exposed edge of the braze. The 
second approach involved the utilization of metals-that were considerably less 
active than the usual braze alloys; these metals are less likely to be electro- 
chemically oxidized during the charge cyc1.e. ~nfortunatel~, alloys tha t  could 
be successfully brazed to the ceramic (BeO) also oxidized rapidly at potentials 
near the charge-cutoff voltage. The very short lifetimes of these feedthroughs 
make them unacceptable for cell use. 

. , 

To minimize the possibility of chemfcal oxidation at the positive 
electrode during charging, a nonmeta,ll,ic 'braze has been substituted for the 
metallic one. ' Coors porcelain has produced preliminary test samples of Y203 
that has been coated with several nonmetal.~ic brazeo, These Samples have 
sarisfactorily withstood exposure to the cell environment. 

Several composites (two small sheets of molybdcnum brazed unto 
upposire sides of a ring of Y203) were subjected to an in-cell corrosion 
test. In this test, an external potential was applied arross a samplc immersed 
in a beaker of molten LiC1-KC1 electrolyte. The negative tab was rnnnected 
to a LiAl rcfermce uluctrodc. The putenrial was maintained at 1.8 V, and the 
current through the sample was monitored. Within hours a short circuit 
developed across the ceramic. The composites were removed from the cell, 
immersed in methyl alcohol to dissolve any lithium, and then immersed in water 
to dissolve any salt. After this cleaning, the short circiiit disappeared; the 
tabs wcre still Lirmly joined to the yttria. However, subsequent in-cell 
testing caused the short circuit to re-form. Aliquots of the cleaning solutions 
have been submitted for chemical analysis. Additional development work by 
Coors will be suspended until the failure mechanism is understood and a remedy 
is found. 



Tests are underway at 1LC.Technology to establish specifications for 
feedthrough.designs. ILC Technology is examining the effects of sophisticated - 
design geometries on the kinetics of feedthrough: failure for FeS2 cells. One 
of their main concerns is to minimize the extent of corrosive attack on'margin- 
ally corrosion-resistant, low-cost construction materials. This program will 
closely interact with a program sponsored by Atomics International and the - 
Electric Power Research Institute at ILC to.develop a feedthrough for FeS cells. 

As described in ANL-77-17, pp. 32-33, several significant modifica- 
tions have been incorporated into the ANL crimp-type mechanical feedthrough 
.that have resulted in an improved design. In this period, after metallographic 
examinations demonstrated that only a very small amount of electrolyte salt 
penetrates into the BN seal of the ANL crimp-type feedthrough, the length of 
the seal was decreased from 12.8 to 9.6 mm. In addition, the height of the 
ceramic insulators was decreased to yield a total decrease of 12.8 mm in the 
length of the fee'dthrough. The resultant overall length of the feedthrough 
is less than 25.4 mm. The reduction in the size of the ceramic parts will 
result irdecreased fabrication cost. 

2. Electrode Separators 
(J. P. Mathers and C. W. Boquist) 

Paper, felt, and powder separators are being developed as alterna- 
tives to the BN fabric that is currently used as the electrode separator in 
Li-Al/LiCl-KC1/FeSx cells. These candidate separators are expected to ,be 
considerably less expensive than BN fabric and to provide more effective 
retention of the active materials in the .electrodes. 

The ability of BN fabric to retain the active materials within the 
electrodes was tested in a cylindrical (7.5 cm-dia) Li-Al/FeS cell assembled 
in the discharged state. The electrodes were enclosed in metal frames with 
200-mesh screens over the electrode faces; no additional particle retainers 
were used. This cell was cycled continuously at 60 m ~ / c m ~  for 52 days before 
its operation was voluntarily terminated. The electrical performance of the 
cell was excellent throughout operation. Postoperative examination showed 
that some of the active materials from the positive electrode had moved , 

through the 200-mesh screen; however, most of this escaped material had been 
relai~lerl Ly the BN fabric. In a few locations, some active matcrial had 
migrated into the fabric (in the interstices between the yarns), but the 
amount of active material at these locations was very low. These results 
suggest that BN fabric can be used as an electrode separator with no other 
particle retainers than screens over the electrode faces. Further testing in 
engineering-size cells will be required to confirm this finding. 

A low cost (<$l/lb), MgO powder was tested in a cylindrical (7.5 cm 
dia) FeS cell assembled in the discharged state. The electrodes were enclosed 
in metal frames with 200-mesh screens over the electrode faces; no additional 
retainers were used. The MgO was packed into place around. the positive elec- 
trode. The MgO was a mixture of 70 wt % fused MgO grain (-100 mesh)" and 
30 wt % calcined MgO (-40 mesh). The calcined MgO contained a large fraction 

* 
General Electric Company, Type 12701-2X.' 

tMart in-~ariet ta Chemicals, Type 169. 



of -200 mesh particles. This powder was added to the fused MgO grain to reduce 
the free flowing characteristics of the fused grain. The cell was cyc'led 
continuously for 83 days at a curlent density of 60 d/cm2. The coulombic 
efficiency was verygood, although the utilization showed a gradual decline 
from 36 to 23% in the last 33 days of operation. Postope'rative examination 
showed a comparatively large amount of a metallic phase in the lower third of 
the separator, adjacent to the negative electrode. The metallic phase contained 
Ca, Si, Al, and Mg. The as-received, fused MgO grain contained ~ 6 %  Al2O3-Ca0* 
Si02 impurity grains and a Ca0-Mg0*Si02 glass phase.that was associated with 
many ,of the MgO particles. The non-Mg0 phases appeared to be reduced in the 
cell environment to form the metallic phases. The fused MgO grains were only 
slightly etched on the particle surfaces. Because of its fine particle size, 
the calcined MgO was difficult to resolve in micrographs; efforts to study its 
stability in the cell are continuing. The apparent stability of the fused MgO 
is encouraging, and work,is in progress to evaluate other low cost MgO powders 
that contain fewer impurity phases. 

During this period, the design for the separator test cell was changed 
from a cylir~drical eo a prismatic (7.6 x 12.7 cm) configuration. This new 
design will better simulate the conditions in an engineering cell. The first 
prismatic cell had a Y203 powder separator, and was assembled in the discharged 
state. The electrodes and separator were formed by hot-pressing, using the 
electrolyte as a binder. No frames or screens were used around either the 
positive or negative electrodes. A flat plate current collector was used in 
the center of the positive electrode, and the cell housing served as the current 
collector for the negative electrodes. . This cell had very good electrical 
performance at low current densities (%20 d/cm2), but poor perforinance at 
higher current densities (60 m~lcm~). The poor performance at high current 
densities is believed to have resulted f r ~ m  insuffir . ient void volume and current 
coilection in the negative electrodes. Postoperative examination revea'led that 
the separator had remained in a fairly uniform band between the electrodes and 
had conformed to small dimensional changes in the e3.ectrodes. These reoults 
indicate that elimination of the frame and screen assembly around the positive 
electrode may be possible in cells using powder separators. The frame and 
screen assembly appears to be needed around the negative electrodes to. aid in 
current collection. Elimination of the positive electrode frame would simplify 
cell design, reduce the cell weight, and eliminate the problem of finding a'low 
cost frame and screen assembly that can withstand sulfide attack in FeS?, cells. 

3. Ceramic Materials 
(W. U. 'l'uohig and J. T. ~usek) * 
Porous, iilonolithic separators are being prepared by die pressing and 

by casting o f  foamed ceramic Blips. Promising results were obtained by pressing 
calcined Y203 powder (1350°C) containing up to 18 wt % of an acrylic resin and 
stearic acid mixture. The organic materials were introduced in an excess of 
CC14 solvent that was subsequently evaporated.   he resulting cake was then 
granulated and screened to size. Pressing the granulated powder at pressures 
of 7-15 MN/m2 (1000-2000 psi) produced a compact that retained its granular' 
structure after firing at 1500°C for 12 hr. Table' IV-1 summarizes the Y203 
separator structures generated by this technique. 

* 
ANL Materials Science Division. 



Table IV-1. Yttrium Oxide, Separator Structures 
Prepared by Granulation 

. " 

P ~ . Y  t icle . . 'Compact i,on 
Specimen Wt % Size, . Pressure, Vol % 

. 1. 

Number Bindera Fractionb . . M../m2 , Porosity 

4331) 12 -100 35 ' 48 
. . 438A 18 -20 + 30. 69' 4 4 

'438B 18 ' -20 + 30 6 9 45 
438C ' 18 -20 '.+ 30 , '6 9 4 5 
438D 18 -20 + 30 35 5 0 
4383 18 . -20 + 30 3 5 49 
442A 18 -30 + 60 69 44 
442C 18 -3'0 + '60 35 . 4 9 
442D 18 -30 + 60 35 48 
4423 18 -30 + 60 35 4 9 
446A 18 -60. + 100 69 42 
446B 18 -60 + 1.00 6 9 43 
446C 18 -60 + .lo0 , 3 5 48 . 

446D 18 -60 + 100 35: ' . 4 7 
450A 18 ' -100 69 40 
450B 18 ' -100 . 69 3 6 
450C 18 -100 6 9 43 
,450D 18 . -100 35 ' 4 5 
450E 18 -100 3 5 47 

" ' 451A 12 -20 + 30 18 -- 
451B 12 . . -20 + 30 , 12 60 
45ic 12 -20 + .30 6 6 4 
4528 12 -30 + 60. 18 65, . 

