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FOREWORD 

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

Progress Report for the Period 
April-June 1976 

ABSTRACT 

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

Electrodes and cells are being fabricated by several indus- 
trial firms under contracts with ANL. These firms are also partic- . 

, ipating in development of fabrication methods that are amenable to 
mass production. Cells produced under the first contracts are 
being tested and evaluated--as single cells and as two- and three- 

i cell batteries. New electrode and cell designs are being devel- 
oped and tested at ANL, and promising designs will be incorporated 
in the industrially fabricated cells. The concepts receiving major 
attention include the fabrication of electrodes in the uncharged 
state (~ositive electrodes of Li2S and Fe and negative electrodes 
of porous aluminum), the use of carbon-bonded current-collector 
structures in the positive electrode, the fabrication of electrodes 
by hot-pressing active materials and electrolyte, and the use of 
additives to improve electrode and cell performance. In coopera- 
tion with ind.ustri.al f . i . rms,  efforts are also under way to develop 
improved cell feedthroughs and electrode separators. 

Design work is in progress on a 30-kW-hr battery for a small 
four-passenger vehicle; this effort includes design calculations 
and setting specifications for the vehicle. Other battery 
engineering work is directed to the development of monitoring and 
cycling equipment and battery components. 

Cell chemistry s t i l d i  es i r - I  s'illpport of electrode and cell 
development include the wetting of materials by molten LiC1-KC1 
and potentiometric measurements nn metal sulfide phases. Work is 
continuing on the development of alternative secondary cell systems 
with calcium-, magnesium-, or sodium-based negative electrodes. 



SUMMARY 

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

Development and Tes t ing  of Contractor-Produced C e l l s .  The L i - A ~ / F ~ s  and 
Li-A1/Fes2 c e l l s  be ing  designed and f a b r i c a t e d  by Eagle-Picher Indus t r i e s ,  
Inc .  employ cold-pressed a c t i v e  powders i n  honeycomb c u r r e n t - c o l l e c t o r  
s t r u c t u r e s .  A s  a  r e s u l t  of t e s t i n g  t h e  f i r s t  c e l l s ,  c e r t a i n  des ign  changes 
were made t o  accommodate swe l l i ng  f o r c e s  w i th in  t h e  e l e c t r o d e s  and thus  
avoid  e a r l y  f a i l u r e  due t o  sho r t ing .  These changes were incorpora ted  i n  t h e  
remainder of t h e  c e l l s  de l ive red  under t h e i r  f i r s t  c o n t r a c t .  Four FeS c e l l s  
( c a p a c i t y  %I50 A-hr; weight ,  %2 kg) of t h e  improved design have been t e s t e d  
f o r  p e r i o d s  from 194 t o  685 h r .  The c e l l s  showed s i m i l a r  performance, wi th  
ampere-hour e f f i c i e n c i e s  of 299% and watt-hour e f f i c i e n c i e s  of about  82%. 
The s p e c i f i c  energi-es  a t  t h e  10-hr r n t e  were ~160 ~ - 1 l r I k ~  ~ n d  t h e  peak ~pcau i f i c  
powers were %3U W/kg. The ce1l.s a r e  now be ing  used i n  m u l t i c e l l  b a t t e r y  
tests. Two Eagle-Picher FeS2 c e l l s  i nco rpora t ing  h e l i a r c  spot-welded j o i n t s  
between t h e  p o s i t i v e  t e rmina l  and the elec. t rnde t a b ,  bo th  01 which are molyb- 
denum, have been t e s t e d  f o r  about 500 h r  w i t h  no j o i n t  f a i l u r e s .  Pre l iminary  
r e s u l t s  i n d i c a t e  s p e c i f i c  e n e r g i e s  of 7 5  W-hs1k.g st t h e  1 0 - h r  r a t e .  

Macroporous, Bonded P o s i t i v e  E lec t rodes .  Carbon-bonded p o s i t i v e  e lec-  
t r o d e s  be ing  t e s t e d  i n  12.7 by 12.7 cm p r i sma t i c  c e l l s  have exhihi.ted very  
goud power c a p a b i l i t y .  Low c e l l  r e s i s t a n c e s  (3.8 mQ f o r  FeS and 5.8 m!d f o r  
FeS2) have r e s u l t e d  i n  h igh  peak power d e n s i t i e s  of 0.55 w/cm2 f o r  both types  
of  c e l l s .  C e l l  KK-5, an uncharged FeS-Cu2S c e l l ,  has  achieved very  good 
s u l f i d e  u t i l i z a t i o n s  a t  h igh  d ischarge  r a t e s :  75% a t  t h e  5-hr r a t e  and 63% 
a t  t h e  2-hr r a t e .  Th i s  c e l l  has  been i n  ope ra t ion  f o r  more than 1700 h r  and 
90 c y c l e s  and con t inues  t o  show s t a b l e  performance. A new type of p o s i t i v e  
e l e c t r o d e ,  which i n c o r p o r a t e s  a  m e t a l l i c  c u r r e n t - c o l l e c t i n g  network i n t o  t h e  
carbon-bonded s t r u c t u r e  h a s  been developed and w i l l  soon be  eva lua ted  i n  c e l l  
t e s t s .  

C e l l  L i fe t ime and Cycle L i f e  Tes t ing .  Four 7.6 by 12.7 cm p r i sma t i c  
c e l l s  w i th  r e l a t i v e l y  s t a b l e  performances a r e  p r e s e n t l y  be ing  operated i n  the .  
l i f e t i m e  s t u d i e s .  C e l l  S-82, a  charged,  unsealed Li-A1/FeS2-CoS2 c e l l  has  
bcen i n  ope ra t ion  f o r  almost a  year  (8110 h r ,  355 c y c l e s ) .  This  c e l l  i s  
p r e s e n t l y  being used t n  s t ~ ~ c l y  problems agsoc ia ted  with leakage of p a r r i c u l a t e s  
from e l e c t r o d e s  and t h e i r  e f f e c t  on e l e c t r o d e  s e p a r a t o r s .  C e l l s  S-86 and 
S-87, bo th  of which a r e  welded Li-A1/FeS2-CoS2 c e l l s  assembled uncharged, 
cont inue  t o  show s t a b l e  performance. Af t e r  360 cyc le s  and 4875 h r  of opera- 
t i o n ,  t h e  ampere-hour e f f i c i e n c y  of C e l l  S-86 remains a t  go+%, t h e  i n t e r n a l  
r e s i s t a n c e  i s  cons t an t  a t  7 mQ, and t h e  capaci. ty hn.3 declii led b y  l c s ~  than 
18% ( t h e  present  c a p a c i t y  i s  about 57% of t h e o r e t i c a l  a t  t h e  4-hr r a t e ) .  
C e l l  S-87 has maintained a very  high ampere-hour e f f i c i e n c y ,  99+%, f o r  372 
c y c l e s  and 3360 h r ,  and t h e  present  c a p a c i t y  a t  25 mA/cm2 i s  about 50% of 
t h e o r e t i c a l .  C e l l  CB-1, an unsealed Li-A1/CuFes2 c e l l ,  assembled i n  t h e  
charged s t a te ,  h a s  heen i n  ope ra t ion  f o r  204 cyc le s  and 3240 hr. The c e l l  
has  a t t a i n e d  t y p i c a l  c a p a c i t i e s  of 68-70 A-hr (45% of t h e o r e t i c a l )  a t  65 
m ~ / c m ~  charge and d ischarge ;  t h e  ampere-hour e f f i c i e n c y  remains h igh  (.%99%). 

Development of M u l t i p l a t e  Ce l l s .  Two m u l t i p l a t e  c e l l s ,  each having two 
p o s i t i v e  and f o u r  nega t ive  e l e c t r o d e s ,  have been cons t ruc ted  and t e s t e d .  The - 
p o s i t i v e  e l e c t r o d e s  i n  both c e l l s  were carbon-bonded FeS2-CoS2; t h e  nega t ive  
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. electrodes in one cell were hot-prkssed Li-A1 and, in the other, Li-A1 powder 
in an iron Retimet structure. Initial emphasis is on lowering cell resis- 

'd tance, but the overall effort is directed toward achieving higher specific 
energies by minimizing cell weight. Cell MP-1 had an internal resistance of 
7 ma. Cell MP-2, which has been in operation for 40 cycles, has an internal 

, resistance of 6.5 mQ and a specific energy of about 53 W-hr/kg at the 6-hr 
rate. Higher specific energies are expected with design improvements that 
result. in more compact cells. 

Materials Development 

Electrical Feedthrouph Development. Brazed feedthroughs developed by 
ILC Technology and 3-M Company were evaluated in simulated cell tests. In 
all cases, premature failure of the feedthroughs occurred because of the com- 
bined effects of electrochemical and galvanic corrosion. Optimum conditions 
were determined for sealing Conax mechanical feedthroughs (114 and 5/16 in.). 
After successfully undergoing a preliminary test for leak-tightness, the 
Conax-type mechanical feedthrough developed at ANL was further modified, both 
to improve the method of crimping and to allow the use of the larger diameter 
conductors. 

Electrode Separator Development. Three types of electrode +separators 
successfully completed 1000 hr of in-cell testing. A composite paper of 90 
wt % Y203 fibers-and 10 wt % asbestos fibers, a BN felt, and an Y203 felt 
prepared by a precursory process gave satisfactory cell performance and 
retained their integrity. These separator materials will be made available 
for further evaluation in engineering-scale cells. 

Corrosion Studies. Corrosion studies of candidate materials of construc- 
tion were conducted in FeS2 + LiC1-KC1 and in FeS + LiC1-KC1 environments at. 
450°C. Included in this study was a series of Ni-Cr alloys not previously 
tested. In the FeS environment the following materials exhibited suitable 
corrosion resistance: Inconels 617, 625, 706 and 718, Incoloy 825, Hastelloys 
B and C, Type 304 stainless steel, molybdenum, niobium and nickel. Only 
molybdenum showed sufficient resistance to the FeS2 environment. The sul- 
fidation attack on the nickel-base alloys in the FeS2 environment resulted 
in an extended alloy-depletion zone and the formation of a multiphased scale. 

Postoperative Examination of Cells.. Postoperative examinations of Cells 
R-7 and R-10, two Li-Al/FeS-Cues prismatic cells assembled in the uncharged 
condition, were conducted. unusual conditions observed in these cells include 
copper migration into the separator and significant dimensional changes in 
the electrodes. Two commercially fabricated cells of the Li-Al/FeS-Cu2S type, 
EP-1B1 and FP-1R2, were alsn ~xamin~.d. The electrical short that had devel- 
oped in EP-1B2 was caused by the extrusion of FeS into a 0.010-in. gap between 
Che pnsitive-electrode support .frame, which is at the ncgativc electrode 
potential, and the positive-electrode current collector. 

The design of a 30 kW-hr battery suitable for driving a small, four- 
passenger vehicle is in progress. The battery will consist of 160 prismatic 
subcells (13 by 20 cm); adjacent subcells are connected in parallel to form 
80 cells that are connected in series within a cylindrical, insulated 



enc losu re .  Th i s  des ign  permi ts  more e f f i c i e n t  packaging than  a des ign  t h a t  
employs 1 3  by 1 3  cm c e l l s ,  t h e  s i z e  now be ing  i n d u s t r i a l l y  f a b r i c a t e d .  

Experimental ly  determined va lues  f o r  t h e  i n t e r n a l  r e s i s t a n c e s  of Li-All 
FeSx c e l l s  a r e  be ing  compared wi th  va lues  c a l c u l a t e d  from r e s i s t a n c e s  of 
i n d i v i d u a l  components. Good agreement between c a l c u l a t e d  and measured va lues  
( l e s s  t han  20% di . f fe rence)  was obta ined  f o r  some c e l l s ;  f o r  o t h e r s ,  t h e  
d i f f e r e n c e s  were as l a r g e  as 30 t o  40%. In  t h e  l a t t e r  ca ses ,  i t  is  pos tu l a t ed  
t h a t  t h e  d i f f e r e n c e s  r e s u l t  from t h e  increased  r e s i s t a n c e s  produced by s u r f a c e  
f i l m s  on some c u r r e n t  c o l l e c t o r  m a t e r i a l s .  I n  gene ra l ,  t h e  comparisons show 
t h a t  c e l l  r e s i s t a n c e s  can b e  c a l c u l a t e d  wi th  s u f f i c i e n t  accuracy t o  make an 
important  c o n t r i b u t i o n  t o  c e l l  and b a t t e r y  des ign .  

During t h i s  pe r iod ,  a major goa l  w a s  reached when t h r e e  ~ i - A l / F e s  c e l i s  
were opera ted  i n  a s e r i e s  arrangement. The average s p e c i f i c  energy f o r  t h e  
t h r e e  c e l l s  w a s  about  45 W-hr/kg, wi th  an  ampere-hour e f f i c i e n c y  of ~ 8 5 %  and 
a watt-hour e f f i c i e n c y  of ~ 8 0 % .  

C e l l  e q u a l i z a t i o n ' o n  two- and t h r e e - c e l l  L ~ - A ~ / F ~ s  b a t t e r i e s  i s  now 
r o u t i n e l y  performed wi th  a fou r -ce l l  system devised f o r  l abo ra to ry  use. Pre- 
l imina ry  eva lua t ion  of t h e  r e s u l t s  of  e q u a l i z a t i o n  i n d i c a t e s  a ga in  of from 
14 t o  20% i n  c a p a c i t y  and energy on subsequent cyc l e s .  Work is  cont inuing  
on a s i x - c e l i  v o l t a g e  monitor t o  c o n t r o l  charging and equa l i z ing  of a s i x - c e l l  
b a t t e r y .  

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

Gould completed i n s t a l l a t i o n  of a l a r g e  glove-box f a c i l i t y  which w i l l  
p rovide  t h e  c a p a b i l i t y  f o r  c e l l  manufacture needed t o  f u l f i l l  t h e i r  c o n t r a c t .  
A computer model f o r  gene ra l i zed  c e l l  des ign  i s  be ing  used a t  Gould. 

Following t e e t i n g  a t  ANL of . t h e  first f o i t ~  cells (two Fe3 and twc !  Fr.S2) 
f a b r i c a t e d  by Eagle-Picher,  s e v e r a l  des ign  changes were made f o r  the rema.f.nder 
of t h e  c e l l s  under t h e  c o n t r a c t .  A l l  of t h e  FeS c e l l s  were rece ived  and a r e  
be ing  t e s t e d  ex tens ive ly .  Half of t h e  FeS2 were rece ived  and, on t h e  b a s i s  
of c e l l  performance, approval  was given f o r  f a b r i c a t i o n  of t h e  remaining 
c e l l s .  

Because of d i f f i c u l t i e s  i n  f a b r i c a t i n g  c a s t  Li-A1 negat ive  e l e c t r o d e s ,  
C a t a l y s t  Research is f a b r i c a t i n g  t h e i r  f i r s t  few c e l l s  wi th  e l e c t r o d e s  of 
Li-A1 v i b r a t o r i l y  loaded i n t o  porous s t r u c t u r e s .  An FeS2 c e l l  was f a b r i c a t e d  
i n  dry  a i r  and i s  now under t e s t .  

F a c i l i t i e s  f o r  product ion of BN f i b e r  a r e  be ing  expanded by Carborundum 
Co. A l t e r n a t i v e  methods f o r  binding BN f i b e r s  t o  produce paper o r  f e l t  
s e p a r a t o r s  a r e  be ing  i n v e s t i g a t e d .  Pro to type  s e p a r a t o r s  of both Y203 and BN 
have been prepared us ing  an a sbes tos  f i b e r  ( ~ 1 0  w t  %) a s  a h i n d e r ' t o .  improve 
mechanical s t r e n g t h .  Y t t r i a  f e l t  appears  t o  be  a promising s e p a r a t o r  
m a t e r i a l .  

A number of o t h e r  c o n t r a c t s  a r e  d i r e c t e d  t o  t h e  development of feed- 
throughs,  i n s u l a t o r s ,  and aluminum e l e c t r o d e  s t r u c t u r e s ,  a s  w e l i  a s  t o  t h e  
product ion  of LiC1-KC1 e u t e c t i c  and. Li2S. 



C e l l  Chemistry 

A s imple procedure c o n s i s t i n g  of s i n t e r i n g  o r , m e l t i n g  of Li2S and subse- 
quent meta l lographic  examination was eva lua ted  a s  a  method f o r  determining 
i m p u r i t i e s  i n  t h e  Li2S. This  method appears  t o  be  s u i t a b l e  only f o r  g r o s s l y  
contaminated samples. Metal lographic examination d i d ,  however, prove t o  be 
capable  of d e t e c t i n g  1 w t  % o r  l e s s  Li20 i n  Li2S. The Li2S-Li20 phase d ia -  
gram was found t o  be  a  s imple e u t e c t i c  system wi th  a  e u t e c t i c  temperature of 
about 975°C and composition nea r  a  mole r a t i o  of 1:l. 

Fur ther  s t u d i e s  of t h e  we t t i ng  of m a t e r i a l s  by molten LiC1-KC1 e l e c t r o -  
l y t e  have shown t h a t  y t t r i a  f e l t  is  r e a d i l y  pene t r a t ed  by t h e  s a l t  a f t e r  a  
per iod  of t ime. This  r e s u l t  was confirmed by w e t t a b i l i t y  t e s t s  wi th  a s o l i d  
s i n t e r e d  plaque of y t t r i a .  However, a  s i n t e r e d  plaque of y t t r i a - 5 0  w t  % 
magnesia was l e s s  r e a d i l y  wet than t h e  y t t r i a  a lone .  Alumina f e l t  showed 
poor we t t i ng  c h a r a c t e r i s t i c s  t h a t  were s i m i l a r  t o  t hose  of boron n i t r i d e .  

Poten t iomet r ic  measurements on metal  s u l f i d e  phases a r e  be ing  performed 
t o  o b t a i n  thermodynamic d a t a  f o r  t h e  engineer ing  des ign  of c e l l s  and b a t t e r i e s .  
Prel iminary r e s u l t s  from FeS e l e c t r o d e s  show Nernst ian behavior ,  b u t  t h e  
r e a c t i o n  appears  t o  b e  more complex than  t h e  s imple two-electron process  t h a t  
was expected. $ .  I 

Advanced C e l l  Engineering 

Engineering-scale c e l l s  a r e  be ing  opera ted  t o  t e s t  des ign  concepts  t h a t  
show promise of improving c e l l  performance. Both charged and uncharged FeS 
and FeS2 c e l l s  a r e  be ing  s tud ied .  Severa l  methods were t e s t e d  i n  FeS c e l l s  
f o r  i nc reas ing  t h e  nega t ive  e l e c t r o d e  capac i ty  of uncharged c e l l s .  I n  C e l l  :,;. .,> . . 
R-10, t h e  p o s i t i v e  e l e c t r o d e  contained Li2S + Li2C2 .and i n  C e l l  R-12, Li2S + 

.' . +: 
CaC2; i n  C e l l  R-13, CaC12 was added t o  t h e  LiC1-KC1 e l e c t r o l y t e .  The a d d i t i o n  
of Li2C2 produced t h e  l a r g e s t  ga in  i n  c e l l  capac i ty .  I n  an e f f o r t  t o  reduce . . .  ...p. 

ohmic r e s i s t a n c e ,  t h e  p o s i t i v e  e l e c t r o d e  of C e l l  R-14 was pressed  a t  h ighe r  L: ..i :;:< 

pres su res  and with lower e l e c t r o l y t e  f r a c t i o n s ;  t h e  c e l l  r e s i s t a n c e  ( 3 . 8  ma)' . 

was t h e  lowest achieved t o  d a t e  f o r  an uncharged FeS c e l l  w i t h  hot-pressed 
e l e c t r o d e s .  C e l l  BB-1, a  charged FeS c e l l  w i t h  pro to type  cold-pressed e l ec -  
t r o d e s  suppl ied  by Eagle-Picher I n d u s t r i e s ,  I n c . ,  was opera ted  t o  eva lua t e  
t h e  procedllre of f a b r i c a t i n g  e l e c t r o d e s  la a dry  room i n s t e a d  of an i n e r t -  
atmosphere glove box; c e l l  performance w a s  s t a b l e ,  and no adverse  e f f e c t s  of 
t h e  a i r  atmosphere could be observed. 

The use  of Has te l loy  B a s  an a l t e r n a t i v e  f o r  molybdenum,as t h e , c u r r e n t  
c o l l e c t o r  m a t e r i a l  f o r ' ~ e s 2  e l ec t rodes ,  was eva lua ted  i n  C e l l  R-11;  t h e  c e l l  
showed a very  high u t i l i z a t i o n  (>go%) i n  e a r l y  c y c l e s ,  bu t  t h e  h igh  per for -  \ 

mance was not  sus t a ined .  C e l l  R-8, an uncharged Yes2 c e l l  wi th  hot-pressed 
e l e c t r o d e s ,  is  s t i l l  i n  ope ra t ion  a f t e r  2974 h r  and 400 cyc le s .  An uncharged, 
multip1.r.-p.l.ec t r o d e  FeS2 c e l l  i s  nea r ing  cuii~plet ion.  

Five button-type c e l l s  have been t e s t e d .  These c e l l s  employ two e l ec -  
t rodes  i n  ho lde r s  t h a t  a r e  pressed  a g a i n s t  and sepa ra t ed  by a  boron n i t r i d e  
sepa ra to r - in su la to r ,  thus  e l imina t ing  t h e  need f o r  a feedthrough. This  type  
of c e l l  has  good p o t e n t i a l  f o r  e a s e  of assembly and low f a b r i c a t i o n  c o s t s .  
Four FeS c e l l s ,  two charged and two uncharged, and one charged FrS2 c e l l  were 



operated. Currently, the major effort in the button-cell work is directed at 
controlling the movement of electrolyte within the cell; the use of different 
electrolytes is also being investigated. 

A new type of uncharged Li-A1 electrode with improved current collection 
was evaluated. This negative electrode structure consisted of a woven 
aluminum fabric containing a metallic current collector of copper and copper- 
coated iron wire. The performance of this electrode was evaluated in Cell 
JW-12 using a counter electrode of liquid lithium. The Li-A1 electrode showed 
excellent performance characteristics, similar to those of thick electrodes 
of Li-A1 contained in a porous Retimet current collector. 

Alternative Secondary Cell Systems 

Experiments ranging from cyclic voltammetry and preliminary cell tests 
through construction and operation of engineering-scale, prismatic cells of 
100-200 A-hr capacity are being carried out to develop new secondary cells. 
The emphasis is on use of inexpensive, abundant materials. 