452B 12 -30 + '60 18 6 5 
452C 12 -30 + 60 18 6 6 
452D . 12 -30 + 60 6 6 3 , .  . . 

453A 12 ' .  -'60 -F 100 6 6 6 
454A 12 " -i00 18 65 . 
454B 12 -100 6 62 
4558 . 18 -20 +' 30 18 63 
455D . 18 -20 + 30 6 '6 0 

' 456A 18 -30 + 60 18 .6 3 , 

456B 18 -30 + 60 12 62 
456C 18 -30 + 60 . 6 6 4 
4578 18 -60 + 100 6 . . .  60 
458s 18 -i00 ' 6 . . 67 

'weight on .a solid basis of 3:l mixture of acrylic . '  

resin and stearic'acid. 

b ~ .  S. Standard sieve sizes. 



Foamed ceramic S'eparitors 'by mechanidal entrainment of air 
in an aqueous suspension of fine powders have been described previously 
(ANL-76-98, p. 34). Subsequentiy,'foamed structures have been prepared with 
the aid of a commercial foam generator .-* ' The generator produces a foam from 
air and an aqueous sdlution that ,can-be' combined with a ce&mib 'slurry to 
produce .foams of any predetermined' density. . - These .. foams can,be stabilized by 
reaction of the Y2O3 with weak'nitric ac.id or by the gelation of water-soluble 
resin. The latter process is under investigation. Preliminary penetration 
tests with LiC1-KC1 ele.ctrolyte (see Section IV.A.5) indicate that foam struc- 
tures are readily infiltrated by the molten salt. Prototype full-scale 
separators are being prepared for cell testing. 

A mercury porosimeter+ has been received, and is being checked out. 
The instruhient will be used to measure total pore volumes and pore size dis- 
tributions of separator materials. 

4. Corrosion Studies 
(J. A. Smaga and K. M. Myles) 

Current collectors in the positive electrode are exposed to .metal 
sulfides and molten LiC1-KC1 eutectic, a condition that results in rapid attack 
on most commonly used metals. Because of the importance of developing current 
collectors, a number of metals have been subjected to corrosion tests in equal- 
volume mixtures of both Cu2S + LiC1-KC1 and CoS2 + LiC1-KC1 at 450°C. (The 
test sulfides, Cu2S and CoS2, are representative of the additives to FeS and 
FeS2 electrodes, respectively.) The following materials were evaluated: 
Hastelloy B, Inconel 625, Type 304 stainless steel, nickel, 1008 carbon steel 
(Cu2S environment only), and molybdenum (CoS2 environment only). The test 
results are, summarized in Table IV-2, and include rorrosion rates for materials 
studied previously in FeS and FeS2 environments (ANL-77-17, p . , 3 8 ) .  

For the samples evaluated in the Cu2S environment, the corrosive 
a t ' h c k  was stTong:l.y dependent on whether the metal was an iron- or nickel-base 
n~aterial. The samples of low-carbon steel (1008 carbon. steel) undament 
c6mpfete reaction in less than 500 hr, and had corrosion rates greater than 
five times the rates found for low-carbon steel in,,the FeS environment. Type 
304 stainless steel showed extensive intergranular.attack. Deposition of 
metallic cooper on the stainless steel and especially the nickel-base materials 
masked the true weight losses of these samples. ~ h f s  effect prevented the 
determination of vaiid corrosion rat.es. The deposition layers covered from 
10 to 80% of the sample surfa.cp. area, and often reactled ~ ~ l l l c k u r s s e s  of SO Dm. 
However, the interface between the base metal and the deposition layer was 
easily discernable by metallogra,phic examination; neither nickel nor Hascellby 
B showed any appreciable base metal attack. Tnconel 625, which cont~Sns up 
to 5 wt % Fr , d i d  show areas of intergranular attack., copper deposition was 
not restricted to the test samples. Deposits were found on the quartz test 
container and within the sulfide-salt environment. The ease of copper forma- 
tion,at cell operating temperatures may be a key in explaining the high content 
of copper particulate in the separatnrs of cells employing FeS-Cu2S electrodes. 

* 
Model 05-10-5, Mearl Corp., Roselle Park, NJ. 

'~odel 915-2, Micromeritics Instrument Corp. , Norcross, GA. 



Table IV-2. Corrosion Rates for Various Metal 
Sulfide Environments at 450°C 

Corrosion 
Material Environmenta Rate,b um/yr Remarks 

AISI 1008 . Cu2 S 
FeS 

Type 304 SS Cu2 S 
Fe S 
C0S2 
FeS2 

Nickel Cu2 S 
Fe S 
C0S2 
FeS2 

>3000 Complete reaction in 500 hr. 
460' Severe intergranular attack. 

Intergranular attack; Cu deposition. 
--- 
Complete reattion in 500 hr. 
Complete reaction in 500 hr. 

, . 

Cu deposition. 
Fe-Ni reaction layer. 
Complete reaction in 500 hr. 
Complete reaction in 500 hr. 

Inconel 625 Cu2 S * +290 Cu deposition. . 
Fe S 2.7 --- 
C0S2 >5400 Complete reaction in 500 hr. 
FeS2 1000 --- 

Hastelloy B . Cu2 S . +I90 . Cu deposition. 
FeS 2.5 ---. 

. C0S2 750 Intergranular at'tack. . . . - '  . . 
FeS2 . 490 Intergranular at.tack. . . 

. . 

Molybdenum . C0S2 +2.8 Probable MoS2 layer. 
FeS2 t.1.0 . Probable Mo'S2 ' layer. 

a Equal volume mixtures of the sulfide with LiC1-KC1 eutectic: 

b~ach corrosion rate is the average for two or mare tests lasting .mo,re than 
500 hr. Values preceded by "+I' represent the average rate of formation for a 
reaction layer; those preceded by'">" represent the minimum corrosion rate 
based on initial sample weight. 

C Average corrosion rate for Armco iron.. 
. . 

In toe CoS2 corrosion tests, Incone1'625, 304 stainless steel, and 
nickel' samples were complete1y:reacted after 500. hr. X-ray diffraction 
analysis of the reaction products indicated that the sulfidation attack on. 
these samples is similar to that observed in other aggressive, sulfur-bearing 
environments such as FeS2. Hastelloy B had an average'corrosi0.n rate 50% 
higher than that observed in FeS2 tests, and showed localized areas of deep 
intergranular penetration. Molybdenum demonstrated excellent corrosion resis- 
tance, with small weight gains indicative of the presence of a thin, but 
adherent, molybdenum sulfide layer. 

In comparing the Cu2S with the FeS test results and the CoS2 with 
the FeS2 results, some conclusions can be made. In general, the corrosion 
resistance of a nickel-base material is roughly equivalent for both the Cu2S 



and FeS environments; however, iron and ~ts.alloys are corroded more rapidly 
by the Cu2S. This suggests that under charge conditions the presence of Cu2S 
in an FeS electrode accelerates the attack on.iron-base current collectors. 
In the CoS2 environment, the corrosion rates of metals, with the exception of 
molybdenum, tended to be significantly higher than in- the FeS2 environment. 
This finding places further restrictions on.alternative materials to molybdenum 
for use as components in FeS2 electrodes using CoS2 as an additive. 

5. Cell Wetting Studies 
(J. G. Eberhart) 

The internal resistance of a lithiumlmetal sulfide cell is determined 
in part by the extent to which the LiC1-KC1 electrolyte fills the pores of the 
separa'tor. Pore filling is related to the wettability of the separator 
material by the electrolyte. Thus, experiments are in progress to identizy 
ehe factors.which influence the wettability of the separator material (AKL- 
77-35, p. 43). 

A pretreatment process has been developed for BN separators that 
greatly improves their wettability by LiC1-KC1 electrolyte. This process 
involves the immersion of BN fabric in molten LiAlC14; after the excess LiAlC14 
is drained, the BN fabric can.be easily penetrated .by LiC1-KC1 electrolyte at 
400°C. (Untreated BN fabric exhibits difficult-to-penetrate behavior.) 
Contact angle measurements have shown that LiC1-KC1 will spread over a hot- 
pressed BN surface (zero contact angle) after LiAl,C14 is melted onto this 
surface. If the excess LiAlC14 is removed from the BN surface and LiC1-KC1 
is then melted onto this surface, the LiC1-KC1 spreads at temperatures above 
350°C. This same electrolyte has an advancing contact angle of about 140°C 
(nonwetting) on an untreated BN surface. 

Boron nitride surfaces are probably covered by a thin layer nf hordc 
oxide that reacts with the acidic AlC1; ion, possihly fnrming an oxychloride 
ion. The fluxing action of the LiAlClt, may expose the true BN surface, which 
is much more wettable than B203. This difference in wettability is related 
to the surface tensions of these solids, "hich ark estimated to b.e about . 
0.1 ~ / m ~  for B203 and at least 0.8 ~ / m ~  for BN. . '  . 

Molten LiC1-KC1 penetration tests are also under way on some of the 
rigid, porous Y2O3 separators (see Section IV.A.3). The sintered foams and 
sintered powders that have been tested to date display easy-to-penetrate 
behavior. However, the powder specimens require longer times than the foam 
specimens for the initial salt penetration and for subsequent drainage through 
the porous specimen. A full report will be given on the porous Y2O3 separators 
when the testing is completed. 

. - 
6. Cell Degassing 

(J. G. Eberhart) 

The degassing and attendant pressure build-up whichzcan occur during 
the operation of a cell are probably detrimental to its efficiency and life- 
time. Thus, a study was initiated to characterize, by mass spectrometry, the 
gaseous species produced while cells are in a charge, discharge, or open- 
circuit mode. A vacuum system required for these experiments was completed, 
and has been attached to a Varian quadrupole mass spectrometer. The pump is 



operational, and when the vacuum gauge installation is complete the system 
will be given its final testing. 

3 .  

. . 

' , 7. ElectrJcal. Conductivity studies 
(J,. G. Eberhart), 

. . 

The electrical resistance of ii cell separator fiiled with electrolyte 
is an important part .of the total cell iesistance, Thu.s; a study of the elec- 
tr.ica1 conductivity df two-phase (conducting aid' .rionconducting) , electrolyte- 

, separator :systems has been initiated. The initial effort of this sthdy was an 
.examination of the literature on ionic- conductivity of molten LiC1-KC1 eutectic 
,'and theories related to the conductivity of two-phase systems. The information 
' already available on this subject permits reliable ektimates to be .made on the 
'conductivity of elect.rolyte-separator systems related to the battery program. 

8. Postoperative Cell Examinations . 
.(F. C. Mrazek; N. C. Otto, J. E. ~attles)' 

'Postoperative'examinations are conducted on tes't.cells primarily to 
'evaluate the performance of- various .construct.ion materials .and components-- 
in particular feedthr6ughs, current collectors, electrode separators; and cell 
housings. These examinations provide important information, not only on the 
compatibility of cell components with the cell environment, but also, on the 
..performaqce and behavior of the lithium-aluminum and metal sulfide electrode 
materials. Table IV-3 presents the,.results of the. 16 cell examinations that' 
*we.re performed during this period as well as some observations ,and conclusions 
as to the causes of cell failure. 

The vertical, prismatic cells that have undergone postoperativ,e 
examinations. over the last 2 years (this quarter included) 'have been reviewed. 
A total of 49 FeS and FeS2 cells were examined in this period. The operation 
of 36 of the 49 cells was terminated due to short ci'rcuits; operation of.the' 
remaining cells was terminated due to declining performance. The mechanisms 
of failure for all 49 cells are given in Table IV-4. 

The primary causes of short circuits were as follows: (1) extrusion 
of active material from one electrode and subsequent contact with the opposing 
electrode, 16 cases; (2) copper deposition in the separator of cells with 
Cu2S additives, 7 cases; and (3) penetration of the separator by the honeycomb 
current collector, 4 cases. 

Declining performance generally indicates the presence of a 
short circuit across the separator.   his behavior has been,attributed to a 
buildup of a large quantity of metal and metal sulfide particles (through. 
migration or deposition) within localized areas of the separator. The factors 
involved in this behavior include cell overcharge, polarity reversal, and 
defects in the separator/retainer ; other factors, as yet undetermined, may. 
also be involved. A total of 11 cells were classified in this category. 

The presence of Li2S in the separator of FeS2 cells has not been 
shown to be a cause of the short circuits. However, this behavior is .a ron- 
tributing factor in declining cell capacity through the loss of lithium and 



Table I'I-3. Sumnary of Postoperative Examinations 

Cell 
Number ' 

Type of Lire t ime Reason fcr 
Cell Days , Cycles remination Postoperative Examinations 

EP-I-1-B-1 L ~ ~ ~ / F ~ S - C U ~ S  65 66 Declining Near short caused by positive current collector honeycomb cutting 
performarce through separator and approaching negative. retaining screen. Copper " 

was present in the separator near -he' positive electrode; however, 
the majority of the YZD3 separator was free of active material and 
unreacted. 

LiAl/FeS2-CoS2 9 1 12 7 DeClining A 70% expansion of the negative electrode compressed the positive, 
performance thus driving the positive current collector honeycomb through the BN 

separator into contact with a retaining screen at negative potential. 

Sbrt 
circuit 

Low resistance areas E r e  caused b:? the close proximity of a stain- 
less steel gasket face around the negative electrode tray and the 
Hastelloy B picture, frame on the positive electrode. The presence of 
metallic particles in the separator from corrosion of the Hastelloy B 
may also have contributed. Y203 felt was an effective particle 
retainer for the positive electrode but'allowed minor intrusion of 
active material from tie negative electrode. The Y203.separator 
appeared to'have reacted in several areas. 

. Dezlining 
. performance 

Excessive expansion of the negative electrodes caused compaction of 
the positive electrode which in turn forced FeS particles into the BN 
separator. This expansion also caused the positive electrode honey- 
comb to cut the Zr02 and BN fabric. 

De-lining. 
performance 

Same as. EP-2A5. 

The In addition' to the negative electrode resulted in larger,: more 
' 

rounded, particles of LiAl. Chemical analyses showed that the In 
remained within the negative'electrode, with slightly more in the 
front half of the eleczrode than the back.' . . 

Dezlining. 
performance 

The Sn addition to the negative electrode resulted in a very fine 
particle size range for LiAl. Chenical analyses showed that the Sn 
remained within the negative electrode. 

Resistance measurements indicated a short or near short throughout 
the cell. However, no evidence of a conductive path could be found . 
microscopically. The separator contained more Li2S and associated Fe 
than usual, apparently a result of the overcharge. The unusually 
large amount of iron in the separator was probably responsible for 
the short. . 

. . 
Severe attack of the S O 2  cloth in both.electrodgs evident by a 

. . 
marked color change in the individual fibers and physical disinte- . '  

gration of the cloth. The presence of calcium seemed to be helpful . 
in reducing corrosion because no evidence was found of Si or Mg 
keactionwith the mild steel current collector in the aegative elec- 
trode. 

. Declining 
. performance 



Table IV-3. (contd) , 

Cell Type of Limetime Reason for 
Number . Cell Days Cycles Termination Postoperative Examinations 

DK- 5 2 LiAl/TiS2 15 17 Short , The short circuit believed to have been caused by a cycler malfunc- 
.circuit , tion which may have moved metallic lithium into the separator 

(althcugh no metallic particles could be observed). X-ray diffrac- 
tion analyses revealed metallic Al in the negative electrode and 
LiTiS2 in the positive, confirming a fully discharged condition. 

Test , Restraining plates prevznted a thickness change, but the edges and 
completed bottom bulged 6 mm beyond their original form. The X-MET current 

collectors in both negative electrodes were all in the back half of 
the electrode. Chemical analyses show that the CaC12 added to the 
negative electrode migrated into the separator and formed CaS. 

Short 
circuit 

Some areas of the BN fabric separator showed larger than normal open 
channels between the strands of yam. These interstices contained 
stringers of metal which apparently moved out from the negative 
electrode and are believed to be responsible for the multiple con- 
ductive, paths through the separator. 

TO-5 LiA1/FeS2-CoS2 22 2 5 Short The front two-thirds of the cast LiAl plaque had been changed to a 
circuit sponge-like structure and the overall thickness.doubled. A similar 

observation was made on-cells TO-2 and'TO-3. The BN felt separator 
appears'to be functioning well as particle retainer. 

. . . . -. . 
CRC-4 ' LiAl/FeS2-CoS2 56 96 Failure.to Fabricated in air with cast negative electrodes. Excessive local . . 

accept swelling because of uneven loading caused the positive honeycomb 
charge current collector to cut through the separator and contact the neg- 

ative retaining screen; No evidence the cast Li-A1 structure 
remained in the negative electrode--probably a result of casting the 
electrode in a Retimet foam. 

TK-12 LM/FeS-Gu2S Test Carbon, powder-bonded positive electrode. The matrix of the pos- 
completed itive electrode was XcU phase with evenly distributed carbon 

particles. Distributed through the matrix were areas of high 
carbon concentration with associated fine iron particles and 
minor FeS. 

LUl/FeE-Cu2S Test Graphite, powder-bonded positive electrode. The matrix of the pos- 
completed itive electrode was FeS with evenly distributed graphite, particles. 

There were also several very large and evenly distributed areas of 
XCu phase with a slightly lower graphite content. Some local con- 
centrations of graphite were found associated-with fine iron parti- 
cles. 



Table IV-4. Cell Failure Mechanisms 

FeS Cells FeS2 Cells. Cell Total 
Cause of Cell 

Failure . No. . % No. . % .  . No. % 

Extrusion of material 6 32 " 10 3 3 . 16 3 3 

Metal in separator 7 37 3 10 10 2 2 

. 1  5 3 ' 10 Metal sulfide in sep. 4 .  8 

0 0 3 10 Test error 3 6 

Assembly er.ror 0 0 3 10 3 6 

Cut separator 1 5 6 20 7 14 

Broken lead ' 0 0 .  1 4 1 2 

Unknown . 4 -. 21 0 0 4 . 8 
, . 