Cyclic voltammetry experiments have demonstrated that the compounds 
Ca.AI4 and CaA12 can be f u m e d  and discharged electrschcmically in CaC12-Mac1 
electrolyte. The emfs at 550°C were, respectively, 1.371 V and 1.415 V us. 
an (FeS,Fe,CaS) reference electrode. Cyclic voltammetry of LiAl was conducted 
for comparison with the calcium-aluminum data. 

Two CaMg2/CaC12-LiC1-KCl/FeS cells of 12 A-hr capacity were operated wi$h 
different electrolyte compositions: 10 'CaC12-38 LiC1-52 KC1 and 31 CaC12-54.5 
LiC1-14.5 KC1 (both in mole percent). The cell with the latter electrolyte 
had very good polarization characteristics and is now being scaled up to the 
100 A-hr level (a prismatic cell) for engineering evaluation. 

Recent modifications in the design of prismatic cells include the use of 
a honeycomb structure in both electrodes to prevent slumping of active material, 
and the use of a porous metal sheet as particle retainer. The design nludiIi- 
cations were the result of engineering tests and evaluation of four prismatic 
CaA12 /FeS cells. 

In preliminary tests, a'Na/FeS2 cell with an electrolyte of 10 mol % NaCl 
in LiC1-KC1 eutectic demonstrated good performance. The cell emf at 420°C 
was 1.545 V, i.n good agreement with thermodynamic calculations that assume 
formation of Na2S + FeS. The cell, which was limited by,the 0.5 A-hr capacity 
of the FeS2 electrode, was operated for fifty cycles at 20 d/cm2. Utiliza- 
tion of FeS2 equivalent to FeSi FeS'was obtained, with.no.evidence ot 
capacity deciine on cycling or dewettlng ul: ~ l l e  ~iegative electrode. Fiirehcr 
tests of this system on a larger scale are planned. 



I. INTRODUCTION 

Lithium-aluminum/metal sulfide batteries are being developed at Argonne . 
National Laboratory (ANL) for use as (1) energy storage devices for load- 
leveling on electric utilities and (2) power sources. for electric automobiles. 
The development effort on the energy storage battery, which is funded by ERDA, 
includes cell chemistry studies, materials studies, electrode development, 
cell development, battery development, and systems studies. The development 
of the electric-vehicle battery, which is also funded by ERDA, consists of 
systems design studies and cell and battery development; most of the more 
basic studies performed under the energy storage battery program are also 
applicable to the vehicle-propulsion effort. 

Our performance goals for off-peak energy storage and electric-vehicle 
batteries are given in Table 1-1. These goals are the same as those given in 
the'preceding report (ANL-76-35), but revisions are presently being made, as 
a result of our continuing assessment of development efforts. In the long 
term, the technical goals (specific energy, specific power, and lifetime) 
must be achieved with a battery that can be mass-produced commercially at the 
indicated cost. 

TABLE 1-1. Performance Goals for ~ithium-~luminum/Metal Sulfide Batteries 

Battery Goals 
Electric Vehicle Of £-Peak Energy 

Propulsion Storage 

Power 
Peak 
Normal 

Voltage, V 
Specific Energy, W-hr/kg 
Energy Output 
Discharge Time, hr 
Cliarge Time, hr 
Watt-Hour Efficiency, % 
Cycle Life 
Cost of Capacity, $/kW-hr 
Heat Loss Through Insulation 

a 
Based nn the power required to accelerate a 1570-kg ear from 
0 to 50 mph in 15 sec. 

b~ncludes cell weight only; insulation and supporting structure 
for battery would add approximately 20% to the weight. 

C 
Includes cost of cells, but not battery structure and insulation. 



To accomplish this, contracts have been made with industrial firms to 
develop and fabricate electrodes and cells, as well as electrode separators, 
feedthroughs, and battery components. The contractual efforts and the devel- 
opmentwork at ANL on cell fabrication, materials development, and battery 
design are coordinated, so that information exchange is rapid and efficient. 
Cell chemistry studies and advanced cell engineering studies also provide 
support for.the commercial development effort. A small portion of the overall 
effort is,directed toward investigations of promising alternative systems for 
secondary battery application. 

In June 1976, the organization and management structure of the battery 
program at ANL were changed to.allow our program goals to be achieved more 
readily. The new management structure is given on the title page of this 
report. Because the organizat'ional changes had not been completed when this 
report was written, the format of the preceding quarterly report was retained. 
The format of the ,next report w'ill ref ledt the new organizational structure. 



11. COMMERCIAL DEVELOPMENT OF Li-Al/METAL SULFIDE BATTERIES * (A. A. Chi lenskas,  R. 0 .  I v i n s  ) 

A. C e l l  Fab r i ca t ion  
(E. C .  Gay) 

C e l l  f a b r i c a t i o n  e f f o r t s  a r e  d i r e c t e d  toward developing and eva lua t ing  
des igns  and f a b r i c a t i o n  methods ' tha t  w i l l  l e ad  t o  t h e  product ion of c e l l s  
meeting our  goa l s  f o r  b a t t e r y  performance. I n  t h i s  e f f o r t ,  a s t r o n g  emphasis 
i s  placed on s u i t a b i l i t y  f o r  large-volume product ion.  These des igns  and 
methods a r e  f u r t h e r  developed by i n d u s t r i a l  f i rms  under c o n t r a c t  w i th  ANL, 
and contractor-produced c e l l s  a r e  t e s t e d  and eva lua ted  a t  ANL. 

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

Eagle-Picher ~ e l ' i s .  The c e l l s  covered by t h e  c o n t r a c t  w i th  Eagle- 
P icher  I n d u s t r i e s ,  Inc.  have cold-pressed e l e c t r o d e s  and a r e  f a b r i c a t e d  i n  
.a helium-atmosphere glove box. The f i r s t  four  c e l l s  (two FeS2 and two FeS) 
de l ive red  t o  ANL were t r e a t e d  a s  "prototypes,"  i.e., they  were opera ted  t o  
eva lua t e  c e l l  performance. A s  a  r e s u l t  of t h e s e  t e s t s ,  c e r t a i n  des ign  d e f i -  
c i e n c i e s  became obvious, and a  number of design modi f ica t ions  were made be fo re  
t h e  remainder of t h e  c e l l s  under t h e ' c o n t r a c t  were f a b r i c a t e d .  

The changes common t o  both FeS and FeS2 c e l l s  a r e  as fo l lows .  
F i r s t l y ,  t h e  ac t ive -ma te r i a l  loading  of t h e  p o s i t i v e  e l e c t r o d e  was decreased 
from 204 t o  155 A-hr and t h e  amount of e l e c t r o l y t e  was increased  t o  g ive  t h e  
same e l e c t r o d e  th i ckness  a s  i n  t h e  previous  des ign .  This  capac i ty  i s  now 
about t h e  same a s  t h a t  o f . t h e  nega t ive  e l e c t r o d e  capac i ty ,  s o  t h a t  o v e r a l l  
c e l l  c a p a c i t y  was n o t  reduced. The r e s u l t i n g  p o s i t i v e  e l e c t r o d e  i s  more 
porous and undergoes l e s s  swe l l i ng  dur ing  c e l l  ope ra t ion .  Secondly, t h e  
composition of t h e  Li-A1 a l l o y  was  changed from 43 t o  48 a t .  % L i ,  by us ing  
less aluminum (but  t h e  same amount of l i t h i u m ) .  Again, t h e  dimensions of 
t h e  e l e c t r o d e s  were h e l d  cons tan t  by r e p l a c i n g  t h e  a l l o y  wi th  e l e c t r o l y t e  t o  
g ive  an e l e c t r o l y t e  volume f r a c t i o n  of 0.14. Th i s  change reduces swe l l i ng  
f o r c e s  i n  t h e  nega t ive  e l e c t r o d e  wi thout  reducing t h e ' c a p a c i t y . .  Thi rd ly ,  
t h e  design of t h e  i n n e r  metal  frame was changed, a s  shown i n  F ig .  11-1, t o  
e l imina te  con tac t  between t h e  p o s i t i v e  e l e c t r o d e  and t h e  frame edge, which 
had caused s h o r t i n g  i n  the proto type  FeS c e l l s .  

The.improved design shown i n  F ig .  11-1 i l l u s t r a t e s  an important  . 
f e a t u r e  of t h e  Eagle-Picher c e l l s .  The two ha lves  of t h e  s e p a r a t o r  c l o s e  
around the  p o s i t i v e  e l e c t r o d e  t o  i n s u l a t e  t h e  f a c e s  and edges of t h e  e l ec -  
t rode .  To accomplish t h i s ,  t h e  BN f a b r i c  s e p a r a t o r  i s  f i r s t  soaked i n  a  
s a l t - a l coho l  mixture and t h e  a l coho l  i s  d r iven  o f f ;  t h e  remaining s a l t  g ives  
a  s t i f f  s t r u c t u r e  t o  t h e  BN f a b r i c .  .While t h e  f a b r i c  i s  s t i l l  wet ,  it i s  
molded t o  t h e  form shown i n  Fig.  11-1. Th i s  technique has  e l imina ted  t h e  
need f o r  f o l d i n g  o r  sewing t h e  s e p a r a t o r  and has  assured  good i n s u l a t i n g  
p r o p e r t i e s  around t h e  edges of t h e  p o s i t i v e  e l e c t r o d e .  

Four 12.7-,cm-square FeS charge.d c e l l s  (EP-1B3, -1B4, -1B5, -1B6) 
of i d e n t i c a l  design have been t e s t e d .  The p o s i t i v e  e l e c t r o d e s ,  which a r e  
assembled from h a l f - c e l l s  0.63 cm t h i c k ,  have t o t a l  c a p a c i t i e s  of 155 A-hr. 

. - .. . . .- . * 
Now wi th  Coal Technology Programs, Energy and Environment, ANL. 
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Fig. 11-1. Eagle-Picher Cell Designs 
a. Design of Prototype Cells 
b. Modified Design for Remainder of Cells 

The negative electrodes (two per cell) each. have thicknesses of 0.72 cm and 
capacities of 149 A-hr total.. The composition of the,posit.ive electrodes, in.. 
terms of volume fraction, is 0.21 FeS, 0i06 CU~S, 0.05 current collector, 
0.52 salt, and 0.16 void; that of the negative electrode is 0.63 Li-A1 (48 . 

at. % Li), 0.06 current collector; 0.14 salt and 0.17 void. The test periods 
varied from 685 hr (32 cycles) for Cell EP-1B3 to 194 hr (9 cycles) for Cell 
EP-1B6. All four tests'were terminated vol.~~ntarily, with the cells showing 
good performance; these cells are presently undergoing battery testing (see 
Section II.C.3). 

Cells EP-fB4, -1BS and -166 were operated with mechanical con- 
straints, whereas Cell 1B3 was not. The constraints were metal plates clamped 
on the major faces of the cel1,housings to prPvPn,t h u l g i n g  or dimen~ional 
changes in the housings that might result from electrode swelling. Cell 
EP-1B5 was degassed by heating for 24 hr under vacuum before the cell was 
filled with salt and sealed. The other three cells were not degassed. For 
this series of identical FeS cells, no marked effect on performance of either 
cell constraint or degassing was observed. 

Cells EP-183,  -1B4 and -1B5 were tcctcd cxtcnsively. The testing 
procedures were similar to those described in the previous report (ANL-76-35, 
p. 8). An effort is under way to establish a common testing procedure so that 



d a t a  a c q u i s i t i o n  can be s tandardized '  and performance r e s u l t s  from c e l l s  of 
va r ious  des igns  can be adequately compared. I n  p re sen t  t e s t s ,  c e l l  pe r fo r -  
mance was f i r s t  s t a b i l i z e d  a t  t h e  10-hr r a t e  (cycled u n t i l  t h e  d ischarge  
capac i ty  was r ep roduc ib l e ) .  Discharge capac i ty  was then measured a t  t h e  5- 
and 2-hr r a t e s  wi th  ope ra t ion  s t a b i l i z e d  a t  t h e  10-hr r a t e  a f t e r  e a i h  cyc l e .  
Charge capac i ty  was measured a t  t h e  5-hr r a t e .  Power c a p a b i l i t y  was d e t e r -  
mined from.15-sec d ischarge  power pu l se s  b racke t ing  t h e  c e l l ' s  maximum power.. 
These measurements were made a t  5  and 50% d i scha rge ;  a f t e r  each power pu l se  
t he  c e l l . w a s  brought back t o  f u l l  charge.  The t h r e e  c e l l s  behaved s i m i l a r l y  ' 

i n  t h e  t e s t s .  Resu l t s  of some of t h e  t e s t s  a r e  d iscussed  below. 

F igure  11-2 g ives  t y p i c a l  s p e c i f i c  energy d a t a  f o r  C e l l  EP-1B4. The 
ampere-hour e f f i c i e n c y  was >99% and t h e  watt-hour e f f i c i e n c y  was >82%. For a .  
charge cu to f f  v o l t a g e  of 1.56 V and a  d i scha rge  cu to f f  v o l t a g e  of 1 .10  V 
(IR-included),  t h e  s p e c i f i c  ene rg i e s  were 60 W-hr/kg a t  t h e  10-hr r a t e ' a n d  
45 W-hr/kg a t  t h e  5-hr r a t e .  These va lues  m e t  expec ta t ions  f o r  these .  f i r s t  
contractor-produced c e l l s .  A s t e e p  d e c l i n e  i n  c a p a c i t y  occurred wi th  increas-  
i ng  c u r r e n t  d e n s i t y .  Th i s  d e c l i n e  i s  a s soc i a t ed  i n  p a r t  w i th  t h e  h igh  s e r i e s  
r e s i s t a n c e  of t h e  c e l l s  i n  t h i s  des ign  (about 8.3 t o  9.2 ma) and wi th  t h e  use  
.of a cons tan t  d i scharge  cu to f f  of 1.1 V. P a r t  of t h i s  problem w i l l  be  a l l e v i -  
a t e d  i n  f u t u r e  c e l l s  by development of an improved s e p a r a t o r  t h a t  makes 
p a r t i c l e  r e t a i n e r s  unnecessary and by improvement i n  t h e  d i s t r i b u t i o n  of 
c u r r e n t  c o l l e c t o r .  The peak s p e c i f i c  powers f o r  t h e s e  FeS c e l l s  were about 
30 W/kg ( a t  5% .discharge and a t  a  c u r r e n t  d e n s i t y  of about 0 .3 ~ / c m ~ ) .  

0 
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Ffg. 11-2. S p e c i f i c  Energy of C e l l  EP-1B4 

Figure  11-3 shows t y p i c a l  d a t a  f o r  t h e  average vo l t age  of each 
cyc le  f o r  C e l l  EP-1B3. The average of t h e s e  v o l t a g e s  i s  1.45 V f o r  charge 
and 1.20 V f o r  d i scharge .  

Equations f o r  ca l ' cu la t ing  c e l l  power were developed from c e l l  t e s t  
d a t a  ( a  model and t h e  equat ions  were descri 'bed i n  ANL-76-35, p. 1 0 ) .  One 
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interesting result was that when the cells were operated at 460°C instead of 
435OC, the power output decreased. This decrease results from an increased 
internal cell resistance, probably owing to an increase in the resistance of 
the metallic current collector circuit. 

As reported previously (ANL-76-35, p. 9), two prototype FeSZ cells 
from Eagle-Picher were also tested. In both cells, the connection between 
the positive electrode tab (molybdenum) and the terminal rod (molybdenum) 
failed because molybdenum in the weld area recrystallized, and the embrittled 
metal fractured under stress. Because of the production scheduie of parts 
for the cells, all of the FeS2 electrodes for the Ilagle-Picher cells had been 
pressed before the problem with the molybdenum connection had become apparent'. 
Therefore, a change in electrode design.to accommodate a redesign of this 
connection was not an available option, and an alternative welding technique 
was devised. As reported in ANL-76-35, p. 10, the rod diameter in the,joint 
area was increased from 3/16 to 114 in., high-temperature grade molybdenum * was substituted for regular molybdenum as the rod material, and the joint 
was made by heliarc spot-welding. . The welded joint is shown in Fig. 11-4. 

In tests of these joints, the bulk of the rod (the part that was 
farther than ~ 0 . 2  cm from the weld zone) remained ductile. The part of the 
tab sheet that was held tightly within the slot of the rod showed some 
recrystallization and embrittlement; however, the tab sheet remained ductile 
at the rod perimeter, where the stress on the sheet occurs. Joints made in 
thls manner were bent 30" in the weld area before rupturing, thereby indi- 
cating sufficient retention of ductility in the joint area. Metallographic 
studies also indicated the presence of a large, unrecrystallized zone. 
Retention of ductility in the joint is attributed to the use of HT molybdenum 
and to the larger joint. 

 he use of HT molybdenum was recommended by'K. M. Myles of the Materials 
Development Group. 
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Two Eagle-Picher FeS2 c e l l s  t h a t  i nco rpora t e  t h e  molybdenum j o i n t  
descr ibed  above have now been opera ted  a  t o t a l  of 500 h r  wi th  no f a i l u r e  of 

I .  

t h e  j o i n t .  Performance d a t a  f o r  t h e s e  c e l l s  a r e  now be ing  obta ined ,  and pre- 
l iminary  r e s u l t s  i n d i c a t e  a  s p e c i f i c  energy of about 75 W-hr/kg a t  t h e  10-hr 
r a t e .  More d e t a i l e d  r e s u l t s  w i l l  be  given i n  t h e  next  r e p o r t .  

2. Macroporous,Bonded P o s i t i v e  Elec t rodes  
(T. D.  Kaun) 

A s  p rev ious ly  r epo r t ed  (ANL-76-35, p. 1 3 ) ,  t h e  carbon-bonding. 
f a b r i c a t i o n  method f o r  p o s i t i v e  e l e c t r o d e s  has  been. s u c c e s s f u l l y  app l i ed  t o  
both charged and uncharged FeS and FeS2 c e l l s .  Th i s  f a b r i c a t i o n  method i s  
simple,  r ep roduc ib l e ,  and low i n  c o s t .  C e l l s  wi th  carbon-bonded e l e c t r o d e s  
have demonstrated low r e s i s t a n c e s ,  namely, 3.8 mS2 f o r  FeS-type c e l l s  wi th  
i r o n  c u r r e n t  c o l l e c t o r s  and 5.8 mQ f o r  FeS2-type c e l l s  w i th  molybdenum c u r r e n t  
c o l l e c t o r s .  With t h e s e  low r e s i s t a n c e s ,  h igh  peak power d e n s i t i e s  of 0.55 
w/cm2 have been achieved f o r  both types  of c e l l s .  The main goa l  i n  t h e  
development of carbon-bonded p o s i t i v e  e l e c t r o d e s  is  t o  combine h igh  energy 
and high power c a p a b i l i t y ' i n  a  s i n g l e  c e l l  des ign .  

The phys i ca l  c h a r a c t e r i s t i c s  and ope ra t ing  d a t a . f o r  t h r e e  12.5 by 
12.5 cm sea l ed  c e l l s  wi th  carbon-bonded p o s i t i v e  e l e c t r o d e s  a r e  shown i n  
Table 11-1. I n  t h e  t h r e e  c e l l s ,  BN f a b r i c  w a s  used a s  t h e  e l e c t r o d e  sepa- 
r a t o r ,  w i th  LiC1-KC1 a s  t h e  e l e c t r o l y t e ,  and Zr02 f a b r i c  a s  t h e  p a r t i c l e  
r e t a i n e r  a t '  a l l  e l e c t r o d e  f a c e s .  The c e l l s  were a l l  opera ted  a t  450°C. Af te r  
2100 h r ,  C e l l  KK-4,'a charged FeS2 c e l l  opera ted  on t h e  upper vo l t age  p la teau ,  
s t a r t e d  a  gradual  d e c l i n e  i n  capac i ty  from t h e  design va lue  of 90 A-hr. Its 
p re sen t  capac i ty  is  70 A-hr a f t e r  2500 h r  and 125 cyc le s ;  i ts  coulombic e f f i -  
c iency remains nea r  100%. wi th  s t a b l e  average d ischarge  vo l t age .  



Table 11-1. .Performance.of Cells w i t h  Carbon-Bonded Elec t rodes  

C e l l  KK-4 C e l l  KK-5 C e l l  KK-6 

Type of C e l l  Upper-plateau, 
FeS2 charged 

P o s i t i v e  E lec t rode  
compositiona FeS2 (851, 

C0S2 (15) 
Half t h i c k n e s s ,  cm 0 .3  
Theor. Cap., A-hr 180b 

Negat ive Elec t rodes  
Composition Hot-pressed 

Li-A1 
Thickness ,  cm 0.6 
T o t a l  Theor. Cap,, A-hr 150 

Performance 
Hours >2500 
Cyc1.e~ > I 2 5  
Capaciry,  A-hr 7 0 
A-hr E f f . ,  % 9 9+ 
W-hr Ef f  . , % 8 3 
Res i s t ance ,  m!d 5.8 
Peak Spec. Power,  kg 90 

FeS utlcharged 

Li2S (100) , 
Fe, Cu 
0.45 
120 

A 1  w i re ,  hot-  
p ressed  Li-A1 
0.7 
180 

- - pp 

FeS2-CoS2 
uncharged 

Li2S (70) ,  Fe, 
C0s2 (30) 
0 .5  
150 

Cast Li-A1 
(32 a t .  % L i )  
0.8' 
200 

%slues i n  parentheses  r ep re sen t  t h e  percent  of t h e o r e t i c a l  capac i ty  suppl ied  
by each c o n s t i t u e n t .  

h 
Design c a p a c i t y  9U A-hr f o r  upper-plateau ope ra t ion .  

C c l l  KK-5, an uncharged PeS c e l l ,  demonstrated very good u t l l f z a -  
t i o n  of t h e  FeS e l e c t r o d e  £ o r  h igh  d i scha rge  rates,  namely, 752 a.t the 5-hr 
d i scha rge  r a t e  (55 d / c m 2 )  and 63% a t  t h e  2-hr r a t e  (135 m ~ l c m ~ ) .  A f t e r  
1750 h r ,  ope ra t ion  of t h e ' c o n s t r a i n e d  c e l l  was te rmina ted  v o l u n t a r i l y  s o  t h a t  
t h e  e l e c t r o d e s  could be examined. Contrary t o  t h e  usua l  behavior ,  t h e  pos i -  
t i v e  e l e c t r o d e  showed no swe l l i ng ,  bu t  t h e  Li-A1 nega t ive  e l e c t r o d e s ,  which 
conta ined  30 v o l  % e l e c t r o l y t e  i n  t h e  uncharged s t a t e ,  swelled s l i g h t l y .  The 
nega t ive  e l e c t r o d e s  appeared t o  make good con tac t  wi th  t h e  c e l l  housing, and 
t h i s  may have c o n t r i b u t e d  t o  t h e  low c e l l  r e s i s t a n c e  of 3.8 m a .  Reassembly 
of t h e  c e l l  and resumption of ope ra t ion  i s  planned. 