Unexamined 0 0 1 4 1 ' 2 

sulfur. Interestingly, Cell YF-I, an FeS2 cell with a Hastelloy B ~oamet~l* 
current collector, showed essentially'constant capacity throughout ,its life- 
time. The amount of Li2S in this cellt,s separator was negligible; however, 
the Hastelloy was completely reacted, thus reducing the sulfur .that was active 
in the cell. 

The following corrective actions to prevent cell failure have been 
recommended: (1) electrode frames adequate to prevent extrusion of the active 
material, (2) elimination of the Cu2S additive to FeS cells, and (3) addition 
of protective screens over:'the honeycomb current collector. 

B. Cell Chemistry 
(M. F. Roche) 

The objectives of the cell chemistry studies are (1)' to investigate 
specific chemical and electrochemical problems that arise i,n t h e  development 
of cells and batteries, (2) to conduct studies that are expected to lead to 
improvements in the electrodes and in cell design, and (3) to provide a basic 
understanding of the processes that occur within cells. 

1. Cyclic Voltammetry of FeS2 
(S. K. Preto, M. F. Roche) 

A serious problem with LiA1/FeS2 cells is their high rate of capacity 
decline with cycling. ~eclines during early cycling'of as much as 1% per cycle 
are not uncommon in sealed cells. ,Postoperative examinations have shown that 
Li2S.in conjunction with iron appears as a more or less continuous layer in the 
electrode separators. It is very likely that the capacity decline and 
separator blockage by L12S are directly related. The above observations prompted 
a decision to examine the kinetics of the FeS2 electrode reaction in greater 
detail. 

* 
A product of Foametal, Inc., Willoughby, Ohio. 



The reactions in ~ i A l / ~ i ~ l - ~ ~ l ~ ~ e S ~ , , c e l l s . w e r e  studied previously 
through a cbmbinatidn of metallbgrziph+, .X-ray, diffraction, and out-of-cell ,. 
preparations (ANL-8057, p. 22)..: starting . .. .fr'orp' the discharged state, the .kriown 
phase boundaries were: . .. 

, . .  _ .: : . 

, . 
(a) Li2S + F e  (full dis=ha&ej ' . ' .  , . . . . . .  . 

(c) L ~ ~ F ~ ~ s ~  + F&S (about 67% charg&)* 
(dl FeS2 (full charge) 

An additional phase may occur between boundaries (c) and (d) according to the 
metallographic studies described in 'the next section. 

' , slow-scan volti-etry wag employed to &arch for the, source of the 
problems with FeS2 electrodes. The Fes2 reactions were studied in LiCl-KC1 
electrolyte at 405OC using LiAl (45 at.,% Li) counter arid reference electrodes. 
The Fes2 working electrode (area, 5 cm2) consisted of 92 mg of FeS2 in graphite 
foam, within a molybdenum housing. The voltage'scan rate was 0.015 mV/sec over 
a range of 1 to 2 .V u s .  ~iAl. 

. . 

A typical voltammogram for this electrode is shown in Fig. IV-l;+ 
chai-ge peaks are shown above the horizontal axis and discharge peaks are below. 

. . A qualitatiye interpretation of the peak's is given on the figure. 

Fe+Li,S--FeS+ X Z- FeS+S.. . . 
(ELECTROCHEMICAL) 

T 
FeS + S - FeS2 

. . . ' (CHEMICAL) 

Fig. IV-1. Voltammogram for Fes2 in ~i~1- KC^ 
Electrolyte . at . 405OC. 

* 
The composition of the Li4Fe2S5 is known only approximately, and the FeS is 
probably slightly deficient in iron. 

.t 
All voltages in Lllis secLior~ are versus a L i A l  releieilce electrode. + 
Repeated sweeps reproduce this voltammogram. 



. .  . . 
' . .The low-voltage &aks, i n '  t h e  range.  f  roi 1.2 t o  '1,: 5 V ,  a r e  complex. 

They c o n s i s t  of over lapping  peaks . f o r  FeS ( see  ANL-77-35, p, 57) and f o r  t h e  
ha l f -d ischarged  p'roduct o f ,  FeS2, Li2FeS2. The presence of FeS and t h e  d i s -  
charge  product  of FeS2 i n  t h i s  vo l t age  range can be  expla ined  by t h e  f a c t  t h a t  
t h e  working e l e c t r o d e ,  a l though loaded wi th  s t o i c h i o m e t r i c  FeS2, l o s t  some 
s u l f u r  dur ing  c y c l i n g  and became a miirture 6f F ~ S  and ~ e s . 2 .  The e lec t rochemica l  
behavior  of t h e  e l e c t r o d e  i n  t h i s  v o l t a g e  range i s  accep tab le ;  t h e  charge and 
d i s c h a r g e  meet a t  t h e  same vo l t age ,  1.35 V. T h i s ' v o l t a g e  i s  t h e  measured emf 
of t h e  lower v o l t a g e  p l a t e a u  i n  LiA1/FeS2, c e l l s  (ANL-77-17, p. 46).  Thus t h e  
r e a c t  i o n ,  

e x h i b i t s  s a t i s f a c t o r y  e l ec t rochemica l  r e v e r s i b i l i t y .  

Poor e l ec t rochemica l  r e v e r s i b i l i t y  i s , e x h i b i t e d  by t h e  FeS2 e l e c t r o d e  
i n  t h e  h ighe r  v o l t a g e  range ,  1 .5  t o  2.0 V . ,  The l a r g e  v o l t a g e  s e p a r a t i o n  
between t h e  major charge  and d i scha rge  i n  t h i s  v o l t a g e  range  i n d i c a t e s  t h a t  
t h e  reac t ion  p a t h  du r ing  charge d i f f e r s  from t h a t  dur ing  d ischarge .  The major 
d i s c h a r g e .  peak' begins  at' 1.74 V,  which i s  t h e  emf observed on t h e  upper vo l t age  
p l a t e a u  i n  LiA1/FeS2. c e l l s  (ANL-77-17, p. 46.). However, t h e  G j o r  charge peak 
does n o t  begin a t  1 .74 V b u t  a t  1 .86 V; t h i s  vo l t age  is  c l o s e  t o  t h e  c a l c u l a t e d  
emf f o r  ox ida t ion  of Li2S t o  s u l f u r ,  1.87 V , , a s  w e l l  as f o r  o x i d a t i o n  of 
L ~ ~ F ~ * s ~  t o  a mixture  of FeS2 and s u i f u r  , 1.85 V (ANL-77-35, p. 50) .' Thus, 
t h e  d ischarge  of FeS2 t o  a mixture of Li4Fe2S5 and FeS 'is no t  k i n e t i c a l l y  
h indered ,  whereas t h e  electrochemic 'a l  charge r e a c t i o n  i s  L ine t i . ca l ly  hindered.  

In view of t h e  complexity of t h e  phases known t o  be  p re sen t  i n  t h e  
e l e c t r o d e  and t h e  p o s s i b i l i t y  of o t h e r s  be ing  p r e s e n t ,  i t  i s  no t  p o s s i b l e  a t  
t h i s  t i m e  t o  formula te  t h e  p r e c i s e  combination of e l ec t rochemica l  and chemical 
s t e p s  t h a t  l e a d  u l t i m a t e l y  t o  formation of FeS2 a t  f u l l  charge.  However, t h e  
preceding  vol tammetr ic  r e s u l t s  a long  wi th  t h e  meta l lographic  f i nd ings  g ive  
s t r o n g  evidence t h a t  t h e  charge r e a c t i o n  proceeds exc lus ive ly  through e l e c t r o -  
chemical formation of  a s o l u b l e ,  s u l f u r - r i c h  s p e c i e s  which i s  then  t r a n s f e r r e d  
through t h e  e l e c t r o l y t e  t o  r e a c t  chemical ly w i th  FeS. The s o l u b l e  s p e c i e s ,  
which o r i g i n a t e s  from phases w i th  a h igh  r a t i o  of - s u l f u r  t o  t r a n s i t i o n  meta l  
such a s  LiqFe2S5, may con ta in  both s u l f u r  and i r o n .  Another p o s s i b l e  source  
of a s o l u b l e  i r o n  s p e c i e s ,  FeC12, can be  de t ec t ed  i n  t h e  voltammogram shown 
i n  Fig.  IV-1.  An upsweep i n ' c u r r e n t ,  which i s  be l i eved  t o  r e s u l t  from oxida- 
t i o n  of FeS t o  a mixture of FeC12 and Fe.S2, i i n r l ~ r 1 i ' ~ s  t h ~  1.8h=V charge peak. 

It i s  p o s s i b l e  t h a t  t h e s e  s n l i ~ b l e  s u l f u r  and i r o n  s p e c i e s  d i f f u s e  
from t h e  p o s i t i v e  e l e c t r o d e  and a r e  reduced by L i  a s  they  approach o r  come 
Into con tac t  w i t h  t h e  nega t ive  e l e c t r o d e .  Thus, Li2S a s s o c i a t e d  wi th  i r o n  i n  
t h e  BN s e p a r a t o r  of FeS2 c e l l s  appears  t o  be a consequence of  poor charge 
k i n e t i c s  f o r  FeS2. Slow-scan voltammetry is now be ing  used t o  s e a r c h  f o r  
a d d i t i v e s  t h a t  w i l l  promote r e c h a r g e a b i l i t y  of FeS2 a t  1.74 V and thereby  reduce 
t h e  formation of s o l u b l e  s u l f u r  and i r o n  spec i e s .  