Ce l l  KK-6 was operated t o  test an  uncharged FeS2-CoS2 e l e c t r o d e  
v e r s u s  p a r t i a l l y  charged L i -A1  cast  p l a t e s  ( ~ o n t a i n ~ n g  32 a t .  Z L i ) .  The 
charg ing  of a d d i t i o n a l  l i t h i u m  i n t o  t h e  Li-A1 p l a t e s  has  been extremely slow, 
w i t h  c e l l  capac i ty  i n c r e a s i n g  about 1 A-hr per cyc l e .  The p o s i t i v e  e l e c t r o d e  
con ta ins  CoS2 equ iva l en t  t o  30% of t h e  e l e c t r o d e  capac i ty .  Th i s  i n c r e a s e  i n  
CoS2 content  over  t h a t  of p a s t  c e l l s  i s  expected t o  f u r t h e r  reduce c e l l  
r e s i s t a n c e  and i n c r e a s e  e l e c t r o d e  u t i l i z a t i o n  a t  h igh  d ischarge  r a t e s .  

Peak s p e c i f i c  powers o f c c l l s  having earbon-bonded p o s l t l v e  e l r c -  
t r o d e s  have been among t h e  h ighes t  a t t a i n e d  by Li-Allmetal s u l f i d e  c e l l s .  I n  
15-sec power-pulse t e s t s ,  C e l l  KK-5, an uncharged FeS c e l l ,  a t t a i n e d  a 



specific power of >85 Wlkg at full. charge and 54 Wlkg at 50% discharge. 
Table 11-2 compares the best specific powers achieved by various types of iron 
sulfide electrodes. All cells had electrochemically formed Li-A1 negative 
electrodes except KK-4 (hot-pressed Li-A1) and EP-1B2 (cold-pressed). The 
low specific power of EP-1B2 may be attributable to the relatively high cell' 
resistance resulting from the design of the positive-electrode lead. 

Table 11-2. Specific Power Achieved with Iron Sulfide ~lectrodes~ 

Positive 
Positive Electrode State of Specific 

Cell Electrode Fabrication Thickness, Discharge, powerC 
NO .b Type Technique cm % Wlkg w/cm3 

S-86 . Two plateau, Vibratory 0.63 0 452 1.57 
uncharged FeS2 loading 75 209 0.72. 

KK-3 ' Upper plateau, Carbon- 0.7 0 466 1.29 
uncharged FeS2 bonding 5 0 279 0.77 

KK-4 Upper plateau, Carbon- 
charged FeS2 bonding 

h 5  Uncharged FeS Carbon- 
bonding 

R-2. Two plateau, Hot-pressing 0.56 . 0 456 1.42 
uncharged FeS2 7 5 260 0.81 

R-7 Uncharged FeS Hot-pressing 1.2 , 0 267 0.83 
3 8 139 0.43 

EP-1B2 Charged FeS Cold-pressing 1.3 0 103 0.31 
50 70 0.21 

a 
Specific power based on the weight and volume of the positive electrode, 
including active material, electrolyte, and current collector. 

b ~ l l  cells had one central positive and two negative electrodes; electrode 
areas were 170 to 320 cm2; pressed Li-A1 electrodes were used in Cell 1B2 
and Cell KK-4; electrochemically formed Li-A1 electrodes were used in the 
remaining cells. 
C 
15-sec power pulses for Cell EP-1B2 and all KK series cells; 10-sec power 
pulses for the remaining cells. \ 

A new type of positive-electrode structure, which may also reduce 
cell resistance, incorporates a metallic current-collector network into the 
carbon-bonded structure. A modified carbon-bonding paste containing finely 
divided active material is spread into metal Retimet structures to fill them 
completely. In the completed structure, active material is carbon-bonded to 
the Retimet and also to other active material particles. Iron Retimet is used 
for FeS electrodes and a recently procured molybdenum-alloy Retimet is used 



for FeS2. To evaluate this method, sample structures with 4-mm-thick current 
collectors were prepared and cured; photomicrographs showed a sufficiently 
homogeneous distribution of -100 mesh FeS2 particles within'the Retimet struc- 
ture: The loading was 1.2 ~-hr/cm~ with approximately 60% void volume. This 
new type of electrode will be tested in a cell now under construction; the 
active material in the positive electrode is FeS2 and the current collector 
is molybdenum-alloy Retimet. 

3. Cell Lifetime and Cycle Life Testing 
(F. J. Martino, E. C. Gay) 

Of primary importance in the lifetime studies is the achievement of 
our near-term goalof%1000 cycles. The 7.6 by 12.7 cm prismatic cells pres- 
ently being tested have positive electrodes in which the active material was 
either vibratorily loaded into vitreous carbon foam or bonded to a porous 
carbon matrix., Presently, four cells are in operation, each achieving rela- 
tively stable performance at the 5-hr .charge-discharge rates prescribed for 
the near-term goals. 

Cell S-82, an unucaled cell with a po~itive electrode of FeS2-CoS2 
in vitreous carbon foam and negative electrodes of Li-A1 in iron Retimet, has 
been in operation for almost a year (8110 hr, 355 cycles). The cell is now 
being cycled at a current density of 50 d/cm2. As discussed later, the cell 
is presently being used to investigate problems associated with particulate 
active material that is not contained within the electrodes. 

Cells S-86 and S-87, both of which are welded, compact FeS2 cells, 
were assembled uncharged (FeS2,-CoS2 in vitreous carbon foam and aluminum wire 
plaques). After 360 cycles and 4875 hr of operation, Cell S-86 has an ampere- 
hour efficiency of 90+% and a constant internal resistance of 7 mQ. Note- ' 

worthy is the less than 18% loss in capacity that has occurred between its 
typical high capacity and its 'present capacity of 33 A-hr (57% of theoretical) 
at a 4-hr rate of 50 m ~ / c m ~ .  Cell S-87 .has a high ampere-hour efficiency of 
99+% after 372 cycles and 3360 hr. Its .present capaclty ac 25 mA/cm2 charge 
and discharge is 22 A-hr (49% of theoretical). 

Cell CB-1, which has .carbon-bonded CuFeS2 and hot-pressed Li-A1 
electrodes, is ' performing weli. The .cell, which was assembled in the charged 
state, has attained typical capacities of 68-70 A-hr (45% of theoretical) at' 
65 m ~ / c m ~  charge and discharge. .Uuriag ehe 204 cycles and 3240 hr of cell 
operation, ampere-hour and watt-hour efficiencies of 98+ and 75%, respec- 
tively, have been.consistently obtained. 

One of the paradeters being investigated is the retention of active 
materials in bath the positive and. negative electrodes through che use of 
Zr02 fabric. Virtually all test cells without retainers of Zr02 have demon- 
strated poor lifetime characteristics. Cell S-82, which does not employ a 
retainer. c1ot.h in either electrode, had begun to show signs of declining per- 
formance after 5600 hr and 202 cycles of operation. In an attempt to allevi- 
ate thls'problem, the BN:cloth separator was replaced and the ,electrolyte was . 

- . filtered to remove particulates.' When the cell was restarted with the new 
. separator, an immediate,marked improvement in performance occuyred: the ampere- 

hour efficiency increased f.rom 50 to 98+% and the capacity..from 97 to 132 A-hr . . 
(f,rom 50 to -69% of' theoretical). These data strongiy suggest. that the decline 



in performance resulted from shorting, since there appeared to be no permanent 
loss in cell capacity. Development, of improved separators (see Section II.B, 
below) should eliminate the problems associated with containment of active 
materials within the electrodes. 

An important factor in achieving long lifetimes in FeS2 cells is 
the structural strength of the electrical connection between the positive- 
electrode current collector and terminal. These components are usually 
molybdenum, which has good corrosion resistance but is difficult to weld (see 
Section II.A.1, above). Accordingly, alternative .materials that can be welded 
more easily are being sought. Cell S-86 employed nickel components with a 
welded joint that had a resistance of 7 mS2, whereas Cell S-87 employed a . 

nickel terminal and Hastelloy B current collector with a welded joint of 12 mS2 
resistan'ce. Two multiplate cells, discussed below, have welded connections 
between nickel terminals and molybdenuin current collectors. These welds have 
adequate structural strength and resistances of about 7 mS2. To date, cell 
performance data have not indicated any problems with these connections. The 
nickel-molybdenum welded connections are of particular interest and will be 
tested further in FeS2 cells. 

4. Development of Multiplate Cells 
(F. J. Martino, E. C. Gay) 

A multiplate cell design is being investigated in an effort to 
achieve higher specific energy in compact cells. In the initial studies, 
emphasis is on lowering cell resistance; in succeeding cells, effort will be 
directed toward minimizing cell weight and achieving higher specific energy. 

Cell MP-1;an upper-plateau cell, had two positive carbon-bonded 
FeS2-CoS electrodes and four hot-pressed Li-A1 electrodes and a weight of 
1.9 kg. Connections between the positive nickel terminals and the molybdenum 
current collectors were made by welding. The negative electrodes utilize a 
series of "shelf-like" ridges of 'iron mesh for improved current collection. 
All electrodes have particle retainers of zirconia fabric. During 50 cycles 

- 

and 500 hr of cell operation (terminated because of a leak in the,housing), 
typical capacities were %58 A-hr, corresponding to 50% utilization at 10 A 
(25 d/cm2) charge and discharge. Cutoff voltages of 1.07 and 1.99 V 
(IR-free) were maintained and throughout operation the internal resistance 
was constant at 7 mS2. The ave.rage specific energy was 45 W-hr/kg at charge 
and discharge rates of about 5 hr. 

In the design and construction of Cell MP-2 (two-plateau F ~ S ~ - C O S ~ /  
Li-A1, 7.4 by 12.6 cm), an attempt was made'to minimize component weights and 
to provide space for electrode expansion within the cell housing. This was 
done by reducing the positive electrode, capacity to allow for more electrolyte 
(initially 60 vol % instead of 41 vol %) and providing more void volume for 
expansion. The positive electrodes were thin (12 rnm) and molybdenum wire was 
woven within the molybdenum current collector to provide better current collec- 
tion with a lower internal resistance; again, a satisfactory weld to the nickel 
terminal was made. The negative electrodes were Li-A1 in iron Retimet; these 
structures were then cold-pressed to produce a structure with a void volume of 
34%. Although individual component weights were reduced, the total cell 
weight was not reduced significantly from that of Cell MP-l'because the amount 
of clcctrolytc wao increased. 



The performance of Cell MF-2 has not yet stabilized, but after 40 
cycles and 435 hr of operation, the capacity is 68 A-hr (corresponding to 57% 
utilization) at 7.0 A (20 m ~ / c m ~ )  charge and discharge rates. Cutoff voltages 
of 1.04 and 1.9 V (IR-free) are being maintained, and the internal resistance 
is stable at 6.5 mS2. To date, Cell MP-2 has achieved a specific energy of 
53 W-hr/kg (at about the 6-hr rate); this value is expected to improve as 
operation continues. 

Future work on multiplate cells will include testing of materials 
that can serve as both separators and particle retainers, as well as develop- 
ment of larger-scale cells (12.7 by 17.8 cm). 

B. Materials Development 
(J. E. Battles) 

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

1. Electrical Feedthrough Development 
(K. M. Myles, J. L. settle) 

The corrosive environment within L ~ - A ~ / L ~ C ~ - K C ~ / F ~ S ~  cells precludes 
the ready adaptation of most commercially available electrical feedthroughs. 
The few that are compatible with the cell environment employ mechanical seals. 
At present, these feedthroughs are unacceptably bulky, and thetr seals lack 
sufficient leak-tightness. Accordingly, new and innovative brazed seals are 
being sought and, at the same time, work is in progress to minimize the shnrt- 
comings of the mechanical seals. 

Both ILC Technology and 3-M Company have produced brazed-type feed- 
throughs as a result of development contracts with ANL (see Section 1I.D). 
The feedthroughs were subjected to simulated cell tests to evaluate their 
expected lifetimes. In all cases, che feedthroughs failed even at ].ow rutoff 
potentials in relatively short times owing to the combined effects of electro- 
chemical and galvanic corrosion. The tcsr results arc presenriy bcing 
assessed by the two firms. 

A systematic study was undertaken to determine the optimum condi- 
tions for sealing 114-,and 5116-in. Conax-type mechanical feedthroughs, which 
will be required for future use with larger commercial cells. Variables such 
as the amount of BN powder sealant, its particle size distribution, and the 
ultimate load-bearing capacity of the ceramic insulators (BN, Y203, A1203, and 
BeO) were evaluated by measuring the static leak rate through the assembled 
feedthroughs. Leak rates as low as 7 x 10'~ cm3(STP) air/sec were achieved. 
The Conax feedrhrough modified at ANL was also evaluated and proved to have 
an acceptably low leak rate. An effort is also under way to enlarge this 
feedthrough for use with larger diameter conductors and to improve the method 
of crimping the upper portion of the housing. Solder glasses will be evalu- 
ated as secondary sealants (outside the primary BN powder seal) now that the 
leak rates are acceptably low. 



2. Elec t rode  Separa tor  Development 
(J. P. Mathers,  T. W. Olszanski)  

Paper and f e l t  e l e c t r o d e  s e p a r a t o r s  a r e  be ing  developed a s  a l t e r n a -  
t i v e s  f o r  t h e  BN f a b r i c  which i s  c u r r e n t l y  used i n  L ~ - A ~ / K c ~ - L ~ c ~ / F ~ s ~  c e l l s .  
The paper and f e l t  s e p a r a t o r s  a r e  expected t o  be  cons iderably  l e s s  expensive 
than t h e  BN f a b r i c  a n d . t o  provide m o r e . e f f e c t i v e  p a r t i c l e  r e t e n t i o n  wi th in  
t h e  e l e c t r o d e s .  

Three promising paper and f e l t  m a t e r i a l s  have s u c c e s s f u l l y  undergone 
i n - c e l l  t e s t i n g  f o r  a per iod  of 1000 h r .  The f i r s t  m a t e r i a l  was a composite 
paper of 90 w t  % Y203 f i b e r s  and 10 w t  % asbes tos  f i b e r s ,  developed a t  t h e  
Un ive r s i t y  of F lor ida ."  The a sbes tos  provides  t h e  needed s t r e n g t h  f o r  handling 
and c e l l  assembly; however, i t  i s  no t  s t a b l e  i n ' t h e  c e l l  environment. There- 
f o r e ,  t o  main ta in  t h e  s t r u c t u r e  of t h i s  paper i n  an ope ra t ing  c e l l ,  t h e  paper 
must be  maintained i n  a s t a t e  of compression between t h e  e l e c t r o d e s .  The 
second m a t e r i a l  was a BN f e l t  (C715-94), developed by t h e  Carborundum 
~om~an~ ,*"n  which BN f i b e r s  were bonded toge the r  with a BN b inde r .  The 
t h i r d  m a t e r i a l  was an Y203 f e l t  developed by Z i r c a r  Products ,  Inc .  It was 
prepared by a precursory  process  i n  which f i b e r s  of a rayon f e l t  were impreg- 
nated wi th  Y C 1 3  and then  converted t o  f i b e r s  of Y203 by c o n t r o l l e d  pyro lys is . '  
The r e s u l t i n g  f e l t ,  c o n s i s t i n g  of mechanically i n t e r locked  Y203 f i b e r s ,  
r equ i r ed  no b inde r s .  

These t h r e e  m a t e r i a l s  were c h a r a ~ t e r i z e d ' b ~  v a r i o u s  phys i ca l  and 
mechanical proper ty  measurements, which a r e  presented i n  Table 11-3. On t h e  
b a s i s  of t h e s e  r e s u l t s ,  a l l  t h r e e  were judged s u i t a b l e  f o r  i n - c e l l  t e s t i n g ;  
however, t h e  Y2O3 f e l t  appears  t o  have t h e  b e s t  combination of p r o p e r t i e s  f o r  
use i n  p r a c t i c a l  c e l l s .  Each of t h e  paper and f e l t  s e p a r a t o r s  w a s  t e s t e d  i n  
a L ~ - A ~ / L ~ C ~ - K C ~ / F ~ S  c e l l  of a des ign  t h a t  has  been descr ibed  p rev ious ly  
(ANL-76-35, pp. 19-21). The c e l l s  were cycled cont inuously a t  a c u r r e n t  
d e n s i t y  of 76 m ~ / c m ~  and a temperature of 450°C. A l l  t h r e e  c e l l s  showed 

< s a t i s f a c t o r y  e l e c t r i c a l  performance and were opera ted  f o r  a per iod  of 1000 h r  
before  be ing  terminated v o l u n t a r i l y .  

Pos tope ra t ive  examination of.  t h e  c e l l s  showed t h a t  i n  each case  t h e  
upper e l e c t r o d e  cup had ruptured .  Th i s  cup contained FeS i n  one of t h e  c e l l s  
and Li-A1 i n  t h e  o t h e r  two c e l l s .  Excessive expansion of t h e  a c t i v e  m a t e r i a l s  
caused t h e  r u p t u r e  i n  each case .  

The i n t e g r i t y  of t h e  Y203-asbestos s e p a r a t o r  was maintained f a i r l y  
w e l l ,  a l though some void a r e a s  were observed. The cause 'of t h e s e  vo ids  has  
not  been determined. Examination by scanning e l e c t r o n  microscopy (SEM) showed 
no apparent  s i g n s  of a t t a c k  of t h e  Y 2 O 3  f i b e r s ,  bu t  t h e  a sbes tos  was des- 
t royed,  as had been expected.  The BN f e l t  and Y2O3 f e l t  s e p a r a t o r s  maintained 
t h e i r  i n t e g r i t y  i n  t h e  t e s t  c e l l s  and no voids  were observed. Examination by 
SEM f o r  evidence of a t t a c k  i n  the  BN and Y2O3 f e l t s  i s  i n  progress .  

A l l  t h r e e  s e p a r a t o r  m a t e r i a l s  w i l l  b e  made a v a i l a b l e  f o r  f u r t h e r  
eva lua t ion  i n  engineering-scale .  c e l l s .  - . . * 

Pro fes so r  R. D.  Walker and C. C.  Cheng, funded by t h e  U.S. Energy Research 
and Development Administrat ion.  '** 
R .  T, . 1Iarni.3.tony Rcsenrch and Dcvclopmcnt D i v i ~ i o n ,  funded by Argcrnnrl 
Nat iona l  Laboratory.  



Table 11-3. Properties of Paper and Felt Electrode Separators 

y203- 
Asbestos BN 

Property 
y203 

Paper Felt Felt 

Thickness, mils 3 5 7 2 68 

Percent Porosity 7 9 93 96 

Air Resistancesa sec/in. 514 1.94 1.09 

Burst strength ,b psi/in. 23 7 22 

~lexibilit~,~ in. 1 1 0.25 

wettabilit'yd Good Poor Fair 

a 
Time required for the flow of a standard volume of air through 
t l ~ e  separator, d i v i d e d  by separaeou thickness. 

b~ydrostatic pressure required to rupture the separator, 
divided by separator thickness. 
C Diameter of the smallest cylindrical mandrel around which the 
separator can be bent without tearing. 

d~ase with which the separator can be impregnated kith molten 
LiC1-KC1 electrolyte. 

3. Corrosion Studies 
(J. A. Smaga, J. E. Battles) 

Corrosion studies were completed on a series of Ni-Cr alloys not 
previously tested. Hastelloys B and C and Type 304 stainless steel were also 
included in this study, as were molybdenum, niobium, nickel, and Armco elec- 
tromagnet iron. All of these materials were evaluated in equal volume mix- 
tures of both FeS2 + LiC1-KC1 and FeS + LiC1-KC1, with the exception of Armco 
iron which was tested in the FeS environment only. The tests employed time' 
intervals of 500 and 1000 hr and a temperature of 450°C. The nominal compo- 
sitions of the alloys and a iummary of the test results are given in Table 
11-4. 

The FeS corrosion study indicated that all of the materials evalu- 
ated, with the exception of Armco iron, have acceptable corrosion resistance 
at 4SUuC (the corrosion rates were considerably lower than the value of 80 
pm/yr or less that is considered acceptable corrosion resistance). Iron-rich 
intermetallic reaction layers were formed .on the niobium samples, and the 
niobium'was embrittled (similar results had been obtained in tests at 500°C, 
see ANL-76-9, pp. 46-49). The nickel samples also reacted to form.iron-rich 
intermetallic layers. The corrosion rates of molybdenum and the nickel-base 
alloys (Inconels, Incoloy, and .Hastelloys) were less than 7 pm/yr; however, 
Inconels 706 and 718 and Hastelloy B exhibited minor intergranular attack, 
with Inconel 706 showing the most extensive grain-boundary penetration. 

In the FeS2 environment, only molybdenum has the required corrosion 
resistance. The molybdenum samples showed a slight gain in weight; however, 



Table 11-4. Resu l t s  of Corrosion T e s t s  i n  PeS and FeS2 Environments a t  4 5 0 ' ~  

, Mate r i a l  

Corrosion Rate,a pm/yr 
FeS + LiC1-KC1 FeS2 + LiC1-KC1 
500 h r  1OOOhr 500 h r  1000 h r  

Molybdenum 

Niobium +3 0 +2 2 2900 - 

Nickel +17 3.0 >6600 - 
Armco I ron  470 450 - - 
Inconel  617 (~i-22Cr-12.5Co-9Mo-1Al) 1 .8  2.7 890 1280 

Inconel  625 (Ni-22Cr-9Mo-5Fe-3.6Nb) 1 .7  3.6 890 930 

Inconel  706 (~i-36~e-16Cr-3Nb-1.8Ti) 5.3  3.9 4300 2300 

Inconel  718 (Ni-19Cr-18Fe-5Nb-3Mo-O.8Ti-0.5Al) 6.6 3.4 2400 - 

Incoloy 825 (Ni-28Fe-22Cr-3Mo-2;2Cu-0.8Ti) 2.2 1 .9  3140 - 
Haste l loy  B (~ i -28~0-5Fe-1Cr)  1 .6  3.4 2 20 680 

Has te l loy  C (Ni-17Mo-l6Cr-5Fe-4W) 1 .5  0.33 370 970 

304 SS (Fe-19Cr-1ONi) ' 4.7 2.2 >5000 - ". .", 

a 
Numerical va lues  preceded by "+I' r ep re sen t  t h e  formation r a t e s  of . r eac t ion  
l a y e r s .  Values preceded by ">" r ep re sen t  co r ros ion  r a t e s  based on t h e  
i n i t i a l  weight of t h e  sample. A va lue  of 180 mv/yr i s  considered acceptab le .  . . . . 

no evidence was found by met i l lography o r  SEM of a  s u r f a c e  l a y e r  such a s  MoS2, . .! 
which had been observed i n  t e s t s  a t  500°C. Niobium, n i cke l , ,  and Type 304 : .,.: . . 
s t a i n l e s s  s t e e l  underwent severe  a t t a c k .  Of t h e  new a l l o y s  t e s t e d ,  Inconels  "' 

; , ..:3 
617 and 625, which a r e  so l id - so lu t ion  a l l o y s ,  showed' the b e s t  r e s i s t a n c e  t o  .: . r o  .-,, :.+ 
t h e  FeS2 environment, b u t  t h e i r  co r ros ion  r a t e s ' w e r e  more than  an o rde r  of 
magnitude h igher  than  acceptab le .  A s .  a  group, t h e  so l id - so lu t ion  ~ a s t e ' l l o ~ s ,  
which a r e  t y p i c a l l y  h ighe r  i n  n i c k e l  and molybdenum and lower i n  chromium 
than the. Inconels ,  had t h e  b e s t  r e s i s t a n c e  of t h e  a l l o y s  t e s t e d ,  b u t  t h e i r  
cnr ros ion  r a t e s  at 450°C were still higher  than  accep tab le .  

The s u l f i d e  s c a l e s  observed on t h e  nickel-base a l l o y s  exposed t o  
t h e  FeS2 environment were examined by both  scanning e l e c t r o n  microprobek and * * 
X-ray d i f f r a c t i o n  techniques.  These s c a l e s  cons i s t ed  of p a r t i c l e s  of one 
o r  more secondary s u l f i d e  phases d i spe r sed  i n  NiS o r  of a s o l i d  s o l u t i o n  of 
FeS i n  NiS i f  t h e  a l l o y  contained a  s i g n i f i c a n t  amount of i r o n .  The d i s -  
persed phases included Cr2S3, FeCr2Sq, Ni3S2, CoS, and NiCoSq, depending on 
t h e  a l l o y  composition. These f i n d i n g s ,  combined wi th  meta l lographic  examina- 
t%ozis, suggest  t h a t  many a s p e c t s  of t h e  s u l f i d a t i o n L a t t a c l c  i n  t h i s  environ-  
ment, i nc lud ing  t h e  morphology and growth c h a r a c t e r i s t i c s  of t h e  s u l f i d e  
s c a l e ,  p a r a l l e l  those  repor ted  f o r  b ina ry  meta l  systems i n  s u l f u r  vapor and 
H2S environments. 

* .  
Performed by C .  A. Se i l s , .Chemica l  Engineering Div i s ion ,  ANL. 

** 
A 1 1  X-ray d i f f r a c t i o n  analyoco d i o c u o ~ c d  i n  t h i ~  s e c t i o n  were performed by 
B. S. Tani ,  Ana ly t i ca l  Chemistry Laboratory,  ANL. 



- . 
The outward diffusion of cer,tain alloying elements and thei.r subse- 

quent reaction to form the sulfide scales produced zones in the base metal 
adjacent to the sulfide scale that were porous and were altered in chemical 
composition. These porous zones were quite deep, for example, up to 180 pm 
in Inconel 625 samples after 1000 hr. In these zones, the concentrations of 
such elements as nickel, iron, chromium and cobalt decreased, and, as a 
result, the concentrations of molybdenum, niobium, and tungsten increased. 
The concentration changes were gradual and diffusion-controlled, although 
elements such as aluminum and titanium appeared to concentrate at the metal/ 
sulfide interface. 

4. Postoperative Cell Examination 
(F. C. Mrazek, K. G. Carroll, J. E. Battles) 

Postoperative examinations are conducted on test cells primarily 
to evaluate the performance of various construction materials, in particular, 
feedthroughs, current collectors, electrode separators, and cell housings. 
These postoperative examinations provide important information, not only on 
the compatibility of cell components with the cell environment, but on the 
performance and behavior of the lithium-aluminum and metal s111fi.de eler.t.rnde 
materials. The examination procedures were described in a previous semiannual 
report (ANL-8109, p .  72). 

a. Cells Fabricated at AN.  

Postoperative cell examinations were completed on prismatic 
engineering-scale cells R-7 and R-10, which were assembled in the uncharged 
state and operated at 450°C (Shimotake and Bartholme, ANL-76-35, p. 46). 
Operation of each cell was terminated because of electrical shorting between 
the electrodes after 3408 hr (179 cycles) for Cells R-7 and 1732 hr (128 
cycles) for Cell R-10. The initial materials in the positive electrodes were 
Li2S, iron, and copper powder (K-7) and Li2S, iron, copper, and Li2C2 powder 
(R-10). In both cells, aluminum wire was the starting negative electrode. 
The development of initially uncharged cells was undertaken in an efivrt t o  
prevent excessive swelling and outgassing in cells and to improve the util- 
ization of active materials. ' 

The cross sections of Cells R-7 and R-10 are shown in Fig. 
11-5, where it is apparent that the swelling was excessive in Cell R-10, a 
sealed cell (R-7 was not sealed). The thickness of Cell R-7 had increased 
from 2.7 to 3.5 cm and that of Cell R-10 from 3.0 to 4.6 cm. Figure 11-5a 
shows' that a substantial increase. also occurred in the length of the negative 
electrodes of Cell K-10. The negative electrodes in Cell R-7 showed only a 
small increase in length. Thus, the problem of electrode (cell) swelling 
has not been prevented by assembling cellk in the uncharged c.onditi.on. Mech- 
anical constraint does prevent cell swelling, but may be the source of other 
problems (ANL-76-9, p. 52). 

Metallographic examination of both cells showed bands of a 
copper-bearing particulate extending through .'the 'Zro2 fabric that served as a 
particulate retainer for the positive electrode and also through the BN 
electrode separator. The electrical shorting observed in these cells has 
been attributed to these metallic stringers; no other evidence of specific 
short circuits could'be located. Cutting of the cell into small sections 



a. Cell R-10 b .  C e l l  R-7 

Fig. 11-5. Cross Sections of Cells R-10 and R-7 Showing Swelling 
and Distortion of the Electrodes 



yielded only a gradual increase i n  res is tance i n  the  smaller sections,  thereby 
ind ica t ing  multiple conductive paths. The presence of copper-bearing particu- 
l a t e  i n  t he  separator is unusual, and the mechanism responsible f o r  i t  is 
unknown a t  t h i s  t i m e .  

A s  noted above, the  posi t ive  e lectrode of Cel l  R-10 contained 
Li2C2 a s  an addi t ive  (representing 20 w t  X of the  ac t i ve  material) .  Carbon 
analysis* showed' 3.67 and 0.19 w t  % carbon i n  the pos i t ive  and negative 
e lectrodes ,  respectively.  I n  Cell  R-7, which was s imilar  t o  C e l l  'R-10 except 
f o r  t he  addi t ion of Li2C2, t h e  carbon analysis  showed only 0.07 and 0.02 wt % 
carbon i n  the  pos i t ive  and negative e lectrodes ,  respectively.  The r e s u l t s  
i nd i ca t e  t h a t  a subs tan t ia l  transport  of carbon from the posi t ive  e lectrode 
t o  the  negative e lectrode occurred i n  C e l l  R-10. An important question is 
how the  presence of f i n e  carbon pa r t i c l e s  might a f f ec t  the e lec t ron ic  conduc- 
tance of t he  e lec t ro ly te .  

b. C e l l s  Fabricated Under Indus t r ia l  Contracts 

Examinations were a l so  completed on two Li-AlIFeS-Cu2S c e l l s  
(EP-1B1 and EP-1B2), which were prismatic engineering-scale c e l l s  fabr icated 
by Eagle-Picher Industr ies ,  Inc. and tes ted  a t  ANL. The posi t ive  electrodes 
were FeS plus a Cu2S addi t ive ,  the  negative electrodes were powdered Li-A1, 
and i n  both, i ron honeycomb s t ruc tures  served a s  current col lectors .  The 
c e l l  housings w e r e  low carbon steel (AISI-1010). Boron n i t r i d e  e lectrode 
separators  and ZrOp f ab r i c  p a r t i c l e  r e t a ine r s  were used, along with 325-mesh 
s t a i n l e s s  s t e e l  screens. (These c e l l s  a r e  cal led prototypes i n  Section 
II.A.l.) 

C e l l  EP-1B2 was operated with mechanical constra ints  t o  pre- 
vent swelling. A shor t  c i r c u i t  developed i n  t h i s  c e l l  a f t e r  480 h r  (22 
cycles) of operation a t  433OC. Figure 11-6a shows a cross sect ion of t h i s  
c e l l .  Although electrode swelling appears moderate, the  negative e lectrodes  
a r e  about 25% thicker  than t h e  or ig ina l  0.72 cm. The pos i t ive  e lectrode shows 
only minor swelling i n  most regions, except f o r  one bulge located 1 cm from 
the  bottom, where t h e  expansion is about 15%. X-ray d i f f rac t ion  analysis of 
the  pos i t i ve  electrode mater ia l  showed the  presence of Xcu-phase (a modified 
form of Li2FeS2, ca l led  X-phase), FeS, and a-Fe. The d i s t r i bu t ion  of ac t ive  
mater ia l  i n  the negative e lectrode was determined by a computer scanning 
method described previously (ANL-75-36, p. 74). The d i s t r ibu t ion  varied 
from 20 vo l  % near t he  pos i t i ve  e lectrode i n t e r f ace  t o  63 vo l  X on the  s ide  
f a r t h e s t  from t h e  pos i t ive  electrode.  The ac t ive  mater ia l  loading was 
i n i t i a l l y  85 vol  %. The shor t  c i r c u i t  i n  t h i s  c e l l  was located near the  
top of t he  c e l l  between the  positive-electrode support frame, which i s  a t  
negative e lectrode ~ o t e n t i a l ,  and the  positive-electrode current co l lec tor ;  
i n  t h i s  area  FeS had extruded from the  pos i t ive  electrode i n t o  the  0.025-cm 
gap and had caused the  shor t  c i r cu i t .  The constra int  applied t o  minimize the  
increase  i n  thickness probably contributed t o  the  extrusion of FeS from the  
electrode.  

The s the r  c e l l ,  EP-1B1, was sealed and operated for 7 cycles 
before deve1oping.a shor t  c i r c u i t .  No constra int  was employed t o  prevent 
e lect rode swelling. Figure 11-6b shows the  swelling behavior of Cell  1 B 1 ,  

* 
N. L. Johnson and I. M. Fox, Analytical Chemistry Laboratory, ANL. 



a. Cell EP-lB2 b.  C e l l  3P-1B1 

Fig. 11-6. Cross Sections of Cells EP-lB2 and EP-1B1 (the lesser 
extent df swelling i n  C e l l '  EP-1B2 is  attributed to 
mechanical constraint during operation) 



which is qui te  d i f f e r e n t  from tha t  of Cel l  EP-1B2. The pos i t ive  electrode 
thickness had increased by 30 t o  50% from the  i n i t i a l  value of 1.27 cm. The 
negative electrodes appeared t o  have increased i n  thickness by an average of 
6% from the  i n i t i a l  value of 0.72 cm. The nominal loading of Li-A1 i n  these 
e lectrodes  was 70 vol  %. Poor e l ec t ro ly t e  penetration of the EN fabr ic  sepa- 
r a t o r  made it possible t o  remove the  c lo th  and probe i t  fo r  e l e c t r i c a l  short  
c i r c u i t s .  The cell  res i s tance  of 80 Q was found t o  be caused by many conduct- 
ing  paths across the  BN cloth.  Material from two of these low resis tance 
paths,  taken from the  negative electrode s ide  and ident i f ied  by X-ray diff rac-  
t i o n  a s  FeS and a-Fe, was presumed t o  be the  source of the short-circuit ing 
across the  EN separator.  

C. Battery Engineering 
(A. A. Chilenskas) 

I. Design Studies 

a. 30 kW-hr E lec t r i c  Vehicle Battery 
(G. J. Bernstein, A. A. Chilenskas) 

A design study has been i n i t i a t e d  t o  a s s i s t  i n  the  development 
of an e lectr ic-vehicle  ba t t e ry  c e l l  t h a t  w i l l  meet spec i f ic  goals f o r  an 
Li-A1/FeS2 c e l l  fabr icated by an indus t r i a l  f irm i n  1978. To permit more 
e f f i c i e n t  packaging, the  c e l l  s i z e  is 13  by 20 cm ( the current i ndus t r i a l  
capabi l i ty  i s  f o r  13 by 13 cm c e l l s ) .  The performance goals f o r  indus t r ia l ly  
fabr icated c e l l s  fo r  an electric-vehicle ba t te ry  a r e  shown i n  Table 11-5 f o r  
1976, 1978, and 1981. The specif icat ions  and performance goals f o r  an elec- 
t r i c  automobile a r e  shown i n  Table 11-6; the  goals f o r  1978 and 1981 a r e  based 
upon the' c e l l  performance goals shown i n  Table 11-5 f o r  those years. 

Table 11-5. Performance Goals f o r  Indus t r ia l ly  
Bahri ra ted  T , i  -A1 /FeS2 C P ~  1 .s 

Goals 1976 1978 1981 
- - 

Specific Energy, a W-hr/kg 75 110 160 

Peak ~ o w e r , ~  Wlkg 7 5 110 200 

Energy Efficiency, % 

I.ifetimec 
Deep Uischarges d 200 400 800 
Automobile Cycles 600 1,200 2,400 
Eqlli vfil pnt kilume~urs 32, OQO 64,000 120,QOO 
Years of U s e  / 2 4 8 

aAt 4-hr discharge ra te .  

b15-sec pulse a t  50% discharge. 

%ifetime based upon a deep discharge equivalence of 160 km; 
automobile cycles based upon 5 cycleslweek a t  32 km/ 
cycle and one cycle/week a t  160 kmlcycle (16,000 km/yr). 

d ~ e e p  discharge i s  equivalent t o  70% u t i l i z a t i o n  of the ac t ive  
electrode materials.  



Table 11-6. Vehicle Specifications and Performance Goals 

Test Weight (136-kg load), kg 

Cell Weight, kg 

Battery Weight, kg 

Battery Output at Terminals 
Energy, kW-hr at ~ / 4  ratea 
Peak Power, kW (15-sec pulse) 

Time to Accelerate, sec 
0-64 km/hr 
0-89 km/hr 

Top Speed, km/hr 

Driving Range, km 
Residential (SAE 5227) 
At Constant Speed I 

40 km/hr 
89 km/hr 

a Current drawn at a rate that would completely discharge 
the cell in 4 hr. 

A Li-A1/FeS2 cell. (13 by 20 by %2.5 cm) is the basis for the 
design of a 30 kW-hr battery for powering a small, four-passenger vehlcle. (A 
42 kW-hr.battery was designed previously, see ANL-76-35, p. 26.) The present 
battery design has 160 prismatic subcells-, 13 by 20 cm, which are arranged in 
two parallel rows. Adjacent subcells are connected in parallel to form 80 
cells that are connected in series. 

A cylindrical enclosure, shown in Fig. 11-7, has been designed 
to hold the 400-kg vehicle battery. This enclosure is a double-walled vessel 
43 cm in diameter and 244 cm long and is located within a structural cylinder 
which serves as a supporting element of the vehicle body. Thermal insulation 
is provided by multifoil insulation within the evacuated double wall and by 
a thick insulating plug at the front end. The main power leads, the cell 
charging and equalizing circuit conductors, heater conductors, thermocouples, 
and air cooling ducts pass through the plug and are sealed to it to maintain 
a dry, inert atmosphere within the battery enclosure. 

A bench-scale version of this enclosure is being procured for 
testing and the design of an alternative unit is also being undertaken. 
Primary effort is directed toward the design of a low-cost unit suitable for 
mass production. 

b. Cell Resistance Calculations 
(M. A. S1awecki;V) 

Calculations of cell internal resistances are continuing. 
Values were calculated Tur vatiuus cells wliich l.~ave been, or are being, 

*Chemical Engineering Division, ANL. 



Fig. 11-7. 30 1cW-hr E l e c t r i c  Vehicle Bat tery  

operated a t  ANL, and t h e s e  were compared with measured c e l l  r e s i s t a n c e s ,  as 
showp i n  Table 11-7. The assumption was made i n  a l l  cases t h a t  t h e  c e l l  
d i f f u s i o n a l  r e s i s t a n c e  i s  twice t h a t  of the  e l e c t r o l y t e  r e s i s t a n c e  i n  t h e  
f u l l y  discharged s t a t e  and is  zero  i n  t h e . f u l l y  charged. s t a t e .  

The ca lcu la led  and measured values I o r  C e l l s  5-86, R - 6 ,  R 10 ,  
EP-1B3, and 1B/F1 show good agreement, i,c., l e s s  than 20% d i f fe rence ,  except 
f o r  t h e  value f o r  C e l l  R-10 i n  t h e  f u l l y  charged s t a t e ,  where t h e  d i f fe rence  
is  25%. The d i f f e r e n c e  between measured tlilcl ca lcu la ted  values f a r  Cells S 87 
and R-11 which have cur ren t  c o l l e c t o r s  and p o s i t i v e  terminals  of Hastel loy B 
is  between 30 and 40%. Although the  ca lcu la ted  r e s i s t a n c e s  f o r  these  two 
c e l l s  a r e  higher than those  of t h e  o t h e r  c e l l s  owing t o  t h e  use of Hastel loy B 
cu r ren t  c o l l e c t o r s ,  t h e  measured values a r e  even higher.  This i s  a t t r i b u t e d  
t o  a  su r face  f i l m  on ehe Hascelfoy B currexiL c o l l e c t o ~  which e f f e c t i v e l y  
r a i s e s  t h e  c e l l  r e s i s t ance .  I f  t h i s  e f f e c t  e x i s t s ,  t he  add i t iona l  r e s i s t a n c e  
should be  inverse ly  propor t ional  t o  t h e  s u r f a c e  a r e a  of the  cu r ren t  c o l l e c t o r .  
To t e s t  t h i s  p o s t u l a t e ,  t h e  r e s i s t a n c e  f o r  Ce l l  R-11 was reca lcu la ted  taking 
i n t o  account t h e  d i f fe rence  between t h e  measured and ca lcu la ted  r e s i s t a n c e  
values  f o r  C e l l  S-87 and t h e  d i f fe rence  between t h e  su r facea reas  of the  two 
cur ren t  c o l l e c t o r s .  The values  (shown i n  parentheses i n  Table 11-7) a r e  very 
c l o s e  t o  t h e  measured c e l l  r e s i s t a n c e  of C e l l  R-11. 

C e l l  R-5 i s  an FeS c e l l  without  a copper add i t ive ;  t h e  d i f f e r -  
ence between measured and ca lcu la ted  values i s  a t t r i b u t e d  t o  a  higher contac t  
r e s i s t a n c e  between t h e  current  c o l l e c t o r  and t h e  el .ectrode mate r i a l .  The 
reason f o r  t h e  discrepancy between measured and ca lcu la ted  values f o r  Gould 
C e l l  1-002 and f o r  C e l l  EP-2B4 i s  not  known. C e l l  1-002 d id  not  opera te  
s a t i s f a c t o r i l y ,  and i t  i s  poss ib le  t h a t  the  h igher  measured r e s i s t a n c e  i s  
r e l a t e d  t o  problems with c e l l  design. 



Table 11-7. Comparison of Measured and Calcula ted  C e l l  Res is tances  

C e l l  
No. 

E lec t  rode C e l l  ~ e s i s t a n e e , ~  mQ 
Type of c e l l a  Area, cm2 Meas. Calc. 

R-5 FeS (Fe) . 297 

R-6 . FeS-Cu2S (Fe) 297 

Gould F ~ S - C U ~ S  (Fe) , .  300 
1-002 

EP-1B3 FeS-Cu2S (Fe) 300 

EP-2B4 FeS2-CoS2 (Mo) . 300 

a 
A l l  c e l l s  had Li-A1 nega t ive  e l e c t r o d e s .  A l l  c e l l s  had BN s e p a r a t o r s  except  
lB /F l ,  which had Y203. P a r e n t h e t i c a l  express ions  denote p o s i t i v e  e l e c t r o d e  
c u r r e n t  c o l l e c t o r  m a t e r i a l .  

b~ = charged, D = discharged.  
C 
Corrected f o r  s u r f a c e  f i l m  on Has te l loy  B c u r r e n t  c o l l e c t o r  ( s ee  t e x t ) .  

, . 

d ~ x p e r i m e n t a l  va lues  f o r  f u l l y  cha rged  o r  f u l l y  discharged c e l l s  n o t  
a v a i l a h l e .  

These s t u d i e s  demonstrate t h a t  c e l l  r e s i s t a n c e  va lues  can be  ca l -  
c u l a t e d  wi th  s u f f i c i e n t  accuracy t o  make an  important  c o n t r i b u t i o n  t o  c e l l  
des ign .  Ca lcu la t ions  of t h i s  type  w i l l  b e  cont inued f o r  o t h e r  ope ra t ing  
c e l l s  t o  v e r i f y  t h e i r  u se fu lnes s  i n  cel l  design work. 

2. Component Tes t ing  
(F. Hnrns t ra ,  E. C. Rerrill, W. .W.  ark) 

The s u c c e s s f u l  operat ion.  of  t h e  da t a -acqu i s i t i on  system and computer- 
c o n t r o l l e d  d a t a  p l o t t e r  f o r  t h e  b a t t e r y  l a b o r a t o r y  was demonstrated i n  con- 
j unc t ion  wi th  two-cell  b a t t e r y  t e s t s .  Hard-copy p r i n t s  of  c u r r e n t  and v o l t a g e  
a s  a  func t ion  of t i m e  f o r  s i n g l e  c e l l s  and two-cell  a r r a y s  were obta ined .  I n  
add i t i on .  computer c a l c u l a t i o n s  of c e l l  watt-hours and ampere-hours and t h e i r  



e f f i c i e n c i e s  were obta ined .  Work i s  cont inuing  on expansion of t h e  system t o  
accommodate a d d i t i o n a l  c e l l s ,  i n c r e a s e  t h e  t iming  r e s o l u t i o n ,  and reduce t h e  
i n t e r v a l  between da ta- record ing  t ime and t h e  t ime when t h e  graphic  d i s p l a y  
i n £  ormation i s  a v a i l a b l e .  