,: , : . . 2. Phases in FeS2 Electrodes . . . . . .. s. . . .  
(A. E. Martin, Z. Tomczuk) :. , r 

Phases present at various stages of'discliarge and.charge of FeS2 elec- 
. .  trodes in L ~ - A ~ / L ~ c ~ - K c ~ / F ~ s ~  cells were 'studied previously through a .',combina- 
,, tion of metallography, X-ray,diffract.ion,..and out-of-cell preparations (ANL- 
,8057, 'p,. 22) . .  These earlier tests were conducted.on cells that .had. been. ' 
cycled, repeatedly. Termination of cell .operation during the first discharge 
.or charge has yielded .additional: information: .For'example, metallographid 
examination of an FeS2 electrode (1 A-hr capacity) after ,31% of its.firstsdis- 

: .charge in a L ~ - A ~ / L ~ C ~ - K C ~ / F ~ S ~  cell has revea1e'cthe'presenc.e of a new'phase 
in' the FeS2 discharge path. Because of ,the relatively poor electronic. conduc- 
tivity of this electrode design (a graphite housing with no current collector 
added), al.1 discharge zones were observed .in this electrode. Proceeding from 
the, back. of, .the electrode., which was in contact with the graphitic hous5ng; the 

.. , ,horizontally oriented zones were: . ' .  . . ; . 

(1) Li2S particles and fine iron.partidles, ! , . , .  

(2) L ~ ~ F ~ s ~  with a few J-phase ( L ~ K ~ F ~ ~ ~ S ~ ~ C ~ )  -.particles, 

. . :.. . (33 Li4Fe2S5. parttcles and .fine Fe'l,xS particles, . ' 

. . . 
7 :  . . , - 

, . (4). FeS2. particles with an adhering layer of. a new phase,' and 
. . . . . . 

. . , ;. I "  

. . 
, . (5) unreacted FeS2 .particles. . 

, , .  , : 
, . 

. C - ,  

Attempts. are now being mzde to determhe the composition of thd new phase''5' 
(.in zone 4) by heating Li2FeS2 and>Fes2 mixtures with electrolyt&. ' 

, ! .  
I '  

In order to examine' charge reactions, an electrode containing Li2FeS2 
(as -60 to +I00 mesh particles) was assembled, and was charged in a L ~ / L ~ C ~ - K C ~ /  
Li2FeS2 cell. The charge.was.stopped at a point corresponding to 50% removal 
of lithium from Li2FeS2. .-The phases found' by.metallographic examination of 
this electrode were Li2FeS2,..the new phase, LiGFejS5, and Fel-,S particles . . 
having a surrounding layer of FeS2. No instances of FeS2'.formation directly 
from LiqFe2S5-or from the new phase were detected'. 'Several of' the Li2FeS2 
electrodes were started ,with an equimolar mixture of-'FeS and Li2FeS2. partial 
charging of these electrodes led to FeS2 formation on the surfaces of the. 
added FeS particles, as well as on the surfaces of Fel-,S particles generated 
by oxidation of Li2FeS2. Th'ese results indicate that the charge mechanism 
involves transfer of sulfur,.via a soluble species, from both Li4Fe2S5 and the 
new phase to FeS particles. 

The new phase is an important factor in the problem of achieving 
electrochemical reversibility in FeS2 electrodes because it surrounds FeS2 
particles during discharge but does not convert directly to'FeS2 during charge. 
Therefore, the properties of this new phase will be examined in greater detail. 



. .. 3. Titanium Disulfide Electrode Development' , 

(K. E. Anderson, D. R. Vissers) . . . 

Titanium disulfide is being.evaluated as a possible substitute for 
FeS2.electrodes in cells with negative electrodes of LiAl and with an electro- 
lyte of. LiC1-KC1 molten.salt. The relatively small.amount of swelling, about 
30%, that, occurs when TiS2 is discharged to LiTiS2 also makes this electrode 
a candidate for use-in molten-salt cells having liquid-lithium electrodes. 
The disadvantage of a relatively low.theoretica1 capacity for TiS2 (0.24 A-hr/g 
.TiS2 u s .  .0.45 A-hr/g-FeS2 if discharged to Li2FeS2) is offset by its 'ability 
to operate with a very smal-1 volume fraction.of electrolyte (approximately 15%) 
and by its .good electrochemical reversibility. (ANL-77-17, .p. 46).. . 

. . . . 
, Tftanium disulfide was .obtained from three vendors who stated that 

their.products were at least 99.9% pure: Preliminary electrochemical and 
chemical tests showed that only one of these products had adequate purity and . 
electrochemical activity fgr a preliminary evaluation of the TiS2 electrode. 
X-ray diffraction analyses of this material indicated a trace of Ti02 in the 
TiS2. Chemical analysest gave 41.9 wt % titanium and 56.6 wt % sulfur, or a 
purity of 98.5%. . 

Three electrodes (surface area, 11.4 cm2) with. capacities from Q1 
to 4 A-hr were pressed to about 70% of theoretical capacity density from the 
above material. . These .electrodes contained 5.5 .g (0; 20 cm thick)., 11 g (0.40 
cm thick), and 16.5 g (0.66 cm thick) of TiS2, and they were cycled repeatedly 
us. 10 A-hr LiAl electrodes in LiC1-KC1 electrolyte at 427OC using 2.25 V 
charge- and 1.0 V discharge-cutoff voltages (IR-included). Capacity density 
data for these three electrodes are given in Table IV-5. These data show that 
good utilization can. be achieved at high ci-~rrent densities (70 mA/cm2 <charge, 
140 mA/cm2 discharge) even for the thick electrode. 

. . . . 
~ g ' b l e  IV-5. Performance of TiS2 Electrodes ' .. . . 

. , . . - .  . . . 
. . 

. .  . . . Theoretical . Current Density, 
Electrode : : .Capacity.. . . 
Thickness, , Density, 

m ~ /  cm2 
Utilization; . 

cm whr/cm2 Charge Discharge , W 

* 
B. S. Tani, Analytical Chemistry Laboratory, ANL. 

'w. E. Streets, Analytical Chemistry Laboratory, ANL. 



A sealed, 75 A-hr (theoretical,),. ~iAl/Tis~ cell was fabricated by 
Eagle-Picher using their thin-electrode LiA1/FeS2 cell hardware (ANL-77-17, 
p. 19)..- This cell developed a serious short circuit during its sixteenth 
cycle, but, prior to failure, it achieved specific energies of 67 and. 46 W-hr/kg 
at the 10- and 4-hr rates, respectively. .Efforts are now being made to obtain 
TiS2 of very high purity.in order to better evaluate the cycle life and specific 
energy.of LiA1/TiS2 cells. 

. . 
I' 

C. Advanced Battery Research 
(M. F., Roche) . 
The objective of this work is to develop new secondary cells that use 

inexpensive, abundant materials. The experimental work ranges from cyclic 
voltammetry studies and preliminary cell tests through the construction and 
operation of engineering-scale cells for the most promising systems. The 
studies at present are focused on the development of new cells with molten- 
salt electr.olytes. During this quarter, most of the studies consisted of 
cycling tests of small-scale, alkaline-earthlmetal-sulfide cells. 

1. Positive Electrodes for Calcium Cells t .  

(L. E. Ross, J. D. Arntzen, K. E. Anderson, D. R. Vissers, S. M. Faist*) 

Earlier studies of calcium systems in LiC1-KC1-CaC12 electrolyte 
dealt mainly with development of a negative-electrode alloy having acceptable 
polarization characteristics (ANL-77-17, p. 52 and ANL-77-35, p. 53):' These 
studies culminated in the development of a Ca-Mg-Si negative electrode that 
approached the performance of the lithium electrode, LiAl. Tests of new 
positive electrodes have been emphasized in recent studies. 

In ANL-77-35, p. 57, oxidation of iron to FeC12 was found to occur 
in calcium cells with FeS positive electrodes; subsequent iron deposition on 
the negative electrode led to short-circuiting. Calculated emfs of binary 
transition-metal sulfides (ANL-77-17, p. 50) indicate that titanium disulfi'de 
and nickel gulfides avoid the formation.of metal chloride solutions and produce 
high specific energies. In this period, these sulfidgs were tested in small 
(capacity, 1 to 5 A-hr) calcium.cells. 

The TiS2 positive electrode was evaluated in a CaA12 (9 A-hr)/TiS2 
(7.5 A-hr) cell at 450°C. The electrolyte in this cell consisted of LiCl 
(55 mol %) -KC1 (37 mol %) -CaC12 (8 mol %). The positive electrode was a 
0.6-cm-thick and 2.5-cm-dia pressed disc held in a molybdenum housing; a porous 
iron structure within an iron housing contained the CaA12 powder. This cell 
was 'operated for 26 cycles at current densities of 13 to 150 m ~ / c m ~ .  The 
coulombic efficiency averaged 90%, and the TiS2 electrode utilization varied 
from 82% at 13 mA/cm2 to 40% at 150 d/cm2. However, X-ray diffraction 
analysis showed that the product of TiS2 discharge in the LIC1-KC1-CaC12 
electrolyte was LiTiS2 rather than a calcium compound. Therefore, because 
large composition shifts in the electrolyte create salt crystallization problems, 
this cell is a poor candidate for further development. 