C e l l  e q u a l i z a t i o n  on two- and t h r e e - c e l l  Li-Al/FeS b a t t e r i e s  i s  now 
r o u t i n e l y  done w i t h  t h e  l a b o r a t o r y  system descr ibed  i n  t h e  previous q u a r t e r l y  
r e p o r t  (ANL-76-35, p. 32). Work i s  cont inuing  on a  vo l t age  monitor t o  c o n t r o l  
charg ing  and e q u a l i z i n g  of a  s i x - c e l l  b a t t e r y .  S imi l a r  i n  concept t o  t h e  
p r e s e n t  f o u r - c e l l  monitor ,  t h i s  new u n i t  is more s o p h i s t i c a t e d  and permi ts  
more f l e x i b l e  o p e r a t i o n  and e a s i e r  use.  

A c e l l  and b a t t e r y  monitor w a s  a l s o  cons t ruc t ed  t h a t  w i l l  work wi th  
any c e l l  o r  b a t t e r y  and wi th  any c y c l e r .  Th i s  compact monitor ope ra t e s  com- 
p l e t e l y  independent ly from t h e  c y c l e r  and i n t e r r u p t s  t h e  cu r r en t  i f  t h e  
v o l t a g e  of the ,  ' c e l l  o r  b a t t e r y  v i o l a t e s  p r e s e t  l i m i t s .  A s  a  r e s u l t ,  a  c e l l  
o r  b a t t e r y  would be p r o t e c t e d  from damage i n  t h e . e v e n t  of overcharge o r . o v e r -  
d i scha rge .  

Consitie~:atinn i s  be ing  given t o  a scheme f o r  provid ing  automatic  
bypass  f u s i n g  of  a  b a t t e r y  c e l l  t h a t  f a i l s  i n  t h e  open-c i rcu i t  condi t ion .  
The f u s i n g  would r e e s t a b l i s h  a  c u r r e n t  pa th  around t h e  f a i l e d  c e l l  s o  t h a t  
t h e  b a t t e r y  could cont inue  t o  func t ion  a t  e s s e n t i a l l y  t h e  same v o l t a g e ,  bu t  
w i t h  one less c e l l .  A s  a  r e s u l t ,  t h e  n e c e s s i t y  f o r  p e n e t r a t i n g  t h e  j acke t  
of  a  high-temperature b a t t e r y  t o  e f f e c t  a r e p a i r  can be  e l imina ted  o r  post-  
poned t o  a  more opportune t ime.  The method promises t o  b e  economical and 
s imp le ,  and pre l iminary  work t o  demonstrate  t h e  concept has  been s t a r t e d .  

3 .  Bat t e ry  Tes t ing  
(V. M. Kolba, G. W .  Redding, E.  C. B e r r i l l ,  J .  L.  Hamilton) 

The purpose of  t h i s  e f f o r t  i s  t o  eva lua t e  Li-Al/FeS, c e l l s  opera ted  
bo th  i n  s e r i e s  and i n  p a r a l l e l  arrangements and t o  compare t h e i r  performance 
i n  b a t t e r i e s  wi th  t h e i r  performance a s  i n d i v i d u a l  c e l l s .  The c e l l s  p r e s e n t l y  
under t e s t  have been s u p p l i e d  by s e v e r a l  commercial f a b r i c a t o r s .  During t h i s  
p e r i o d ,  a major goa l  was accomplished, namely, f o r  t h e  f i r s t  t ime t h r e e  
Li-Al/FeS c e l l s  were opera ted  i n  a s e r i e s  arrangement. About 95% ampere-hour 
e f f i c i e n c y  and about  80% watt-hour e f f i c i e n c y  were achieved. Average s p e c i f i c  
energy of  t h e  t h r e e - c e l l  system was about 45 W-hr/kg. Two of t h e  b e t t e r  ce l l s  
were a l s o  opera ted  i n  s e r i e s  t o  g ive  an ampere-hour e f f i c i e n c y  of 99%, a  wat t -  
hour e f f i c i e n c y  of 82%, and s i m i l a r  s p e c i f i c  energy. A c e l l  e q u a l i z a t i o n  
system was t e s t e d ,  and a  pre l iminary  eva lua t ion  of t h e  b e n e f i t s  of equal iza-  
t i o n  i n d i c a t e  a ga in  of from 14 t o  20% i n  c a p a c i t y  and energy on subsequent 
c y c l e s .  

a .  T e s t i n g  i n  P a r a l l e l  and S e r i e s  Arrangements 

Gould C e l l s .  I n i t i a l  t e s t i n g  of c e l l s  in te rconnected  i n  
ba t t e ry - type  arrangements was d iscussed  i n  ANL-76-35, p .  34. A s  not'ed i n  t h a t  - - -  . - 
r e p o r t ,  a  modif ied-condit ioning procedure was used wi th  FeS2 C e l l s  2-004 and 
2-005 from Gould Inc.  i n  an e f f o r t  t o  avoid problems wi th  high r e s i s t a n c e  t h a t  
had been encountered wi th  o t h e r  Gould c e l l s .  Af t e r  e l e c t r o l y t e - f i l l i n g ,  t h e s e  
c e l l s  were s t a r t e d  up and condit ioned i n d i v i d u a l l y  i n  t h e  t e s t  w e l l s .  They 
were then  t e s t e d  i n  p a r a l l e l  under deep d ischarge  and s h o r t  cyc l e  ( f o r  1 h r  



a t  t h e  2-hr d i scharge  r a t e  and f o r  1 h r  a t  t h e  4-hr d i scharge  r a t e )  cond i t i ons  
a t  450°C. Resu l t s  of t h e  t e s t s  a r e  given i n  Table 11-8. I n  s e r i e s  arrange-  
ment, C e l l  2-004 l i m i t e d  the  b a t t e r y  capac i ty  because of a  h igh  leakage c u r r e n t .  
C e l l  2-004 was removed from t e s t i n g  and ope ra t ion  of C e l l  2-005 was cont inued 
a s  a  l i f e  t e s t ,  accumulating >I740 h r  and 141  cyc le s  a t  a u t i l i z a t i o n  of about 
59% and an ampereThOur e f f i c i e n c y  of %98% i n  Cycle 140 a t  t h e  10-hr d ischarge .  
Af t e r  a temperature excursion t o  %650°C r e s u l t i n g  from a c o n t r o l l e r  malfunc- 
t i o n ,  t h e  u t i l i z a t i o n  decreased t o  about  19% b u t  t h e  ampere-hour e f f i c i e n c y  
remained nea r  100%. A f t e r  29 a d d i t i o n a l  cyc l e s ,  t h e  u t i l i z a t i o n  had decreased 
t o  about 172 and t h e  ampere-hour e f f i c i e n c y  was s t i l l .  about 98%. 

The p a r a l l e l  ope ra t ion  o £ . C e l l s  2-004 and 2-005 showed t h a t  t h e  
a t t a i n a b l e  capac i ty  w a s  l e s s  than  the'  sum of t h e  i n d i v i d u a l  c a p a c i t i e s ,  tend- 
i ng  toward t h e  lowest  capac i ty  c e l l .  I nc reas ing  t h e  c u r r e n t  from a 6-hr t o  a  
3.6-hr d i scharge  r a t e  reduced t h e  capac i ty  of t h e s e  c e l l s  by about 22% and t h e  
energy by about 29%. Under t h e s e  con.di t ions t h e  ampere-hour and watt-hour 
e f f i c i e n c i e s  changed by l e s s  than  10% and 15%, r e s p e c t i v e l y .  

Tes t ing  under shor t -cyc le  cond i t i ons  of 1 h r  a t  t h e  4-hr d i s -  
charge r a t e  (20 A) showed t h a t  t h e  c e l l s ,  a f t e r  reaching  equi l ibr ium,  provided 
very reproducib le  d a t a  over  23 c y c l e s $  a s  showp i n  Table 11-9. 

Eagle-Picher C e l l s .  To gain i n s i g h t  i n t o  t h e  e f f e c t  of expo- 
s u r e  of c e l l s  t o  a i r ,  t h e  Eagle-Picher c e l l s  were s t a r t e d  and condi t ioned  i n  
an  inert-atmosphere glove box be fo re  be ing  i n s t a l l e d  i n  t h e  t e s t  we l l s .  ( I n  
e a r l y  t e s t s  of Gould c e l l s ,  t h e r e  was some concern t h a t  t h e  h igh  r e s i s t a n c e  
may have been caused by a  s l i g h t  leakage of t h e  Conax s e a l  which exposed t h e  
i n t e r n a l  components of t h e  c e l l s  t o  a i r . )  

Tes t ing  of t h e  Eagle-Picher FeS c e l l s ,  a s  . i nd iv idua l  c e l l s  and 
i n  and s e r i e s  arrangements,  was begun a f t e r  t h e  c e l l s  had been f i l l e d  
wi th  e l e c t r o l y t e  and condi t ioned ,  and had undergone q u a l i f i c a t i o n  t e s t i n g  
. ( s ee  s e c t i o n  I1 .A. 1 ) .  Af t e r  be ing  placed i n  t h e  t e s t  w e l l s ,  each c e l l  was 
i n d i v i d u a l l y  cycled t o  determine whether i ts  performance had been a f f e c t e d  by 
the, freeze-thaw c y c l e  and t h e  subsequent handl ing  i n  a i r .  A comparison of 
d a t a  from t h e  f i n a l  cyc l e  of t h e  q u a l i f i c a t i o n  tests and t h e  i n i t i a l  i n d i -  
v i d u a l  , t e s t s  i n  t h e  t e s t  w e l l s  i n d i c a t e s  t h a t  a  s l i g h t  decrease  (%lo%) occurred 
i n  t h e  capac i ty  and energy,  b u t  t h e  e f f i c i e n c i e s  remained unchanged. 

The c e l l s  were connected toge the r  i n  t h e  con f igu ra t ions  desig-  
na ted  3P through 6 s  i n  Table 11-8. These t e s t s  showed t h a t  c e l l s  having 
similar performance c h a r a c t e r i s t i c s  a s  i n d i v i d u a l  c e l l s  w i l l  show s i m i l a r  
performances i n  both  s e r i e s  and p a r a l l e l  arrangements.  However, i n  t h e s e  
arrangements,  t h e  i n d i v i d u a l  c e l l  vo l t ages  must be monitored t o  prevent  charg- 
i ng  o r  d i scha rg ing .  a  . c e l l  beyond ' the cu to f f  vo l t age .  When t h e  i n d i v i d u a l  
c e l l  v o l t a g e s  a r e  monitored, t h e -  f i r s t  c e l l  reaching  t h e , d i s c h a r g e  c u t o f f  
v o l t a g e  t r i g g e r s  t h e  charge cyc l e ,  and the f i r s t  c e l l  reaching  t h e  charge 
c u t o f f  vo l t age  t r i g g e r s  e i t h e r  t h e  e q u a l i z a t i o n  charge o r  t h e  next  d i scha rge ,  
depending on t h e  mode of  ope ra t ion  s e l e c t e d .  

b .  Equa l i za t ion  T e s t i n g  

T e s t s  t o  determine t h e  e f f e c t s  of e q u a l i z a t i o n  on t h e  per for -  
mance of c e l l s  i.n series were conducted i n " c o n f i g u r a t i o n s  59 and 65. .  Af t e r  



Table 11-8. , Summary of Batter,y T e s t s  

Discharge Peak Peak 
Ba t t e ry  

b 
Cmren t  , Capaci-Ly, Energy, Eff.. , % 

No. a C e l l s  A A-hr W-hr A-hr W-hr Cycles Remarks 

2P . 2-004,2-005 1.5 9 0 121  7 9 55 - 8 Deep d ischarge  
17.5 87 114 73 : 4 9 8 Ceep d ischarge  
25 7 0 8 6 78 48 2 Deep d ischarge  
30 15 : 24 6 7 43 - 2. Short  cyc l e s ,  1 h r  a t  ~ / 2 '  r a t e  
2 0 2 2 30 73 54 2 7 Short  cyc l e s ,  1 h r  a t ,  Cl4 r a t e  

2 S 2-004,2-005 10 29 7 3 - - 3 Limited by 2-004 

3P 20 133 161  98 8 1 6 , -  . . PB3,lBh Equal iz ing  charge, 2 A ; ' ~ o l t a g e  W 
c u t o f f s  based on 1B4 IU 

4 P BB3, iB4,1B6 3 0 136 163 99+ 8 1 7 Limited by lB'3 on d ischarge  

4 S BB3, iB4,1B6 10 40 142 94 8 2 3 Equalized on each charge; 
l i m i t e d  by 1B3 on d ischarge  

. 5 s  kB4,1B6 10 6 7 163 .99 %82 4 Limited by 1B4 on d ischarge  

6 S 1B4,1B5,1B5 10 76 . 274 99+ %85 gd Equalized a f t e r .  cyc l e  5 ; 
l i m i t e d  by 1B5 on d ischarge  

a S = s e r i e s ,  P = p a r a l l e l .  \ 

b ~ e l l s  2-C04 znd 2-005 a r e  Could FeS2 c e l l s ;  1B3 through 1B6 a r e  Eagle-Picher FeS c e l l s .  
C Current dram. a t  a r a t e  t h a t  wonld completely d ischarge  t h e  c e l l  i n  2 h r .  

d~ t i l l  i n  opera t ion .  



Table 11-9. Reproducib i l i ty  of Test  Data over  23 Cycles . , 

(cyc le  condi t ions :  1 h r  a t  C/4 r a t e a )  , 

Average 
Value 

Standard 
Deviat ion 

Ef f i c i ency ,  % 
Ampere-hour 69.5 
Watt-hour , . 51.8 

Average Voltage, V 
Charge ,' 1.9527 
Discharge 1.4560 

a 
Current  drawn a t  a r a t e  t h a t  would completely d ischarge  
t h e  c e l l  i n  4 h r .  

an e q u a l i z a t i o n  c y c l e ,  t h e  c e l l s  were cycled us ing  a bu lk  charge only.  In  
t h i s  manner of ope ra t ion ,  t h e  d ischarge  capac i ty  fo l lowing  t h e  f i r s t  bu lk  
charge cyc le  decreased by 10.5% from t h a t  of  t h e  f i r s t  d i scharge  cyc l e  a f t e r  - 
e q u a l i z a t i o n ,  and decreased by about 19% a f t e r  t h e  second bulk charge cyc l e .  
S imi l a r ly ,  t h e  energy decreased 11 and 20%, r e s p e c t i v e l y .  No f u r t h e r  reduc- 
t i o n s  took p l ace  on subsequent cyc l ing  us ing  only  bulk  charging.  

I n  a second type of  t e s t ,  d a t a  from t h e  f i r s t  d i scharge  c y c l e '  
a f t e r  e q u a l i z a t i o n  were a l s o  compared wi th  those  of  t h e  preceding d ischarge  
cyc l e  without  e q u a l i z a t i o n ;  he re ,  t h e  ga in  i n  capac i ty  w a s  14% and t h e  ga in  
i n  energy 1 6 % .  Resu l t s  of t h e s e  two experiments ,  which show reasonable agree- 
ment, i n d i c a t e  t h a t  e q u a l i z a t i o n  appears  t o  produce ga ins  i n  capac i ty  and 
energy of about 14  t o  20%. These ga ins  a r e  only  temporary, and e q u a l i z a t i o n  
may be  r equ i r ed  a t  t h e  end of every second deep d ischarge  of t h e  b a t t e r y  t o  
a t t a i n  maximum b e n e f i t s .  The ga ins  i n  energy a r e  t h e  r e s u l t  of ga ins  i n  
capac i ty  only and n o t  t h e  r e s u l t  of h ighe r  average d ischarge  vo l t age .  

c .  Ba t t e ry  Heating and Cooling 

The temperature changes t h a t  occur  dur ing  c e l l  charg ing  and 
d ischarg ing  must be determined s o  t h a t  t h e  h e a t i n g  and cool ing  requirements  
f o r  b a t t e r y  des ign  can b e  e s t a b l i s h e d .  These temperature changes m y  i n f l u -  
ence t h e  nominal ope ra t ing  temperature of t h e  system, which must be c o n t r o l l e d  
t o  avoid exces s ive  co r ros ion  r a t e s  o r  f r e e z i n g  of t h e  e l e c t r o l y t e .  A pre- 
l iminary  experiment t o  determine g ros s  temperature changes of a c e l l  was 
conducted i n  conjunct ion  with a test t o  determine whether and i n e r t  atmos- 
phere is  requ i r ed  f o r  short- term c e l l  t e s t i n g .  

A Gould c e l l  (2-006), which had usab le  capac i ty  of  about 23 
A-hr e a r l y  i n  l i f e ,  w a s  wrapped in a h e a t e r  t a p e  (Br i skea t )  and then  i n  
'about '12 cm of Kaowool i n su ' l a t i on ,  and placed i n  a con ta ine r  i n  a n ' a i r  
environment. The c e l l  has  now been opera ted  f o r  more than  120'0 h r . a t  
temperatures  from 425 t o  475°C. During t h i s  pe r iod ,  t h e  usab le  capac i ty ,  . 

which was about 17.5 A-hr a f t e r  f i v e  s t a r t - u p  c y c l e s ,  increased  t o  about. 20 
A-hr. The c e l l  temperature,  which was monitored dur ing  cyc l ing  by a thermo- 
couple a t t ached  t o  t he  o u t e r  c e l l  ca se ,  v a r i e d  from 6 t o  10°C dur ing  a charge/  

. . 



d i scha rge  cyc l e .  Add i t i ona l  t e s t i n g  with an  improved experimental  set-up i s  
planned t o  q u a n t i f y  ce l l - tempera ture  changes dur ing  ope ra t ion  i n  b a t t e r y  
a r r a y s .  

D. I n d u s t r i a l  Con t r ac t s  
(A. A. ~ h i l e n s k a s )  

Commercial development of lithium-aluminum/iron s u l f i d e  b a t t e r i e s  i s  
b e i n g  implemented by c o n t r a c t i n g  wi th  i n d u s t r i a l  f i rms  t o  (1) develop manu- 
f a c t u r i n g  c a p a b i l i t y  f o r  r equ i r ed  c e l l  m a t e r i a l s ,  ( 2 )  develop manufacturing 
t echn iques  f o r  e l e c t r o d e s  and c e l l s ,  (3)  develop components such a s  i n s u l a t e d  
b a t t e r y  cas ings ,  e l e c t r i c a l  feedthroughs,  and charging c o n t r o l  systems, and 
(4) f a b r i c a t e  and test hardware. 

1. C e l l  Development and Fabr i ca t ion  
(R. C.  E l l i o t t ,  R. F. ~ a l e c h a * )  

Work i s  cont inuing  under t h e  c o n t r a c t s  made w i t h  t h r e e  firms--Gould 
I n c . ,  Eagle-Picher I n d u s t r i e s ,  Inc . ,  and Ca ta lys t  Research Corp.--to develop 
manufacruring procedures  and f a b r i c a t e  test c e l l s  and e l e c t r o d e s .  The s t a t u s  
of  t h e  work under t h e s e  t h r e e  c o n t r a c t s  i s  summarized below. 

Gould Inc .  A s  r epo r t ed  previous ly  '(ANL-76-35, p.  35) , t h e  work 
under t h e  o r i g i n a l  Gould c o n t r a c t  was . r e d i r e c t e d  toward t h e  development and 
f a b r i c a t i o n  o f ' c e l l s  w i th  uncharged, hot-pressed FeS e l e c t r o d e s .  Gould 
r e c e n t l y  completed a l a r g e  glove-box f a c i l i t y ,  which w i l l  provide t h e  capa- 
b i l i t y  f o r  f u l f i l l i n g  t h e i r  p re sen t  c o n t r a c t .  The new f a c i l i t y  was approved 
by  a committee from ANL, a s  s p e c i f i e d  i n  t h e  addendum t o  t h e  Gould work s t a t e -  
ment. 

A s  p a r t  of t h e  des ign  e f f o r t  on c e l l s  w i th  hot-pressed uncharged 
FeS e l e c t r o d e s ,  Gould i s  us ing  a computer model t h a t  t akes  i n t o  account t h e  
r e l e v a n t  f a c t o r s  i n  c e l l  des ign .  The nzodel has been used t o  e s t a b l i s h  elec- 
t r o d e  s p e c i f i c a t i o n s  and t o  p r e d i c t  performance charac t ,e r l . s t ics .  

A review of  t h e  proposed des igns  w i l l  be  he ld  dur ing  t h e  fo r th -  
coming q u a r t e r .  

Eagle-Picher Cont rac t .  The c e l l s  covered by c h i s  c o n t r a c t  have 
cold-pressed p o s i t i v e  and nega t ive  e l e c t r o d e s  and a r e  f a b r i c a t e d  i n  a helium- 
atmosphere glove box. Four c e l l s  (two FeS and two FeS2) were de l ive red  t o  
ANL i n  January 1976 and served  a s  "prototypes" f o r  t e s t i n g  be fo re  t h e  remain- 
d e r  of t h e  c e l l s  were f a b r i c a t e d .  A s  a r e s u l t  of t h i s  t e s t i n g  ( see  Sec t ion  
I I . A . l ) ,  c e r t a i n  des ign  changes were made t h a t  were common t o  both  types  of 
c e l l s  and, i n  t h e  FeS2 c e l l s ,  the j o i n t  between t h e  pos i t i ve -e l ec t rode  cur ren t  
c o l l e c t o r  and t e rmina l  was redesigned.  In  A p r i l  1976, t h e  remaining FeS c e l l s  
and s i x  of t h e  twelve FeS2 c e l l s  under t h e  c o n t r a c t  were de l ive red .  The FeS 
c e l l s  have been t e s t e d  e x t e n s i v e l y  ( s e e , S e c t i o n s  I I . A . l  and I I .C .3) .  Tes t ing  
of  t h e  FeS2 c e l l s  w i th  t h e  redesigned t e rmina l  connect ion proceeded t o  t h e  
po in t  where .approval was given t o  Eagle-Picher t o  f a b r i c a t e  t h e  s i x  remaining 
FeS2 c e l l s  i n  t h i s  s e r i e s .  Del ivery of t h e s e  c e l l s  5s expected i n  August 1976. 

I n  a j o i n t  e f f o r t ,  Eagle-Picher and ANL i d e n t i f i e d  a number of 
des ign  changes, based on ope ra t ing  exper ience  wi th  t h e  present  ~ i - A l / F e s ~  

k 
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c e l l s ,  t h a t  a r e  aimed a t  improving c e l l  s p e c i f i c  energy and s p e c i f i c  power. 
The modified des igns  served a s  t h e  b a s i s  f o r  a proposal  by Eagle-Picher f o r  
a con t inua t ion  of t h e i r  con t r ac t .  The proposa l ,  which i s  p r e s e n t l y  be ing  
reviewed by ANL, c a l l s  f o r  t h e  f a b r i c a t i o n  of  a t o t a l  of 58 c e l l s ,  w i th  
s e p a r a t e  des ign  modi f ica t ions  t o  be  incorpora ted  i n  d i f f e r e n t  s e t s  of  c e l l s .  ; 

Cata lys t  Research Cont rac t .  Because Ca ta lys t  Research encountered : 

d i f f i c u l t i e s  i n  f a b r i c a t i n g  t h e  c a s t  Li-A1 nega t ive  e l e c t r o d e  f o r  t h e  c e l l s  
under t h e i r  & t r a c t ,  ANL ;equested t h a t  t h e  i irst two c e l l s  be made wi th  
nega t ive  e l e c t r o d e s  of Li-A1 powder v i b r a t o r i l y  loaded i n  porous s t r u c t u r e s .  
This  s u b s t i t u t i o n  would a l low (al though a t  t h e  p o s s i b l e  expense of lower 
s p e c i f i c  energy) a more . r ap id  e v a l u a t i o n  o f  t h e  proposed scheme f o r  f a b r i -  
c a t i n g  t h e  c e l l s  i n  dry  a i r .  The c a s t  nega t ive  e l e c t r o d e s  w i l l  be  used i n  
l a t e r  c e l l s .  

Ca ta lys t  Research has  completed t h e  f a b r i c a t i o n  of t h e  f i r s t  FeS2 , 

c e l l  i n  dry  a i r ;  t h e  c e l l  has  been f i l l e d  wi th  e l e c t r o l y t e  (with some d i f f i -  1 
c u l t i e s  due t o  c e l l  gas s ing ) ,  and is  now undergoing e l e c t r i c a l  c y c l i n g  a t  
t h e i r  f a c i l i t y .  

2.  Component Development 

a .  E lec t rode  Sepa ra to r s  
(J. E. B a t t l e s )  

The development of  e l e c t r o d e  s e p a r a t o r s  t o  meet ou r  t e c h n i c a l  
and c o s t  goa l s  is  be ing  pursued.under  R&D c o n t r a c t s  as summarized below. 
Related l a b o r a t o r y  work is  presented  i n  Sec t ion  I I . B . 2  o f  t h i s  r e p o r t .  

The Carborundum Co. Development e f f o r t s  under t h e  Carborundum 
c o n t r a c t  a r e  concent ra ted  on developing a process  f o r  b inding  BN f i b e r s  w i th  
BN t o  o b t a i n  a paper o r  f e l t  s e p a r a t o r .  E f f o r t s  a r e  be ing  cont inued t o  d e f i n e  
t h e  necessary  parameters (p repa ra t ion ,  p y r o l y s i s ,  e t c . )  t o  o b t a i n  uniform 
bonding and t o  c o n t r o l  f i b e r  d i s t r i b u t i o n ,  pore s i z e ,  p o r o s i t y  and th ickness .  
Discussions a r e  under way f o r  an ex tens ion  of  t h i s  c o n t r a c t  (4 t o  6 months) 
t o  a l l ow f o r  completion of t h e s e  development e f f o r t s .  Also, a c o n t r a c t  i s  
be ing  i n i t i a t e d  f o r  t h e  purchase of  600 l b  of'BN roving  i n  N 1977 and FY 1978. 
Carborundum,will  undertake the  des ign ,  engineer ing  and c o n s t r u c t i o n  of a 
f a c i l i t y  t o  produce 5000-10,000 l b  of BN f i b e r  annual ly .  

* 
Unive r s i ty  of F lo r ida .  Pro to type  s e p a r a t o r s  of bo th  Y203 and 

BN f i b e r s  have been prepared us ing  an a sbes tos  f i b e r  (%lo w t  %) as a b inde r  - - - 
t o  provide t h e  mechanical s t r e n g t h  necessary  f o r  handl ing  dur ing  c e l l  assembly. 
Samples have been t e s t e d  i n  c e l l s  w i t h  reasonably .good r e s u l t s .  E f f o r t s  a r e  
cont inuing  on determining t h e  parameters  t h a t  c o n t r o l  t h e  phys i ca l  and mech- , 

a n i c a l  p r o p e r t i e s .  Also, e f f o r t s  a r e  be ing  i n i t i a t e d  t o  make s e v e r a l  p i l o t  
' p l a n t  runs  on a continuous paper-making machine l a t e r  t h i s  year .  T h i s  con- . 

t r a c t  h a s  been renewed f o r  an a d d i t i o n a l  1 8  months s t a r t i n g  A p r i l  1, 1976. 

Z i r c a r  Products ,  Inc .  Pro to type  y t t r i a  f e l t s  made by a pre- 
cursory  process  have been t e s t e d  i n  smal l  c e l l s  w i t h  good r e s u l t s .  Addi t iona l  
m a t e r i a l s  have been obta ined  f o r  l a r g e r - s c a l e  t e s t i n g .  Discussions a r e  under 
way wi th  Zirrar Products ,  Inc. f o r  an R&D c o n t r a c t  f o r  t h e  f u r t h e r  development 
of Y203 f e l t ,  i n  p a r t i c u l a r ,  improvements i n  mechanical s t r e n g t h ,  and c o n t r o l  

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



of p o r o s i t y ,  pore s i z e ,  and th ickness .  Also, e f f o r t  w i l l  b e  d i r e c t e d  toward 
developing BN f e l t s  u s ing  t h e  precursory  process .  . . 

Fibe r  M a t e r i a l s ,  Inc .  The developme111: c o n t r a c t  w i t h  F ibe r  
M a t e r i a l s ,  Inc. became e f f e c t i v e  i n  l a t e  June 1976. The emphasis i n  t h i s  
program i s  t h e  development of  a  process  f o r  making BN f i b e r s  and t h e  evalua-  
t i o n  of paper-making concepts  us ing  v a r i o u s  b lends  of f i b e r  l e n g t h s  t o  improve 
mechanical p r o p e r t i e s .  

. North Caro l ina  S t a t e  Un ive r s i t y .  An u n s o l i c i t e d  proposal  from 
North Caro l ina  S t a t e  Un ive r s i t y  has  been forwarded t o  ERTIA with  our  recommen- 
d a t i o n  t h a t  t h e  R&D c o n t r a c t  be funded. The e f f o r t  would be r e l a t e d  t o  t h e  

. development of porous,  r i g i d  s e p a r a t o r s ,  and a  major p a r t  would b e  d i r e c t e d  
toward t h e  de te rmina t ion  of i m p u r i t i e s  in.MgO.and.the'.concentrations t h a t  
a f f e c t  i t s  c o m p a t i b i l i t y  w i th .  l i t h ium.  ' ~ a ~ n e s i u m .  oxide is  a low-=os t .ma te r i a l  
t h a t  should be  compatible  w i th  l i t h i u m ,  ~n t h e  b a s i s  of thermodynamic da t a .  
However, i n  tests t o  d a t e ,  on ly  s i n g l e - c r y s t a l  MgO h a s  exh ib i t ed  t h e  expected 
c o m p a t i b i l i t y .  

b. Feedthroughs 
(K. M. ~ y 1 . e ~ )  

Design and development of  e l e c t r i c a l  i n s u l a t o r s  and compact, 
low-cost e l e c t r i c a l  feedthroughs i s  be ing  c a r r i e d  ou t  by a number of  con- 
t r a c t o r s .  Work on feedthroughs a t  ANL i s  presented  i n  Sec t ion  I I . B . l .  

Na t iona l  B e r y l l i a .  D i f f i c u l t i e s  have been experienced i n  
f a b r i c a t i n g  the  3116-in.-ID Be0 i n s u l a t o r s  f o r  t h e  modified Conax feedthrough 
and a  s i m i l a r  feedthrough redesigned by ANL; moreover t h e  need f o r  l a r g e r -  
s i z e d  p a r t s  is  growing. Accordingly, . t he  .p rev ious ly  exi.stin.g purchase o r d e r  
f o r  Be0 i n s u l a t o r s  w a s  cance l l ed  and a new one was placed f o r  l a r g e r  p a r t s .  
A modif ied,  but  more expensive,  f a b r i c a t i o n  scheme should provide a  reasonable  
d e l i v e r y  schedule.  

Ceramaseal. Pro to types  of t h e  ram-type feedthrough were 
rece ived  and eva lua t ed  i n  a  s imulated t e s t  c e l l .  The r e s u l t s  were encouraging - - 
b u t ,  a s  expec ted ,  r e l a t i v e l y  low c u t o f f  charge p o t e n t i a l s  were necessary  t o  
avoid  co r ros ion  of t h e  m a t e r i a l s  of cons t ruc t ion .  Less bulky pro to types  aye 
c u r r e n t l y  be ing  f a b r i c a t e d ,  and i f  t h e i r  performance i s  s a t i s f a c t o r y ,  a l t e r n a -  
t i v e  c o n s t r u c t i o n  m a t e r i a l s  w i l l  be  considered.  

ILC Technology. I n  view of t h e  premature f a i l u r e s  of t h e ,  
feedthroughs p rev ious ly  developed f o r  ANL, t h e  d i r e c t i o n  of f u t u r e  work i s  
being consfdered j o i n t l y  'by ANL and ILC.  ILC p lans  t o  submit a  proposal  i n  
t h e  n e a r  f u t u r e .  

Coors Po rce l a in .  A technique whereby an y t t r i a  body i s  cold- 
pressed  and s i n t e r e d  has  been developed by Coors. Samples a r e  being eva lua ted  
i n  c o m p a t i b i l i t y  t e s t s  and have shown e x c e l l e n t  co r ros ion  r e s i s t a n c e  thus  f a r .  
Coors i s  proceeding wi th  t h e  nonmeta l l ic  b raz ing  of t h e  Y 2 O 3  p a r t s  t o  molyb- 
denum. 



c. Elec t rode  Mate r i a l s  
I 
I 

Woven aluminum-foil nega t ive  e l e c t r o d e s  produced by Nat iona l  
s t a n d a r d '  f o r  u se  i n  uncharged c e l l s  were found t o  be  ve ry  s a t i s f a c t o r y  i n  
pre l iminary  c e l l  s c r een ing  t e s t s .  Fu r the r  development w i l l  b e  d i r e c t e d  t o  
t he  reduct ion  of  t h e  weight of t h e  copper-wire cu r r en t  c o l l e c t o r  and t o  t h e  
a d d i t i o n  of about 14 at:% l i t h i u m  t o  t h e  aluminum. 

d. .  E l e c t r o l y t e  and Act ive  Mate r i a l s  
(Z'. Tomczuk) 

The f a b r i c a t i o n  of  uncharged Li-A1/FeSx c e l l s  r e q u i r e s  an ade- 
qua te  supply of high-puri ty  Li2S and LiC1-KC1 e u t e c t i c  f o r  c o n t r a c t o r  use.  
The .sources f o r  t h e s e  two key c e l l  components were i d e n t i f i e d  previous ly  (see 
ANL-76-35, p. 37) .  An agreement has  been reached w i t h  Li thcoa  under which 
t h e  q u a l i t y  of t h e  LiC1-KC1 e u t e c t i c  w i l l  be  upgraded by b e t t e r  sampling and 
handl ing  techniques.  The r e l i a b i l i t y  of t h e s e  improvements w i l l  be  monitored 
by chemical a n a l y s i s  f o r  c h l o r i d e  ion  and t o t a l  a l k a l i n i t y .  Visua l  i n s p e c t i o n  
w i l l  cont inue  t o  be used t o  maintain t h e  l e v e l  of f r e e  carbon below 25 ppm 
(h igher  va lues  produce a d i s c o l o r a t i o n  of t h e  e l e c t r o l y t e ) .  

The o t h e r  key i tem,  Li2S, has  been produced by Foote Mineral 
i n  s u f f i c i e n t  q u a n t i t y  (100 l b )  t o  s a t i s f y  program needs f o r  a t  l e a s t  t h e  
nex t  ' s i x  months. A t  ANL's r e q u e s t ,  a l l  of t h i s  m a t e r i a l  was s i n t e r e d  a t  . 

about  900°c t o  i n c r e a s e  i t s ' b u l k  dens i ty .  

. A p o s s i b l e  low-cost method f o r  t he  p repa ra t ion  of  LI2S is 
c u r r e n t l y  be ing  i n v e s t i g a t e d  by Eagle-Picher. The method involves  t h e  high- 
temperature (700-900°C) r e a c t i o n  of 'Li2C03 wi th  His. A smal l  ba tch  of t h i s  
m a t e r i a l  was t e s t e d  and found t.0 be of  e x c e l l e n t  q u a l i t y ;  accord ingly ,  an  
o r d e r  f o r  100 l b  has  been placed w i t h  Eagle-Picher. 

e .  C e l l  and Ba t t e ry  Charging 
(F. Hornstra)  

~ u l t o n  I n d u s t r i e s  is  cons t ruc t ing  two s i x - c e l l  v o l t a g e  equal iza-  
t i o n  chargers  (one f o r  L i - A l l ~ e S  b a t t e r i e s  a n d . t h e  o t h e r  f o r  Li-A1/FeS2) of a 
type  s u i t a b l e  f o r  u se  on e l e c t r i c  veh ic l e s .  Bench demonstrat ions of one of 
t h e  u n i t s  i n  June 1976 a t  Gulton showed t h a t  t h e  u n i t  met s p e c i f i c a t i o n s ;  
d e l i v e r y  of bo th  u n i t s  i s  expected i n  J u l y .  



111. CELL CHEMISTRY 
(R. K. Steunenberg) 

A. Evalua t ion  of Li thium S u l f i d e  
(Z. Tomczuk, A. E. Mart in)  

Because of t h e  i n c r e a s i n g  i n t e r e s t .  i n  s t a r t i n g  c e l l s  from t h e  uncharged 
state,  methods f o r  t h e  p repa ra t ion  of Li2S and eva lua t ion  of t h e  product have 
assumed g r e a t e r  importance. An experimental  i n v e s t i g a t i o n  was conducted t o  
determine whether i m p u r i t i e s  i n  Li2S could be  de t ec t ed  by a simple t e s t  pro- 
cedure ,  c o n s i s t i n g  of  a h e a t  t rea tment  followed by a meta l lographic  examina- 
t i o n .  Such a procedure would be u s e f u l  a s  a r o u t i n e  q u a l i t y  check t o  i d e n t i f y  
any off-grade material. 

Samples of f i v e  l o t s  of Li2S were s i n t e r e d  a t  950 t o  1050°C and samples 
of f o u r  of  t h e s e  l o t s  were melted a t  about  1 4 0 0 " ~ .  The products  were examined 
mera l lograph$cal ly .  With one except ion ,  no i m p u r i t i e s  were ev ident  a t  t h e  
g r a i n  boundaries  of t h e  Li2S c r y s t a l s  i n  t h e s e  hea t - t r ea t ed  samples. The 
a t y p i c a l  r e s u l t  was obta ined  on a s p e c i a l l y  selected,impure-appearing po r t ion  
of one l o t .  The rhelted product from t h i s  sample contained 20 t o  30% of a 
second-phase impur i ty ,  which was subsequent ly i d e n t i f i e d  a s  Li2Si03 by X-ray 
d i f f r a c t i o n . '  Gowever, a more r e p r e s e n t a t i v e  sample' of t h i s  same l o t  d i d  no t  
show a second phase a f t e r  mel t ing .  Thus, t h e  above procedure appears  t o  be  
s u i t a b l e  only  f o r  determining g ros s  i m p u r i t i e s .  

A check was made on t h e  c h a r a c t e r i s t i c s  of  Li2S-Li20 mixtures  t o  de t e r -  
mine why Li20, which w a s  expected t o  b e  a minor impur i ty  i n  Li2Sy was no t  
d e t e c t e d  by t h e  above t e s t s .  Laboratory t e s t s  showed t h a t  Li2S and Li20 form . 
a s imple e u t e c t i c  a t  975°C n e a r  a 1:l mole r a t i o ;  a t  t h e  e u t e c t i c  temperature,  
Li2S and Li20  a r e  e s s e n t i a l l y  i n s o l u b l e  i n  each o t h e r .  Thus, one would expect  
t h a t  Li20 a t  low concen t r a t ions  would be ev ident  i n  meta l lographic  t e s t s .  To 
check t h i s  p o s s i b i l i t y ,  a sample of Li2Sy t o  which 1 w t  % Li20 had been added, 
w a s  hea ted  t o  1000°C and then  examined me ta l log raph ica l ly .  The Lie0  was 
c l e a r l y  v i s i b l e  at t h e  g r a i n  boundaries  of t h e  Li.S crystals. This  r e s u l t  
sugges t s  t h a t  less than  1 w t  % Li20 had been present  i n  t h e  f i v e  l o t s  of Li2S 
t h a t  were t e s t e d  and, consequent ly,  t h a t  Li20  is  n o t  a common impur i ty  i n  t h e  
Li2S rece ived  t o  d a t e .  

B.  Wett ing C h a r a c t e r i s t i c s  of LiC1-KC1 E l e c t r o l y t e  
(J. G .  Eberhart)  

E f f i c i e n t  ope ra t ion  of a lithium-aluminum/iron s u l f i d e  c e l l  r e q u i r e s  t h a t  
t h e  molten LiC1-KC1 e l e c t r o l y t e  wet t h e  c e l l  s e p a r a t o r  and p a r t i c l e  r e t a i n e r s  
s o  t h a t  e l e c t r o l y t e  can e a s i l y  pass  through t h e s e  porous materi.al.s d11ri.ng d i s -  
charge  and charge of t h e  c e l l s .  Measurements have been cont inued on two 
a s p e c t s  of s epa ra to r  and p a r t i c l e  r e t a i n e r  w e t t a b i l i t y :  (1) t h e  advancing 
and r eced ing  con tac t  ang le s  of t h e  molten s a l t  on s o l i d  s u r f a c e s  of t h e  
m a t e r i a l s  of i n t e r e s t  and (2)  t h e  p e n e t r a b i l i t y  by molten s a l t  of f a b r i c s ,  
papers ,  f e l t s ,  o r  s c reens  made of t h e s e  m a t e r i a l s .  

A new appara tus  was cons t ruc ted  f o r  determining advancing and receding  
c o n t a c t  angles  by t h e  t i l t e d - p l a t e  method. An e x i s t i n g  tube  furnace  wi th in  

* 
Analyses performed by B . S . T a n i  of t h e  Ana ly t i ca l  Chemistry Laboratory,  ANL. 



a glovebox was modified for these measurements by mounting a heating stage on 
a stainless steel rod which is supported at either end of the furnace tube by 
a steel sleeve. The solid surface to be studied is attached to the heating 
stage, and the surface is tilted by rotating the rod. When the substrate is 
sufficiently tilted that a molten-salt drop on its surface is on the verge of 
rolling off, the advancing and receding contact angles can be observed on the 
same drop and can be followed as a function of time. 

A molten-salt penetration test was performed on yttria felt from Zircar 
. .. Products, .Inc. The felt was 1.0 mm thick and had a weight per unit area 

of290 g/m2. The yttria felt was mounted 02 the holder and immersed in a 
2.54-cm head of high-purity molten LiC1-KC1 at 400°C under 1-atm helium pres- 
sure. The holder permitted contact between the salt and felt only on the 
felt's lower surface. After an initial 1 hr of contact, during which no 
penetration occurred, the felt was penetrated by the molten salt. Thereafter, 
the molten salt easily passed through the felt in either direction. This 
behavior suggests a change in the molten-salt contact angles with time. To 
verify the hypothesis of time-dependent wettability, contact-angle measure- 
ments were made on a sintered plaque of yttria.** The advancing and receding 
contact angles, €IA and BR, were measured at 375°C in helium at 1 atm pressure. 
The initial contact angles were €IA = 147" and OR = 74"; these angles fall in 
the ranges to be expected for a'material that is difficult to penetrate, 
namely, 8~ > 90" and 8~ < 90'. Both BA and 8~ decreased continuously with 
time, however, until after 1 hr they had reached steady values of BA = 90" 
and OR = 13". These final or equilibrium contact angles are characteristic 
of an easy-to-penetrate material, for which 8~ < 90" and OR < 90". 

Consideration is being given to the, use of yttria-magnesia, rather than 
pure yttria, because of the lower cost of the mixture. To test the molten 
salt wettability of this material, a sintered plaque of Y2O3-50 wt % MgO was 
prepared.** The contact angles measured were BA = 102O and % = 45" after a 
1-hr equilibration. 

Alumina felt was also studied to determine its penetrability by molten 
salt. The felt, which was in the difficult-to-penetrate category, was pene- 
trated by salt only when the felt was in contact with salt at both surfaces 
and the system was evacuated and repressurized with helium. The wettability 
of sintered alumina corroborated this.finding. The alumina surface had molten 
salt contact angles of BA = 134" and BR = 55'. 'The data from the tests per- 
formed on yttria, yttria-magnesia, and alumina are summarized in Table 111-1, 
along with previously reported data. It is seen that alumina and boron 
nitride have essentially the same wetting behavior in the molten salt and are 
the most difficult to wet of all the materials tested. 

C. Electrochemical Studies of Metal ~ulf ide Phases 
(C. G. Cajigas, C. A. Melendres) 

Investigations are being undertaken to determine the electrochemical 
behavior of metal sulfide phases that are formed during the charging and dis- 
charging of FeSx (x = 1 or 2) electrodes. The objective is to obtain 

* 
~urif ied salt obtained from the Anderson Physics Laboratories, Champaign, 
Illinois. 

d. * 
Prepared,by W. D. Tuohig of the Mate'rials Development Group. 



Table 111-1. Wetting and Penetration Properties of Separator 
.and Particle Retainer Materials by Molten salta 

Solid Surface Penetration Tests 
Contdct. Angles, deg Type of Penetration 

Material OA R Material Category 

90" 1 3 ~  Y203 felt easy b 

304 SS 93 . " 10 screen easy 

ZrOp 105 45 fabric easy 

graphite 117 5 5 fabric difficult 

A1203 134 55 felt difficult 

BN 138 54 fabric d i f  f j.cvlt 

BN 138 54 Paper difficult 

a Contact angle measurements were made at 375OC;'penetrability , . 

detetminations wer,e performed at 400°C. 

b~quilibrium behavibr aft~r 1 hr. 