* 
Resident Student Associate, Massachusetis Inst. of Tech. 

B. S. ~ani, Analytical. Chemistry Laboratory, ANL. 



Two caA12/Nis cells (same electrolyte as for the CaA12'/Tis2 cell 
above) with positive electrode capacities of 1 and 5 A-hr were tested. The 
NiS was contained in a porous graphite matrix within a graphite housing. The 
negative electrodes had capacities about four times those of the positive 
electrodes, and were prepared as described above for the CaA12/~is2 cell. 
These cells, which were operated for about 30 cycles, achieved positive- 
electrode utilizations of about 80% at 20 m ~ / c m ~  and coulombic efficiencies 
of more than 95%. It was concluded that this electrode is a good candidate 
for continued development even though the amount of nickel must be kept to a 
minimum owing to low availability and high cost. Nickel sulfide electrodes 
are being examined in larger cells, and the properties of NiS2 are being 
studied in small cells. 

In calcium cells, iron oxidation leading to FcC12 in solutlu~~ com- 
petes with the reaction of iron and calcium sulfide to form FeS (Am-77-35, 
p. 59). 'l'his problem is aggravated when ~ x c e s o  iron ic addcd as a curreuL 
collector to the positive-electrode mix. Carbon current collectors were 
tested in iron sulfide electrodes to study their ability to control t h e  i.ron 
oxidation problem. Of two carbons tested, acetylene black and chopped graphite 
fibers, only the chopped graphite fibers were readily wet by mixtures of LiC1- 
KCI-CaC12 molten salt and CaS. Tests were then conducted on two, 5 A-hr 
positive electrodes (3.7-cm dia.) that were prepared in graphite housings. 
These electrodes contained 15 wt % chopped graphite fibers, were prepared 
uncharged using mixtures of iron and C a S ,  and were opcratcd in positive- 
electrode-limited cells us.  a Cax(Mg2Si) electrode. Neither cell gave acceptable 
performance. Maximum sulfur utilizations were about 50%, and the coulombic 
efficiencies declined to below 75% by the thirtieth cycle. Therefore, carbon 
does not appear to solve the problems (namely, poor capacity and coulombic 
efficiency) of iron sulfide electrodes in cal.r.iiim cells. 

.Chalcopyrite was tested in a CaA1.2/C~~~e~2 (graphite) cell in which 
the cell capacity was limited by the positive ele.ctrode (1 A-hr). A utillza- 
tion of 75% was obtained. at 20 m~lcrn~.   ow ever', cha1copyrit.e is. expected to 
have the same oxidation problem (namely, formation of metal chloride in 
solutions) as has been observed in Cd/FeS cells. Consequently, this electrode 
does not appear to be a good candidate for scale-up studies. . . 

Some ternary sulfides, such as Fe-.TI-S compounds,'may have satisfac- 
tory utilization and resistance to metal chloride formation. Tests of these 
more complex sulfides are planned. At present, the only acceptable ~ulfide 
electrode for calcium cells is nickel sulfide'; this electrode will.be tested 
in a compact,, 75 A-hr Mg2Si/Ni(CaS) cell to determine whether cal.i.d.i~m cells 
car1 be operated with high coulombic efficiency and electrode utilization. 

2,.. Magnesium Cell Development 
(Z. Tomczuk) 

Prior tests of Mg/NaCl-KC1-MgC12/FeS2 cells demonstrated that these 
1. 53-v cells had good electrochemical reversibility (ANL-76-35, p. 53)., but 
poor cycle life. The major problem was short circuits caused by the formation 
of dendritic magnesium deposits on the negative electrode. Modified magnesium 
electrodes have been tested as alternatives to pure magnesium in a search for 
solutions to the dendrite problem. Potential negative electrode systems 
include: (1) magnesium with a dissolved "leveling" additive that will cause 



formation of smoother electrodeposits; (2) magnesium intermetallics, such as 
Mg2A13, that are solids at cell operating temperatures; and (3) liquid magnesium 
alloys such as magnesium solutions in zinc. Each of these possibilities is 
being examined in small-scale cell tests. In addition, other system variables 
(salt composition, positive electrode, and separator material) are being 
studied. 

A cell, Mg2A13 (8 A-hr) /KCl-NaC1-MgC12/FeS2 (1 A-hr) , was operated 
for three weeks at current densities of 8 to 18 mA/cm2. The emf was 1.49 Y 

+ .' at 430°C, the upper-plateau utilization of the-FeS2 was 90% at 8 mA/cm2, and 
the coulonibic efficiency was 97%. The operating characteristics of this system 
will be studied in more detail ,in larger scale cells; in addition, some cells 
employing the Mg2A13/FeS2 couple will be operated at 375OC in L ~ c ~ - K c ~ - M ~ c ~ ' ~ .  
A M ~ - Z ~ / N ~ C ~ - K C ~ - M ~ C ~ ~ / F ~ S ~  cell in.which the capacity was limited by the 
positive electrode was operated for two weeks (20 cycles) with high coulombic 
efficiency (greater than 90%) and a positive-electrode utilization.of 60%. 
The positive electrode had a theoretical capacity of 1 A-hr; the negative 
electrode, an equimolar mixture of Mg and Zn, was a liquid at the cell operating 
temperature, 450°C. These tests demonstrated that the Mg/FeS2 couple can be 
cycled successfully with acceptable coulombic efficiency. Scale-up studies 
have therefore been initiated. 



V. ~i-Si/Fes CELL AND BATTERY DEVELOPMENT--ATOMICS INTERNATIONAL 

Positive electrode development has focused on material optimization of 
the electrode structure. Small compact cells were operated in this period 
with F ~ S  and ' ~ i ~ ~ i  electrodes. Research efforts continued toward achieving 
theoretical coulombic efficiencies with cells charged to the +48 mV (us.  Li) 
plateau. Charging to lower cell potentials resulted in high coulombic efficien- 
cies. -Occasional delamination of the nickel current collector plate from the 
back side of the honeycomb structure in the positive electrode has been observed 
with some of the cells in which high active material utilization loading was 
used; however, no rupture of the porous nickel particle retainer was observed. 
Modifications to the bonding process are under way to minimize any potential 
bonding weaknesses. . 

Both electrode coatings and additives to the negative active material are 
showing promise of significantly reducing corrosion at the negative electrode. 
Extended corrosion tests are presently under way to gain more insight into.the 
relative merits of each of these approaches. 

Progress'has been made toward optimization of powder separators in compact 
cells. Candidate powders so far investigated have been A1N and Si3N1,. Some) 
preliminary screening tests have been completed using CaO powder which shows 
promise as a candidate material. A cell using Si3N4 powder as the separator 
performed with coulombic efficiencies of 100%; this test was terminated owing 
to a faulty braze joint at the positive electrode., 

Preliminary testing of honeycomb Si3N4 separators in compact cells has 
shown consistently high coulombYc efficiencies and utilizations. Silicon 
nitride honeycomb (1-nm~ thick) has been fabricated, and is planned for evalua- 
tion in intermediate-size cells. 

Tesefag of the 1 kW-hr instrumented thermal cell continues through 100 
cycles and a wide variety of cycling regimens. Excellent reproducibility of 
thermal data has been achieved, and these data are undergoing analysis. 

The 150 W-hr demonstration cell has completed 1,330 cycles of operation. 
The procurement of materials for the 2.5 kW-hr load-leveling cell has been 
completed. 
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". . . APPENDIX A. , 

STATISTICAL DATA ON CELL PERFORMANCE 

Figure A-1 depicts the number of cycles achieved by fifty-seven experi- 
mental and industrial cells that were operated during the past year (some of 
these cells.are still in operation). The cycle life data of Fig. A-2 were 
derived from the data in Fig. A-1. The mean cycle life is 165 cycles for the 
FeS cells and 196 for the FeS2 cells. However, these values have very large 
standard deviations that result from the numerous cell designs tested. 

Table A-1 shows the hfghest performance and lifetime achieved by the FeS 
and FeS2 cells that were operated in April-June 1977. 

Fig. A-1. Cycle Life Data of 
FeS and ,.FeS2 Cells 
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PERCENTAGE OF FeS 8 FeS2 CELLS 

Fig. A-2. Number of Cycles us.  
Percentage of Cells 

Table A-1. Highest Cell Performance for April-June 1977 

Sper i f! c Energy, Specific Power, 
Cell Type W-hr /kg W/k-g Cycles 

FrS Cells 
r-3-C-1 ' 72 (10 hr)" 
1B4 60 (10 hr) 
CB-1 - 

FeS2 Cells 
I-6-A-1 72 (4 hr) - - 
2A5 - 68 - 
2B7 65 ( 4  hr) = 400 
M- 2 115 (5 hr) * 16 7 - 

a Numbers in parentheses indicate discharge rate. 

 he > symbol indicates that qperation is continuing. 
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dppendix B. Summary of Cell Tests ' 

Max. Life Charact2rist ics 
Performance 
@ Indicated Initial Z Decline ine 

 at eb Rates, hr Eff.,C X A-hr W-hr 
Ceil ~escription~ A-hr W-3r Disch. Charge A-hr W-hr ~ a ~ s *  cyclesd Capacity Enezgy Eff. Eff. Remarks 

2.48, Li-AlIFe3-CoS2, C, 
S, 78/78, 13.5 x 15.6 
x 2.3 cr, 1.32 kg 

55 63 8 8 99 83 66 96 0 0 0 0 Operated to obtain performance charac- 
teristics of EP thin cells. Terminated 
to make room for next test. 

57 77 4 5 99 85 2 0 64 3 7 24 38 50 Test of charging methods using EP thin 
cells. Constant power discharge. Com- 
puter controlled, current-limited and 
constant-voltage charge. Cell termi- 
nated. 

57 77 4 5 99 85 78 136 35 3; 0 0 Test of charging methods using EP thin 
cells. Constant power discharge. 
Current-limited (15 amp), constant- 
voltage charge. Cell terminated. 

238, Li--Al/FeS2-CoS2, C, 118 15q 11.8 11.8 99 82 >314 >488 
S, 1491149. 13.5 x 15.6 117 15' 9.0 9.0 
x 3.8 cn, 1.990 kg 

I-3-B-1, Li-AlIFeS-Cu2S, 101 131 10 10 99 81.5 >I44 >238 
C, S, 1701127, 13.5 x 88 108 5.9 5.9 
15.6 x 3.8 cm, 2.035 kg 76 9: 3.8 3.8 

I-3-B-2. Li-AlIFeS-Cu2S, 107 135 I 0  lo . 99 82 42 48 
C, S, 1?0/127, 13.5 x 
15.6 x 3.8 cm, 2.02 kg 

I-3-C-1, LiAltFeS-Cu2S, 115 13E 11 16 
C. S, 1931145, 13.5 x 
15.6 x 3.8 cm (shimmed 
cell), 1.72 kg 

I-3-C-2, Li-Al/FeS-Cu2S, 97 122 bO 10 
C, S, 1931145, 13.5 x 
15.6 x 3.8 cm (shimmed 
cell), L.79 K 

PC-2-01, Li-AlIFeS- 98 122 M 10 
Cu2S-C, C, 0, 150/140, 
13.5 x 15.6 x 3.8 cm, 
1.98 kg 

56 6 1 7 18 Start-up and operation with cell 
blanketed in Kaowool insulation, ex- 
posed to air. 

'3 
6 .  c - 4 4 Test of EP baseline cell, wich slightly 0 

thinner positive and slightly denser 
negative. 67 W-hr/kg at 10-hr rate. 

1.8 2.2 0 0 Test of EP baseline cell, with slightly 
thinxer positive and slightly denser 
negative. 67 W-hrlkg at 10-hr rate. 
Cell terminated to make room for next 
test. 

12 12. 0 0 More compact ET cell, 4.2 mm thick 
positive electrode. 72 W-hrikg and 
56 W-hrlkg at 10- and 5-hr rates res- 
pectively. Cell terminated to make 
room for next test. 

0 01 0 0 More compact EP cell, 4.2 mm thick pos- 
itive electrode. 63 W-hrlkg at 10 hr 
rate. Constant current charge compared 
to constant voltage charge. 

16 15 15 12 Test of pellet cell concept for making 
large electrodes. 8.3 wt X carbon 
powder pressed in positive pellets. 
Terminated. 



Appendix B. (contd) 

Max. 
Performance Life Characteristics 

@ Indicated Ini t Sal % Decline ine 
~ a t  eb &tes, hr ~ff. ,c % A-hr W-hr 

Cell ~escri~ticmn~ A-hr W-hr Disc3. Charge A-hr W-hr ~ a y s ~  cyclesd Capacity Energy Eff. Eff. Remarks 

PNC-1-01. Li-AlIFeS-Cu2S! 
C, 0, '1451165, 13.5 x 
L5.6 x 3.8 cm, 2.13 kg 

ZB-Ni-1, Li-Al/FeS;- 
CoS2, C, S, 1501150, 
13.5 x 15.6 x 3.8 cm, 
2.05 kg 

2B-Fe-1, Li-Al/FeSi- 
CoS2, C, S. 150/15C, 
13.5 x 15.6 x 3.8 cm, 
.1.88 kg 

1-4-1, Li-Al/FeS2-CoS2, 
C, S, 1711156, 13.5 x 

15.6 x 3.8 cm, 2.1E kg 

R-26, Li-Al/FeS2-CcS2, 
U, 0, 1031127, 12.5 x 
12.7 x 3.0 cm, 1.6 kg 

6 7 5 5 ~ e s t  of pellet negative electrode. 
Terminated to make room for next test. 

8 7 3 3 First pellet cell with FeSz positive- 
difficulties welding heavy.bus onto 
positive grid. 

2 2 25 30 20 Baseline EP thick cell with Ni added to 
face of positive electrode. Termi- 
nated, poor coulombic Eff. 

0 0 0 0 Baseline EP thick cell with Fe added to 
face of positive electrode. 

m 
11 11 1 2 Baseline EP thick cell with offset pos- P 

itive terminal rod. 

. . . . 
2 1 0 1 More compact EP cell, with thinner and 

less porous electrode (positive). 
72 W-hrlkg at 4-hr rate, peak power 
57 Wlkg 

50 50 45 50 Upper-plateau cell, assembled un- 
charged. Pressed Al wire, partially 
charged; negative; hot-pressed pos- 
itive. Terminated. 

R~27, Li-Al/FeS2-CcS2, 79 111 5 8 99 65 86 370 50 50 45 50 Upper-plateau cell, assembled un- 
U, 0, 851155, 12.7 x charged. Negative electrode, pressed 
12.7 x 2.7 cm, 1.3 kg Al wire, partially charged with Li 

foil. Hot-pressed positive. Termina- 
ted. 

R-28, Li-Al/FeS2-CcS2, 144 222 14 17 100 68 90 270 . 50 50 50 50 Upper-plateau cell, assembled un- 
U, 0, 170/300, 12.7 x charged. Negative electrode, pressed 
12.7 x 5.1 cm, 1.9 kg Al wire, partially charged with Li 

foil; positive electrode, hot-pressed, 
contains acetylene black. Terminated. 



Appendix B. (contdj 

Max. 
Performan-e Life Characteristics 

@ Indicatsd V, Decline ine 
hteb Rates, hr Efi.,c X A-hr W-hr 

Cell ~escri~tion~ A-hr W-2r Disch. Charge '-hr W-hr ~aysd cyclesd Capacity Energy Eff. Eff. Remarks 

R-29, Li-Al/FeS2-CoS2, 79 123 LO 10 93 73 >50 >lo0 0 0 0 0 Upper-plateau cell, assembled un- 
U, S, L25/137, 12.7 x 70 91 4 7 charged. Negative electrode, pressed 
12.7 x 3.5 cm, 1.90 kg 63 7! 2 7 Al wire, partially charged with Li-Al 

plaque; hot-pressed positive. 

VB-3, LiiAl/FeS2', U, S, 65 9 q  6 12 97 76 >10 >10 0 O 0 0 Upper-plateau uncharged cell, com- 
146/118, 12.7 x 12.7 x pletely assembled in air. Negative 
3.2 cm, 1.85 kg electrode, pressed Al wire, partially 

charged with Li-% plaque. Hot-pressed 
X-phase positive. 

CB-1, Li-Al/CuFeS2, 67 7: 5 5 9.3 67 >SO3 >890 30 2E 3 0 Carbon-bonded positive; hot-pressed 
C, 0,'148/147, 8.3 x negative. 13 mi2 resistance. 
15.9 x 1.4 cm 

SS-1, Li-Al/FeS-Cu2S, 432 570 31 ' 1 1  100 85 188 203 4 8 49 12 13 Carbon-bonded positive: iron Retimet 
C, S, 7?0/650, 25 x negative. 3 mR resistance. Tempo- 
35.6 x 3.8 cm, 11.5 kg rarily terminated. 

FH-0,- Li-Al/FeS-Cu2S, 52 6: 6 6 99 85 >62 >I20 0 0 0 0 Eagle-Picher cold-pressed positive; 
C, S, 85/70, 13.0 x iron Retimet negative Li-A1. Baseline 
15.2 x 2.5 cm, 1.67 kg cell,. Slow break-in, 6.5 mi2 

I .  resistance. 

FY-~, L~-A~-S~/F~S-CU~S, 57 71 i 
C, S, 8€/70, 13.0 x 
15.2'~ 2.5 cm, 1.65 kg 

M-2, Li-Al/FeE2-CoS2, 141 190 5 
C, S, 2C1/146, 13.3 x 136 213 ll 
13.3 x 3.3 cm, 1.80 kg 

7 9s 85 138 232 14 16 19 19 Eagle-Picher cold-pressed positive; 
iron Retimet negative Li-Al-8 wt % Sn 
alloy. Rapid break-in, 7.3 162 resis- 
tance. Terminated. 