.thermodynamic data on the formation of these compounds; these data will aid in 
the engineering design of =ells and batteries. Free energies of formatidn, 
for example, are.directly calculab,e from measured emfs, while the temperature 
coefficient of pote.iltia1 should yield the entropy change. 

Poteptiometric measurements were carried out initially to define the 
potential-determining reaction for the Fe/FeS electrode. Assuming this system 
.to be an electrode of the second kind, its potential may be expected to d,epend 
on the s2- concentratioil through the Nernst equation 

a 
E = E0 RT 2 ..3 log 

RT 
~ ~ / ~ ~ 2 f  + -- FeS - - 

nF K ~ p  a ~ e  , nF 2.3 log aS2- 

where the a's refer to activities (and may be taken as equal to concentration) 
of the components indicated and Rsp is the solubility-product constant of FeS. 
The emf of the cell 

1 

was measured as a function of s2- concentration, which was varied by the addi- 
tion of Li2S. Preliminary results are shown in Fig. 111-1 for an initial FeS 
concentration of 9.1 x molal and a temperature of 450°C. It is seen that 
Nernstian behavior appears to be followed, but the measured value of n (the 
number of electrons involved in the potential-determining reaction) is 1-1.5, 
which indicates possibly a more complex set of reactions than the simple two- 
electron transfer reaction, Fe + s2- +- FeS + 2e'. 

Initial measurements of the temperature coefficient of emf for the Fe/Fes 
couple have been made. The results have been difficult to reproduce.and have 
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Fig. 111-1. Effect of Sulfide Concentration 
on Fe/FeS Potential 

varied from -0.33 to -0.88 mVI0C in the temperature range from' 450 to 575OC. 
'In an attempt to obtain better precision, the potentials and temperature 
coefficients for mixtures of sulfide phases are being measured. Such mix- 
tures will represent the FeS electrode at different states of charge or dis- 
charge and hence thermodynamic quantities for the intermediate compounds 
formed during operation of the electrode may also be obtained. . , 



I V .  ADVANCED CELL ENGINEERING 
(W. 3 .  Walsh) 

The e f f o r t  i n  t h i s  p a r t  of t h e  program is d i r e c t e d  p r i m a r i l y  toward t h e  
development and t e s t i n g  of Li-A1/FeSx c e l l s . h a v i n g  improved performance and/or  
l o w e r ' c o s t .  The work,. which is  p r e s e n t l y  concent ra ted  on t h e  development of , 

advanced e l e c t r o d e s  and c e l l  con f igu ra t ions ,  complements t h e  e f f o r t  on com- 
m e r c i a l  development, so  t h a t  any t e c h n i c a l  advances can be incorpora ted  a s  
q u i c k l y  a s  p o s s i b l e  i n t o  t h e  c e l l s  t h a t  a r e  be ing  f a b r i c a t e d  by i n d u s t r i a l  
f i rms .  Development work i s ' p r e s e n t l y  centered  on L i - A l l ~ e S ~  c e l l s  t h a t  a r e  
assembled in t h e  uncharged s t a t e .  I n  t h e s e  c e l l s ,  t h e  p o s i t i v e  e l e c t r o d e  i s  
i n i t i a l l y  prepared from a mixture of i r o n  powder, LizS, and e l e c t r o l y t e ,  and 
t h e  n e g a t i v e  e l e c t r o d e  c o n s i s t s  of  a  porous aluminum plaque. Upon charg ing ,  
a lithium-aluminum a l l o y  i s  formed i n  t h e  nega t ive  e l e c t r o d e ,  and FeS ( o r  
FeS2, depending on t h e  Fe/Li2S r a t i o )  i n  t h e  p o s i t i v e .  

A. Uncharged Li-AI/FeS, C e l l s  

1. Li-AI;/FeS Cell,€ 
(H. Shimotake, L. G. Bartholme) 

The development of uncharged L ~ - A ~ / F ~ s  c e l l s  has  a l l e v i a t e d  some 
major problems t h a t  had been previous ly  encountered w i t h  FeS-type c e l l s ,  
namely, low u t i l i z a t i o n  of t h e  a c t i v e  m a t e r i a l  i n  t h e  p o s i t i v e  e l e c t r o d e ,  and 
gas s ing  from bo th  e l e c t r o d e s .  Moreover, i n  t h e  p re sen t  f a b r i c a t i o n  procedure, 
t h e  use  o f  s i n t e r e d  Li2S provides  a  pressed  compact wi th  improved phys i ca l  
c h a r a c t e r i s t i c s .  Seve ra l  problems remain wi th  t h e  uncharged FeS c e l l s .  One 
i s  t h a t  e l e c t r o d e  s w e l l i n g  has  no t  been e l imina ted ,  a s  shown by pos tope ra t ive  
examinat ions of C e l l s  R-7 and R-10 ( see  Sec t ion  I I .B .4) ,  which were no t  mech- 
a n i c a l l y  r e s t r a i n e d .  E f f o r t s  t o  a l l e v i a t e  t h e  swe l l i ng  a r e  be ing  cont inued.  
Another problem wi th  t h e  uncharged c e l l s  i s  t h a t  between 10 and 20% of t h e  
l i t h i u m  a l loyed  i n  t h e  nega t ive  e l e c t r o d e  a f t e r  t h e  charge-formation cyc le s  
remains i n  t h e  n e g a t i v e  e l e c t r o d e  and does n.ot con . t r i .h~l te  t o  c.el.1.. capaci-ty 
i n  subsequent d i scha rges .  Therefore ,  s e v e r a l  methods of providing a d d i t i o n a l  
n e g a t i v e  e l e c t r o d e  capac i ty  a r e  be ing  i n v e s t i g a t e d .  

. . 

The a d d i t i o n  of Li2C2 c l e a r l y  improved t h e  ach ievab le  c a p a c i t y  of 
C e l l  R-10 (see  ANL-76-35, p. 47) .  Because of t h e  f avo rab le  r e s u l t s  achieved 
wi th  C e l l  R-10, calcium ca rb ide  was added i n  C e l l  R-12 w i t h . t h e . e x p e c t a t i o n  
t h a t  e x t r a  capac i ty  .might be  added t o -  t h e ' n e g a t i v e  e l e c t r o d e  b y ' d i s s o c i a t i o n  of 
t h e  calcium ca rb ide  t o  calcium and carbon and subsequent a l l o y i n g  of t h e '  c a l -  
cium with. t h e  Li-A1 i n  t h e  nega t ive  e l e c t r o d e ,  wh i l e  t h e  carbon would remain 
i n  t h e  p o s i t i v e  e l e c t r o d e  a s . a  conduct ive m a t e r i a l .  I n  Ce l l  R-13, CaC12 was 
added t o  t h e  L i C 1 - K C 1  e u t e c t i c  e l e c t r o l y t e .  I n  smal l - sca le  c e l l s ,  t h e  addi- 
t i o n  of C a C 1 2  w a s  b e n e f i c i a l  t o  c e l l  performance, poss ib ly  by modifying t h e  J * 
phase i n  t h e  p o s i t i v e  e l e c t r o d e  and thereby  inc reak ing  u t i l i z a t z o n .  The 
formation of a  Ca-Li-A1 a l l o y  i n  t h e  n e g a t i v e  e l e c t r o d e ,  which was a l s o  con- 
s i d e r e d  a  p o s s i b i l i t y ,  might be b e n e f i c i a l  through prevent ion  of excess ive  
fragmentat ion of t h e  Li-A1 a l l o y ,  Thc pcrformnnce r e s u l t s  f o r  t h e s e  two c e l l s  
showed no s i g n i f i c a n t  improvement from t h e  a d d i t i o n  of calcium t o  t h e  systems; 
however, a check on t h e  p o s s i b l e  formation of Ca-Al-Li a l l o y  w i l l  b e  made 
through pos tope ra t ive  meta l lographic  ana lyses  when ope ra t ion  of t h e  c e l l s  i s  
te rmina ted .  

* ~ ~ ~ r o x i m a t e  composition, Lio.yK2.gFe12S13. 



An e f f o r t  t o  reduce t h e  e l e c t r o l y t e  f r a c t i o n  i n  t h e  uncharged posi-  
t i v e  e l ec t rode  was a l s o  i n v e s t i g a t e d .  I n  C e l l  R-14, a n ' e l e c t r o l y t e  f r a c t i o n  
of $18 v o l  % i n s t e a d  of t h e  usua l  45 v o l  % was used i n  t h e  hot-pressed posi-  
t i v e  plaque. The plaque was s u c c e s s f u l l y  pressed a t  6000 p s i  i n s t e a d  of t h e  
usua l  1000 p s i .  No copper was added t o  t h i s  e lectrode. .  The ohmic r e s i s t a n c e  
of t h e  c e l l  was 'on ly  3.8 mil, t h e  lowest r e s i s t a n c e  achieved i n  t h i s  type  of 
c e l l .  This  extremely low r e s i s t a n c e  i s  a t t r i b u t e d  t o  good con tac t  between 
t h e  cu r r en t  c o l l e c t o r  and t h e  a c t i v e  m a t e r i a l s .  Typica l  performance curves  
of C e l l  R-14 a r e  shown, i n  Pig. I V - 1 .  

LEGEND 1 ' 0 = 10.0 A Charae Cvde 
0 = 10.0 A ~ i s c h & ~ e  ~ y d e  

= 15.0 A Discharge Cyde 
+ = 20.0 A Discharge Cyde 
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Fig .  I V - 1 .  Performance Curves f o r  C e l l  R-14 
( t h e o r e t i c a l  capac i ty ,  106 A-hr) 

2 .  Li-A1/FeS2 C e l l s  
(H. Shimotake, L.  G. Bartholme, J .  D.  Amtzen)  

Operation of C e l l  R-8, an  uncharged FeS2 c e l l  descr ibed  i n  t h e  
preceding r e p o r t  (ANL-76-35, p. 49) ,  is  be ing  cont inued.  An a c c i d e n t a l .  . 

f r e e z i n g ,  dur ing  a r ecen t  power f a i l u r e ,  and subsequent remel t ing  apparent ly  
had no adverse  e f f e c t s  on c e l l  performance. A f t e r  2974 h r  and.400 c y c l e s  t h e  
performance i s  s t a b l e ,  a l though t h e  ampere-hour e f f i c i e n c y  i s  now only  %61%; 
t h i s  low va lue  i n d i c a t e s  a p a r t i a l  bu t  cons t an t  s h o r t  c i r c u i t .  

C e l l  R - l l  was opera ted  t o  t e s t  Has te l loy  B as t h e  c u r r e n t  c o l l e c t o r  
i n  an FeS2 c e l l .  The c e l l  demonstrated an extremely h igh  u t i l i z a t i o n  (>go% 
of t h e o r e t i c a l )  of FeS2 i n  t h e  e a r l y  c y c l e s ,  a s  shown i n  Fig.  IV-2. However, 

a f t e r  15 cyc le s ,  u t i l i z a t i o n  decreased t o  %50%, and ope ra t ion  of t h e  c e l l  was 
terminated a f t e r  910 h r  and 58 cyc le s .  
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Fig. IV-2: Performance of C e l l  R-11  dur ing  Ear ly  Cycles 
( t h e o r e t i c a l  capac i ty ,  89 A-hr). 

A mu l t ip l e -e l ec t rode ,  uncharged FeS2 c e l l  wi th  hot-pressed e lec-  
t r o d e s  i s  nea r ing  completion. An at tempt  has  been made i n  t h e  design of t h i s  
c e l l  t o  minimize t h e  weight of i n t e r i o r  s t r u c t u r a l  components and t h e  i n t e r -  
e l e c t r o d e  d i s t a n c e s .  

B. Charged Li-Al/FeS C e l l s  
(J. D. Amtzen ,  K. ~ e n t r ~ , *  W.  J .  Walsh) 

C e l l  Kl3-1, a p r i s m a t i c  charged FeS c e i l  was t e s t e d  dur ing  t h i s  per iod.  
Both t h e  p o s i t i v e , a n d  n e g a t i v e  e l e c t r o d e s  i n  C e l l  BB-1 were pro to type  e lec-  
t r o d e s  f a b r i c a t e d  by Eagle-Picher I n d u s t r i e s ,  Inc .  b e f o r e  d e l i v e r y  of t h e  
f i r s t  e l e c t r o d e s  under t h e i r  c o n t r a c t  w i th  ANL. The e l e c t r o d e s  were cold- 
pressed  i n  a dry  room (5% r e l a t i v e  humidity) and u t i l i z e d  an i r o n  honeycomb 
c u r r e n t  c o l l e c t o r  s t r u c t u r e .  The nega t ive  e l e c t r o d e s  were made from a pow- 
dered mixture of  Li-A1 and LiC1-KC1, and t h e  p o s i t i v e  ha l f - e l ec t rodes  from a 
mixture  of FeS, Cu2S, and LiC1-KC1. 

To torm C e l l  BB-1 ,  t h e  p o s i t i v e  e l e c t r o d e  ha lves  were assembled back t o  
back and covered wi th  carbon t a b r i c  and then  wi th  BN f a b r i c .  The e l e c t r o d e  
s t r u c t u r e  was enclosed i n  a  5-mil i r o n  "p i c tu re  frame" and a t t ached  t o  a  f l e x -  
i b l e  c u r r e n t  l e a d  connector  t o  al low f o r  movement and p o s s i b l e  misalignment of 
t h e  p o s i t i v e  e l e c t r o d e  and feedthrough. The nega t ive  e l e c t r o d e s  were enclosed 
i n  325-mesh s t a i n l e s s  s t e e l  s c reen  envelopes. 

C e l l  BB-1 iiad a t i i e o r e t i c a l  capaclfy of 179 A-hr. Typica l  c a p a c i t i e s  of 
t h e  cel l  were only  70-95 A-hr, however, becaus'e of a  s h o r t  c i r c u i t  t h a t  devel- 
oped i n  t h e  very e a r l y  cyc l e s .  The performance was very s t a b l e  throughout 
- - - ~  * 

I n d u s t r i a l  p a r t i c i p a n t  from Eagle-Picher I n d u s t r i e s ,  Inc .  



t h e  l i f e  of t h e  c e l l  u n t i l  i t  was v o l u n t a r i l y  terminated a f t e r  3492 h r  and 
188 cyc le s .  The apparent  cause of t h e  . s h o r t  c i r c u i t  was leakage of t h e  a c t i v e  
m a t e r i a l  from the  p o s i t i v e  e l e c t r o d e  through t h e  co rne r s  of t h e  carbon c l o t h  
and subsequent p e n e t r a t i o n  of t h e  boron n i t r i d e  s e p a r a t o r  f a b r i c . '  The per- 
formance of C e l l  BB-1 i n d i c a t e s  t h a t  formation of cold-pressed e l e c t r o d e s  i n  
a  dry room may be  an accep tab le  procedure. 

C.  Advanced C e l l  Designs 
(K. E. Anderson, D.R. Visse r s ,  E. C .  Gay) 

Development work is  being c a r r i e d  ou t  on a  but ton  c e l l  which may be 
s tacked  i n  a  b i p o l a r  array: The 'p re sen t  c e l l  descgn u t i l i z e s t h e ' s t a r v e d -  
e l e c t r o l y t e  concept a s  an  a l t e r n a t i v e  t o  t h e  e l ec t ro ly t e - f looded  concept.  
In  t h i s  c e l l  des ign ,  two hot-pressed bu t ton  e l e c t r o d e s  a r e  contained i n  oppos- 
i ng  e l e c t r o d e  h o l d e r s ,  which a r e  clamped a g a i n s t  a  boron n i t r i d e  s e p a r a t o r  
t o  form t h e  c e l l ,  a s  shown i n  Fig.  IV-3. P o t e n t i a l  advantages of t h e  b i p o l a r  
c e l l  s t a c k s  inc lude  (1) low f a b r i c a t i o n  c o s t ,  (2) high s p e c i f i c  energy,  and 
(3) e l imina t ion  of t h e  need f o r  feedthroughs.  
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Fig.  IV-3. Design of Button C e l l  

To d a t e ,  f i v e  b u t t o n  type  c e l l s  have been eva lua ted :  four  Li-Al/FeS 
c e l l s  w i t h  LiC1-LiF-LiBr e l e c t r o l y t e  and one Li-A1/Pes2 c e l l  with'LiC1-KC1 
e l e c t r o l y t e .  

1. FeS C e l l s  

C e l l  ES-1 was s t a r t e d  i n  t h e  charged s t a t e ;  .each e l e c t r o d e  
contained about 40 v o l  % e l e c t r o l y t e  and had a t h e o r e t i c a l  capac i ty  of  %17 
A-hr. A 325-mesh s t a i n l e s s  s t e e l  s c reen  w a s  placed a c r o s s  t h e  f a c e  of t h e  
FeS e l e c t r o d e  t,o s e r v e  a s  a  p a r t i c l e  r e t a i n e r  and c u r r e n t  c o l l e c t o r .  The , 

s e p a r a t o r  was boron n i t r i d e  f a b r i c  wet ted wi th  e l e c t r o l y t e .  C e l l  ES-1 was 
opera ted  a t  ,477OC and a cu r ren t  d e n s i t y  of 0.045 ~ / c m ~ ;  u t i l i z a t i o n  was %70% 
and t h e  ampere-hour e f f i c i e n c y  was 695%. A t y p i c a l  charge-discharge curve is  
shown i n  Pig.  IV-4. Af t e r  approximately 30 c y c l e s  t h e  c e l l  sho r t ed ;  post-  
o p e r a t i v e  examination of t he  c e l l  i n d i c a t e d  t h a t  p a r t i c l e s  of Li-A1 had pene- 
t r a t e d  t h e  s e p a r a t o r ;  
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Fig. TV-4. Typical Charge-Discharge'Data f o r  C e l l  ES-1 

C e l l  ES-3 was modified t o  i nc lude  a  p a r t i c l e  r e t a i n e r  of z i r c o n i a  
f a b r i c  and a 325-mesh s t a i n l e s s  s t e e l  s c reen  a c r o s s  t h e  f a c e  of each e l ec -  
t r o d e .  C e l l  ES-3 was opera ted  under cond i t i ons  i d e n t i c a l  t o  t hose  of C e l l  
ES-1, and i t s  performance w a s  t h e  same i n i t i a l l y ,  but  dec l ined  wi th  cyc l ing .  
A f t e r  2 0  c y c l e s ,  t h e  u t i l i z a t i o n  had decreased from about 70 t o  40% and t h e  
ampere-hour e f f i c i e n c y ,  from about 96 t o  80%. Pos tope ra t ive  examination o f ,  
t h e  c e l l  i n d i c a t e d ' n o  evidence of s h o r t i n g  b u t  about 40% of t h e  e l e c t r o l y t e  
had appa ren t ly  been l o s t  from t h e  BN s e p a r a t o r .  

Calls ES-11 and ES-5 worc nooomblcd i n  t h c  uncharged o t a t o  and 
copper was added t o  t h e  p o s i t i v e  e l e c t r o d e s  i n  an e f f o r t  t o  improve per for -  
mance. The des ign  of C e l l  ES-4 was i d e n t i c a l  t o  t h a t  of C e l l  ES-3 except  
t h a t  t h e  e l e c t r o d e s  were i n i t i a l l y  uncharged and t h e  c e l l  was s e a l e d  a t  
470°C. C e l l  ES-4 achieved a  u t i l i z a t i o n  of 85% and an ampere-hour e f f i c i e n c y  
of 99% a t  a  temperature of 470°C and a c u r r e n t  d e n s i t y  of  0.025 ~ / c m ~ .  However, 
a  tempera ture  excurs ion  (from a  r e l a y  f a i l u r e )  dur ing  t h e  26th c y c l e  appeared 
t o  adve r se ly  a f f e c t  t h e  cyc l e  l i f e  of t h e  c e l l .  Af t e r  56 c y c l e s ,  u t i l i z a t i o n  
had decreased t o  %50X, and ope ra t ion  of t h e  c e l l  was tc rmina ted .  A postopera-  
t i v e  examination of t h e  c e l l  i n d i c a t e d  no evidence of s h o r t i n g  and a  very  
s l i g h t  l o s s  of e l e c t r o l y t e  from t h e  c e l l .  However, a  t r a n s f e r  of e l e c t r o l y t e  
from t h e  boron n i t r i d e  s e p a r a t o r  t o  t h e  z i r c o n i a  f a b r i c  appeared t o  have 
occurred .  

I n  C e l l  ES-5, t h e  z i r c o n i a  f a b r i c  and s t a i n l e s s  s t e e l  s c reens  were 
rep laced  by a  s i n g l e  s h e e t  of porous (5-um pore s i z e )  s t a i n l e s s  s t e e l  f i b e r s .  
Th i s  s h e e t  was i n s e r t e d  a c r o s s  t h e  face  of t h e  nega t ive  e l e c t r o d e  t o  reduce 
e l e c t r o l y t e  wicking from t h e  boron n i t r i d e  f a b r i c .  Attempts t o  ope ra t e  C e l l  
ES-5 a f t e r  i t  had been sea l ed  a t  470°C were unsuccessfu l .  A pos tope ra t ive  
examinat ion of t h e  c e l l  i n d i c a t e d  t h a t  t h e  f i n e  f i b e r s  from t h e  porous shee t  
of s t a i n l e s s  s t e e l  had pene t r a t ed  t h e  BN s e p a r a t o r  and sho r t ed  t h e  c e l l .  
Hence, t h i s  m a t e r i a l  does n o t  appear t o  be  s u i t a b l e  f o r  uses  t h a t  p l ace  i t  
i n  c o n t a c t  with t h e  e l e c t r o d e  s e p a r a t o r .  