12 05 68 24 31 11 10 37 0 Hot-pressed FeS2-CoS2 positive; hot- 
12 pressed Li-Al negative. Alloy is 55 

at. X Li. Welded Mo terminal current 
collector connection. 3.2-4.8 mi2 
resistance. Modified housing increased 
specific energy by 13% at 5-hr rate. 
Heat-treated.Hastelloy B frame in pos- 
itive Y203-felt separator/retainer. 
Terminated. 



Appendix 8. (contd) 
- - -- - - - - 

Max. 
Performance Life Characteristics 

. .  , -  @ Indicated .. . . % Decline ine 
&teh Fates,hr Eff.,c% 

A-hr W-hr 
cell ~escription~ A-hr W-hr Disch. Charge A-hr W-hr ~ a y s ~  cyclesd Capacity Energy Eff. Eff. Remarks 

M-3, Li-.Al/FeS27CoS2, 60 82 2 8.5 98 78 >57 >90 2 5 31 28 33 Hot-pressed FeS2-CoS2 positive; hot- 
C, s, 103174, 13.3 x 73 110 5 10 pressed Li-Al negative. Alloy is 55 
13.6 x 2.4 cm, 1.35 kg ' 71 112 10 8 . . at. % Li. Welded Mo terminal current 

collector connection. 4.2-5.5 di 
resistance. Specific energy at 2-hr 
and 5-hr rate i's same (83 W-hrlkg). 
Hastelloy B on positive replaced by Mo. 

'EK-5, Li-AlIFeS-Cu3eS2, 93 107 5 10 99 85 336' 465 15 14 0 0 Carbon-bonded LiiS + Fe + Cu and Al 
U, S, .180/120, 5 i2. x wire plaque + Li-Al hot-pressed; >45 
5 in., 1.9 kg '. W-hr/kg at 2-hr rate. First sealed 

cel'1,to reach 400 deep cycle goal of 
<lo% capacity decline., 99.5% A-hr 
eff'lciency. 4.5 di resistance. Ter- . 
ininated voluntarily. , 

EK-9, Li-Al/FeS2-C.3S2, 110 151 10 10 >98 78 7 1 80 50 50 30 30 Carbon-bonded FeS2-CoS2 and cold- 
C, s, 1501140. 13.5 x pressed LiAl electrodes. An EP cell 
15.6 x 3.8 cm. 1.85 kg . with carbon-bonded positive. Perfor- 

mance has paralleled,EP cells. Cell 
terminated after furance mulfunction 
to 550°C, shorting. 

EK-10, ii-Al/FeS2-3oS2, 62 91 .4 5 90 70 25 40 0 0 0 0 Carbon-bonded X phase (Li2S.FeS); Al 
U, S, 1801120, 13.5 x wire plaque + LiAl hot-pressed (EP). 
15.6 x 3.8 cm, 2.2 kg Cell fabricated in "air" with At en- 

capsulated LiAl plaques. 1203-felt 
particle retainer. Terminated due to 
decomposition of the experimental BN 
fabric. 

M-11, L ~ - ~ / F ~ S ~ - ~ O S ~ ,  71 105 5 7 98 83 >50 >90 
C, S, 100175, 13.3 x 
13.6 x 2.4 cm, 1.4 kg 

8 10 3 4 Carbon-bonded FeS2-CoS2 and 55 at. % 
LiAl hot pressed electrodes. Welded Mo 
current collector, 3.5 cell resis- 
tance. Y203 felt separatorlretainer. 
75 W-hrlkg at 5 hour rates. 180 W/kg 
extrapolated power density. 



Appendix B. (contd) 

Max. 
Perf om-nce 
@ Indic~ted 

htet Rates, hr EfI. ,' % 

Life Characteristics 

% Decline in' 

A-Fr W-hr - - . - . . . . - 
Cell ~escri~tion~ A-hr bhr Disch. Charge !.-hz W-hr Ilaysd cyclesd ,Capacity Energy Eff. Eff. Remarks 

PW-1, Li-AllFeS2-CoS2, 71 113 14 14 2.99 90 57 116 0 h5.5 C 5 Y203-powder separator test. Hot- 
C, S, 171/liO, 12.4 x 48 69 3 ? pressed FeS2-CoS2 (10 wt. %) positive; 
14.0 r 2.8 cm, 1.55 kg hot-pressed LiAl negative. Alloy is , 

50 at. % Li. Welded 5 mil perforated 
Mo sheet-terminal current collector. 
No negative current collector. Upper 
pleteau, 10 I& IR. Terminated. 

PW-2, ti-Al/Li2S-FeS- 92 li8 18.5 18.5 G 9 .  73.8 >25 >35 20 2 1 
CoS, U, S, 180/112, 12.4 65 1:lO 6 12 
13.0 x 2.8 cm, 1.43 kg 

PW-3, Li-Al/Li2S-FeS- 56 €6 11 11 -99 80 >6 >11 
CoS, U, S, 180/120, 12.4 
x 13.0 x 2.8 cm, 1.35 kg 

0 0 Y203-powder separator test. Hot- 
pressed Li2S-FeS-CoS (10 wt. %) 
positive; hot-pressed Li-Al negative. 
LiAl alloy is 50 at. % Li. Welded Mo 
sheet-terminal current collector. Fe 
honeycomb in riegative for cnrrent 
collection. Powder separator + elec- 
trolyte premixed at electrolyte melting 
temperature. Totally sealed cell. 
Upper plateau, 6-10 mR IR. 

m 
I 0 MgO-powder separator test. Hot-pressed f .  

Li2S-FeS-CoS (10 wt. %) positive; hot- 
pressed LI-Al-LiA1 negative. Fe 
honeycomb current collector in negative 
electrode. Powder separator + electro- 
lyte premixed at melting temperature of 
electrolyte. Totally sealed cell, 
upper plateau. 

. , 

A-4, Li-A1/FeS2-CoS2, 72 11: 9 13 101 80 >54 >83 17 2L 8 15 Upper-plateau cell, assembled un- 
U, 0, 1~51110. 11.7 x charged. Welded Mo sheet current 
12.7 x 3.5 cm. 1.2 kg collector; Hastelloy B frame in pos- 

itive. 12-13 I& resistance. Specific 
energy of 97 W-hr/kg at 9 hr rate and 
102 W-hr/lig at 13-hr rate. 4ew design. 

a ~ h e  lerrters U, C, 0 and S are used ro indicate uncharged, charged, open, and sealed cells, respectively. The theoretical capacity is given for the 
limiting electrode. The capacity r~tio is the ratio of the legativ? electrode capacity to tk.e po~itive electrode capacity. 

b~ased on at least five cycles. 

'~ased on at least 10 cycles at the '-hr cischarge. 

d ~ h e  "greater than" symbols denote ccntinting operation. 

e~ercent decline from the uaximum values ~t the 5-hr discherge, except where noted. 
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~ppendix C. Summary of Battery Tests 

Max. Life Characteristics 
Performa~ce 
@ 1ndicat.ed X Decline in' 

hteb Rates,hr Eff.,c% k - . ~  W-hr 
Battery Descriptiona A-hr W-hr Disch. Charge .4-hr W-hr Daysd cyclesd capacity Energy Efi. Eff. Remarks 

B74, Li-AlIreS-Cu2S, 
C, S. 149/14?, 13.5 x 
15.6 x 3.8 cn, 3.99 kg 

BLO-S, Li-A1/'FeS2-CoS2, 
C, S, 1561143, 13.5 x 
15.6 x 3.8 cm, 12.41 kg 

B11-S, Li-Al/?eS2-CoS2, 
C, S, 1561143, 13.5 x 
15.6 x 3.8 cm. 12.37 kg 

B12-S, ~ - A ~ / ~ ~ s ~ - c o s ~  
C, S, 1561143. 13.5 x 
15.6 x 3.8 cm, 10.34 kg 

4 7 22 1' 11 Two Eagle-Picher thick electrode cells 
in series. Total life of 1B4 is 435 
days, 629 cycles; 1B6, 408 Says, 622 
cycles. Now being operated with charge 
plus 4-hr equalization. 

17 17 C 0 Six Eagle-Picher thick electrode cells 
(1-5-1, 3, 4, 5, 7, 8) in series. 
Started-up and conditioned. Two-hour 
equalization. Tested in case. Termi- 
nated, Cell 1-5-1 developed leak. 

12 ' li O 0 Six Eagle-Picher thick electrode cells 
(1-5-2, 3, 4, 5, 7, 8) in series. 
Start-up of new cell inter-mixed with 
used cells. Bulk charge on17. Termi- 
nated 1-5-2 developed'leak. 

64 6 7 2 4 Five Eagle-Picher thick electrode cells 0\ 

(1-5-3, 4, 5, 7, 8) in series. Equal- a\ 

ization charge used. 

a ~ h e  letters U, C, 0 and S are used to indicate uncharged, charged, open, and sealed cells, respectively. The capacity ratio is the.number of ampere-hours. 
in the negative electrode over the tumber-of ampere-hours in the positive electrode. In some cases, only the capacity of the limiting electrode is given. 

b13ased on at least five cycles. 

'Based on at least 10 cycles at the Ehr discharge. 

d ~ h e  "greater than" symbols denote continuing operation. 

e~ercent decline from the maximum values at :he 5-hr discharge, except where noted. 
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