2. FeS7 C e l l s  

C e l l  ES-2 was s t a r t e d  i n  t h e  charged s t a t e .  The p o s i t i v e  e l e c t r o d e  
contained 19.2 A-hr of FeS2 and 3.4 A-hr of CoS2, 4 0 . ~ 0 1  % e l e c t r o l y t e ,  ' 

and 30 v o l  % void ,  while  t h e  nega t ive  e l e c t r o d e  contained 15.7 A-hr of Li -A1,  
40 v o l  % e l e c t r o l y t e ,  and 30' Go1 % void.  The' design of C e l l  ES-2 w a s  
i d e n t i c a l  t o  t h a t  of C e l l  ES-1, except  t h a t  t h e  p o s i t i v e  e l e c t r o d e  ho lde r  was 
f a b r i c a t e d  from ATJ g r a p h i t e ,  and t h e  s t a i n l e s s  s t e e l  sc reen  i n  t h e  p o s i t i v e  
e l e c t r o d e  was rep laced  wi th  a  tungsten screen .  C e l l  ES-2 was opera ted  a t  
450°C and was cycled a t  a  cu r r en t  d e n s i t y  of  0.020 ~ / c m ~ .  I n i t i a l l y ,  t h e  
l i t h i u m  u t i l i z a t i o n  was about 35% and t h e  ampere-hour e f f i c i e n c y  was 99%. 
The u t i l i z a t i o n  dec l ined  r a p i d l y  wi th  cyc l ing ;  a f t e r  20 c y c l e s ,  i t  was about 
5% and t h e  c e l l  ope ra t ion  was terminated.  However, t h e  ampere-hour e f f i c i e n c y  
of t h e  c e l l  had remained very high throughout t h e  ope ra t ing  per iod .  

Pos tope ra t ive  examination of C e l l  ES-2 i n d i c a t e d  t h a t  expansion of 
t h e  e l e c t r o d e s  had compressed t h e  boron n i t r i d e  s e p a r a t o r ;  t h e  compression 
probably caused t h e  movement of e l e c t r o l y t e  out  of t h e  BN. The low l i t h i u m  
u t i l i z a t i o n  of  C e l l  ES-2 sugges ts  t h a t  t h e  LiC1-KC1 e l e c t r o l y t e  does not  pro- 
v ide  adequate  l i thium-ion t r a n s p o r t  i n  a  s t a r v e d - e l e c t r o l y t e  c e l l .  

The t e n t a t i v e  conclusions drawn from t h e s e  f i v e  t e s t s  and p l ans  f o r  
f u t u r e  s t u d t e s  may be summarized a s  fol lows.  Transport  of e l e c t r o l y t e  from 
t h e  boron n i t r i d e  s e p a r a t o r  is  a  major problem t h a t  causes a  l o s s  of c e l l  
capac i ty  wi th  cyc l ing .  The genera l  movement of e l e c t r o l y t e  and L i -A1  p a r t i c l e s  
w i t h i n  t h e  c e l l  a l s o  c o n t r i b u t e s  t o  t h e  l o s s  of capac i ty .  ' The LiC1-KC1 e lec-  
t r o l y t e  does not  provide adequate l i thium-ion t r a n s p o r t  i n  t h e s e  c e l l s .  
Porous s h e e t s  of s t a i n l e s s  s t e e l  f i b e r  should no t  be  used i n  d i r e c t  con tac t  
wi th  s e p a r a t o r  m a t e r i a l s  because of p o t e n t i a l  s h o r t i n g  problems. Future  
s t u d i e s  w i l l  be d i r e c t e d  toward c o n t r o l l i n g  t h e  movement of e l e c t r o l y t e  w i t h i n  
t h e  c e l l ,  and i n v e s t i g a t i n g  FeS2 c e l l s  having an  e l e c t r o l y t e  of .LiF-LiC1-LiBr. 

D.  Advanced Elec t rode  Development 
(D. R. V i s se r s ,  W. R .  F r o s t ,  K.  E. Anderson) 

E f f o r t  i s  p re sen t ly  be ing  d i r e c t e d  toward t h e  development of l i th ium-  
aluminum e l e c t r o d e s  t h a t  can maintain h igh  c a p a c i t i e s  through hundreds of 
cyc l e s .  It i s  pos tu l a t ed  t h a t  t h e  decrease  i n  capac i ty  t h a t  occurs  wi th  
cyc l ing  r e s u l t s  from morphological changes i n  t h e  a c t i v e  m a t e r i a l ,  and t h a t  
t h e  very  f i n e  p a r t i c l e s  s o  produced c r e a t e  s e r i o u s  e l e c t r o n i c  conduction 
problems w i t h i n  t h e  e l e c t r o d e .  Severa l  methods of a l l e v i a t i n g  t h i s  -problem 
a r e  be ing  considered:  (1) improvement i n  c u r r e n t  c o l l e c t i o n ,  (2) improvement 
i n  r e t e n t i o n  of Li-A1 p a r t i c l e s  w i t h i n  t h e  e l e c t r o d e ,  and (3) c o n t r o l  of t h e  
p a r t i c l e  morphology. S tud ie s  of t h e  e f f e c t s  of va r ious  metal  a d d i t i v e s ,  such 
a s  indium and calcium, on t h e  morphology of t h e  L i -A1  e l e c t r o d e  have j u s t  been 
s t a r t e d  and w i l l  b e  repor ted  l a t e r .  A new type  of nega t ive  e l ec t rode*  is  
being eva lua ted  a s  p a r t  of t h e  e f f o r t  t o  improve c u r r e n t  c o l l e c t i o n .  This  
e l e c t r o d e ,  which i s  designed f o r  u se  i n  uncharged c e l l s ,  i s  f a b r i c a t e d  from 
a  woven f a b r i c  of aluminum r ibbon,  copper-coated i r o n  wi re ,  and copper r ibbon.  
Performance t e s t s  of t h i s  e l e c t r o d e  i n  C e l l  JW-12, descr ibed  below, a r e  very 
promising. 

* 
Concept development by K. M. Myles of t h e  Materials Development Group: 
e l e c r r o d e  f a b r i c a t e d  by Natlonal  Standard, see sect lo^^ II .C.2. 



The uncharged e l e c t r o d e  of C e l l  JW-12 cons i s t ed  of f i v e  l a y e r s  of t h e  
aluminum f a b r i c  descr ibed  above (0.89 cm t h i c k )  contained i n  a  housing of 
Type 304 s t a i n l e s s  s t e e l .  The r e l a t i v e l y  l a r g e  q u a n t i t y  of c u r r e n t  c o l l e c t o r  
( ~ 3 5  w t % )  could be  e a s i l y  decreased i n  f u t u r e  e l ec t rodes .  The L i -Ale l ec t rode  
had an  area of 15.6 cm2, a '  t h e o r e t i c a l  c a p a c i t y  d e n s i t y  of 0.790 ~ - h r / c m ~ ,  
and an  e l e c t r o l y t e  volume f r a c t i o n  of 0.46 a t  f u l l  charge.  The counter  e l ec -  
t r o d e  was l i q u i d  l i t h i u m  and t h e  e l e c t r o l y t e  was LiC1-KC1 e u t e c t i c .  , 

The c a p a c i t y  d e n s i t y  of t h e  c e l l  w a s  measured a t  charge c u r r e n t  d e n s i t i e s  
of 0.05 and 0.10 ~ /c rn2  and a t  d i scharge  c u r r e n t  d e n s i t i e s  of 0.05 t o  0.30 
~ / c m ~ .  The r e s u l t s ,  p resented  i n  Fig.  IV-5, a r e  very  encouraging. The per-  
formance o f  t h i s  new t y p e  o f  Li-A1 e l e c t r o d e  i s  as good a s  o r  s l i g h t l y  b e t t e r  
t han  t h e  performance of an  e l e c t r o d e  w i t h  Retimet cu r r en t  c o l l e c t o r s  (Ce l l  
DK-19, ANL 75-36, p .  29) . 
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Fig .  IV-5. Performance of C e l l  JW-12 

These r e s u l t s  a r e  q u i t e  important because,  f o r  t h e  f i r s t  t ime,  a  wi re  
c u r r e n t  c o l l e c t o r  has  been succes s fu l  i n  improving t h e  performance of an 
Li-A1 e l ec t rode .  The r e s u l t s  a l s o  s u b s t a n t i a t e  a  prev ious  p o s t u l a t i o n  t h a t  
t h e  performance of Li-A1 e l6c t rodes  i s  l i m i t e d  dur ing  d ischarge  by t h e  .. 

c u r r e n t - c o l l e c t i n g  c a p a b i l i t y  of t h c  e l e c t r o d e .  The c a r l i e r  p o s t u l a t i o n  w a s  
based on t h e  performance of e l e c t r o d e s  of Li-A1 powder i n  Retimet s t r u c t u r e s .  
However, t h e  Retimet s t r u c t u r e  a l s o  a f f e c t e d  the .un i fo rmi ty  of t h e  e l e c t r o -  

4 l y t e  i n  t h e  e l e c t r o d e ,  and no d e f i n i t i v e  conclus ions  could be drawn. 



V. ALTERNATIVE SECONDARY CELL SYSTEMS 
(M. F. Roche, H. Shimotake, R. K. Steunenberg, W. J; Walsh) 

The objective of this work is the development of new secondary cells, 
with emphasis being placed on the use of inexpensive, abundant materials; both 
molten-salt and solid electrolytes are being considered. The experimental 
work ranges from cyclic voltammetry and preliminary cell tests through con- 
struct.ion and operation of engineering-scale, prismatic cells of 100 to 200 
A-hr capacity. At present, cells employing various calcium, magnesium, and 
sodium negative electrodes in combination with iron sulfide positive elec- 
trodes are receiving the greatest attention, but tests of other negative- and 
positive-electrode combinations are also being conducted. 

A. Cyclic Voltammetry of Reactive Metals and Their Intermetallic Compounds 
(S. J. Preto, M. F. Roche) 

Cyclic voltammetry is being used to investigate the electrochemical 
behavior of candidate electrode materials and to conduct surveys of possible 
new classes of electrodes for use in molten-salt cells. The molten salts of 
interest at present are the LiC1-KC1 eutectic, LiC1-KC1-CaC12 mixtures, and 
the NaC1-CaC12 eutectic. Calcium and lithium intermetallics with aluminum, 
magnesium, and Mg2Si are to be examined. (The lithium study is being done to 
aid in interpreting the results of the calcium experiments since, in some 
electrolytes, both ~ i +  and ca2+ are expected to interact.) Results of a study 
of calcium-aluminum and lithium-aluminum compounds are presented here. 

The calcium-aluminum compounds were investigated in molten NaC1-CaC12 
eutectic at 550°C. The electrodes of the cyclic-voltammetry cell were as 
follows : 

Reference Electrode. A mixture of FeS and an equivalent amount of its 

discharge products, CaS and Fe. 

Counter -- Electrode. .. - --- 20 A-hr of pyrometallurgically prepared CaA12 powder 
held in an iron housing of 25-cm2 area and 1-cm thickness. 

Working Electrode. Aluminum foil. (22 mA-hr as CaA12) of 3.1-cm2 area 
and 25-1~m thickness. Products of foil cycling held in place by iron - 
Retimet anda 325-mesh stainless steel screen. 

A cyclic voltammogram for charge and discharge of CAI4 and CAI2 is shown in 
Fig. V-1. .The emfs measured at 550°C for the reactions 

4A1 + CaS + Fe + CaAI4 + FeS (1) 

CaA14 + CaS + Fe + 2CaA12 + FeS (2 

were 1.371 V and 1.415 V, respectively. The sum of the discharge-peak capac- 
ities in Cycle 1, 8.0 mA-hr (for CaA12 + CaA14) and 7.8 mA-hr (for CaA14 + All, 
was 72% of the theoretical capacity of 22 mA-hr. Cycling of the working elec- 
trode led to a decline in its capacity with cycle number as can be seen by 
comparing Cycle 5 with Cycle 1 in Fig. V-1. The decline seems to be due to 
mechanical separation of particles that are formed by cycling; tests of methods 
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Fig .  V-1. Cycl ic  Voltammogram of Charge and DLscharge of C a A l 4  
and CaA12 i n  Molten CaC12-NaC1 E u t e c t i c  a t  550°c. . 

t o  minimize t h e s e  c a p a c i t y  l o s s e s  may l e a d  t o  improved e l e c t r o d e s  f o r  conven- 
t i o n a l  c e l l s .  I n  convent iona l  c e l l  s t u d i e s ,  r epo r t ed  p rev ious ly ,3  we were 
unable t o  d e t e c t  t h e s e  two Ca-A1 r e a c t i o n s ,  and t h e  conclusion.was reached 
t h a t  C a A 1 2  d id  not  form i n  NaC1-CaC12 e l e c t r o l y t e .  Because of t h e  voltammetry 
d a t a ,  we  now conclude t h a t  both.CaA12 and CBA14 were be ing  formed i n  t h e  
Ca-Al/FeS c e l l s ,  bu t  t h e  proximity of the  r e a c t i o n  emfs made sepa ra t ion  of 
t h e  p l a t e a u s  d i f f i c u l t .  

I n  another  v o l t a m e t r y  experiment i n  NaC1-CaC12 e l e c t r o l y t e ,  i t  was found 
t h a t  z i r c o n i a  f a b r i c ,  which is  used i n  many c e l l s  a s  a  r e t a i n e r  f o r  a c t i v e  
m a t e r i a l s ,  is  i t s e l f  e l e c t r o a c t i v e  i n  t h e  presence of calcium i o n  and cyc le s  
without  c a p a c i t y  l o s s .  A pre l iminary  i n t e r p r e t a t i o n  of t h e  r a t h e r  complex 
voltammogram is t h a t  z i r c o n i a  i s  being reduced i n  s t a g e s  t o  a  mixture  of CaO 
and zirconium a t  about 1 .25  V us .  ( F ~ s ,  Fe, c ~ s ) .  Experiments a r e  be ing  done 
t o  b e t t e r  d e f i n e  t h e  r e a c t i o n  and t o  f u r t h e r  examine t h i s  type  of e l e c t r o d e  
a s  an  a l t e r n a t i v e  t o  t h e  a l l o y  e l e c t r o d e s .  

The 8-LiAl compound was i n v e s t i g a t e d  i n  molten LiC1-KC1 e u t e c t i c  a t  
4 6 5 ' ~ .  The e l e c t r o d e s  i n  t h i s  cyclic-voltammetry c e l l  were a s  fo l lows:  

Reference Elec t rode .  LiAl (rod enclosed i n  boron n i t r i d e  f a b r i c ) .  

Counter Elec t rode .  8 A-hr LiAl formed e l ec t rochemica l ly  from aluminum 
wire  and he ld  i n  a  s t a i n l e s s  s t e e l  housing of 15-cm2 a r e a  and 0.9-cm2 
th i ckness .  

Working Elec t rode .  Stacked aluminum f o i l s ,  195 mg, equ iva l en t  t o  0.158 
A-hr of B-LiA1 (45 a t .  % Li)  ; f o i l s  covered by i r o n  Retimet and 325-mesh 
s t a i n l e s s  s t e e l  r e t a i n e r s ;  3 .  1-cm2 a r e a ;  0.4-cm th i ckness .  



Voltammograms f o r  cyc l ing  of LiAl a r e  shown i n  Fig.  V-2. Peaks a r e  seen f o r  
charge and d ischarge  of B-LiA1 i n  t h e  reg ion  from 8 t o  45 a t .  % L i  and f o r  
l i th ium-r ich  6-LiA1 i n  t h e  reg ion  from 45 t o  56 a t .  % Li .  The i n t e r p r e t a t i o n  
given i n  t h e  f i g u r e  is  based on t h e  Li-A1 phase diagram presented i n  a  previous 
r e p o r t  ( S e t t l e  and Myles, ANL-76-9, pp. 43-44), and t h e  peak a r e a s  a r e  con- 
s i s t e n t  wi th  t h i s  i n t e r p r e t a t i o n .  A t  low scan  r a t e s ,  100% u t i l i z a t i o n  of 
B-LiA1 i s  observed. The u t i l i z a t i o n  dec reases  a t  h igher  r a t e s  because charg- 
i n g  must be r e s t r i c t e d  t o  a  narrow vo l t age  range (0 t o  -300 mV US. L U 1 )  t o  
avoid formation of l i q u i d  l i t h ium.  

~ i - A I  CHARGE 

DISCHARGE 

P -  LIAI DISCHARGE 
A- hr (theor. capac l ty ,  0.198 A-hr)  

Fig .  V-2. Cycl ic  Voltammograms of LiAl i n  LiC1-KC1 a t  465OC 

B. Calcium-Electrode C e l l s  
(L. E. Ross, S. J .  P re to ,  A. E. Mar t in ,  M. F. ~ o c h e )  

Two c e l l s  employing e l e c t r o d e s  of 25-cm2 a r e a  and 0.9-cm t h i c k n e s s  were 
opera ted  t o  test t h e  e f f e c t s  of v a r i a t i o n  i n  e l e c t r o l y t e  composition on c e l l  
performance; The e l e c t r o l y t e  i n  C e l l  LR-6 was ( i n  mol %) 38 LiC1-52 KC1-10 
C a C 1 2 ,  and i n  C e l l  LP-3 t h e  e l e c t r o l y t e  was 54.5 LiC1-14.5 KC1-31 CaC12. The 

n e g a t i v e e l e c t r o d e s ,  which had s t a i n l e s s  s t e e l  housings wi th  r e t a i n e r s  of 
z i r c o n i a  f a b r i c  and 325-mesh s t a i n l e s s  s t e e l  s c reen ,  were CaA12 (15 A-hr) f o r  
t h e  f i r s t  30 t o  40 cyc le s ;  t h e s e  were then  rep laced  wi th  12 A-hr CaMgg e lec-  
t rodes ,  which were t e s t e d  f o r  about 30 cyc le s .  , The p o s i t i v e . - e l e c t r o d e s  (FeS, 
15 A-hr), which employed i r o n  housings and a  combination of z i r con ia - f ab r i c  
and i ron-screen r e t a i n e r s ,  were wrapped i n  BN f a b r i c  s e p a r a t o r s .  The c e l l s  
w e r e  contained i n  s t a i n l e s s  s t e e l  beakers .  



The u t i l i z a t i o n s  of t h e  CaA12 nega t ive  e l e c t r o d e s  i n  both c e l l s  ranged 
from 50% f o r  10  m~/cm' d i scha rges  t o  25% f o r  80 mA/cm2: d i scha rges  (charge 
r a t e s  were cons t an t  a t  10 mA/cm2). The vo l t age  curves  were somewhat f l a t t e r  
f o r  C e l l  LP-3, which was opera ted  a t  a h ighe r  temperature (500°C us.  4 6 0 ' ~  
f o r  C e l l  LR-6), and t h e  v o l t a g e  p l a t e a u s  corresponding t o  charge and d ischarge  
of  CaA14 and CaA12 were r e a d i l y  d i s t i ngu i shed .  

With t h e  CaMg2 nega t ive  e l e c t r o d e s ,  a s u b s t a n t i a l  d i f f e r e n c e  i n  t h e  per- 
formance of t he  two c e l l s  w a s  observed. F igure  V-3 i 1 l u s t r a t e . s  t h e  exce l l en t (  
p o l a r i z a t i o n  c h a r a c t e r i s t i c s  of C e l l  LP-3 and t h e  .much poorer  c h a r a c t e r i s t i c s  
of C e l l  LR-6. Each p o l a r i z a t i o n  curve  shown i n  t h e  f i g u r e  was obta ined  by 
f i r s t  d i s cha rg ing  a p o r t i o n  ( s t a t e d  i n  t h e  f i g u r e  capt ion)  of t h e  c e l l ' s  
capac i ty .  The. c e l l  was next  placed on open c i r c u i t  f o r  about 10 min, and 
then  succes s ive  c u r r e n t  d e n s i t i e s  of 20, '40, 80 and 160 i / c m 2  were app l i ed  
f o r  2 min each w i t h  an open-c i rcu i t  r e l a x a t i o n  of approximately 5 min between 
each load .  The c e l l  v o l t a g e ,  under l oad ,  was recorded a t  t h e  end of each 
2-min a p p l i c a t i o n  of c u r r e n t ,  and t h e  d a t a  were p l o t t e d  a s  shown i n  t h e  
f i g u r e .  C e l l  LP-3 was capable  of d e l i v e r i n g  a sus t a ined  peak power of about 
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Fig.  V-3. P o l a r i z a t i o n  Curves f o r  C e l l s  LP-3 and LR-6 under 
Twp-Minute Current Loads (about 7 A-hr c a p a c i t i e s  
a v a i l a b l e  f o r  both c e l l s  a t  20 m ~ / c m ~ )  

Curves A ,  A ' :  n e a r  f u l l  charge , 

Curves B y  B ' :  a f t e r  2 A-hr d ischarge  
Curves C ,  C ' :  a f t e r  3.5 A-hr d ischarge  , 

Curves D ,  D': a f t e r  5.5 A-hr d ischarge  



0.16 w/cm2 (i. e . ,  0.8 V 0.2 ~ / c m ~ )  at 80% discharge of its available 
capacity. These tests demonstrated t'hat, with the use of an appropriate 
electrolyte ( e . g . ,  similar to that in Cell LP-3), high performance can be 
attained by a cell having a CaMg2 negative electrode and an FeS positive 
electrode. 

C. Preliminary Tests of New Systems 
(Z. Tomczuk, A. E. Martin) 

Small cells of 0.5 to 1 A-hr capacity are being operated to evaluate the 
~uitab~lity of various electrochemical couples for use in secondary cells. 
The electrodes have areas of 5 cm2; the housings of the positive electrodes 
are graphite (with a porous graphite cover),and those of the negative elec- 
'trodes are stainless steel. 

Two cell systems that were studied briefly were the following: Mg2Si/ 
KBr-MgBr2 eutectic/FeS2, which had an emf of 1.391 V at 430°C, and M~(L~~s)/ 
LiC1-KC1/FeS2, which had an emf of about 1.5 V at 430°C. Both cells showed 
poor discharge characteristics and do not appear to merit further study. 

A Li-~l/Licl-KCl/TiS~ cell, which was operated at 427OC, had an emf of 
2.023 V at full charge and gave a utilization of 40% based on formation of 
LiTiS2., The discharge curves exhibited a gradual decline in voltage with 
state of discharge and were similar to those reported by ~hittin~harn,~ who 
tested ambient-temperature Li/Tis2 cells in organic electrolytes. Metallo- * graphicand X-ray examinations of the positive-electrode discharge product 
showed that it consisted of elongated needles of LiTiS2. (The X-ray identifi- 
cation was based on the data of Whittingham.) The TiS2 positive electrode 
does not appear to offer any advantages over FeS2 in molten-salt cells. 

A N ~ / L ~ C ~ - N ~ C ~ - K C ~ / F ~ S ~  cell, which was operated at 420°C and had an emf 
of 1.545 V, performed very well. The composition of the electrolyte was 
10 mol % NaCl in LiC1-KC1 eutectic. The liquid sodium electrode was prepared 
by absorbing an excess of sodium into a porous mat of stainless steel. After 
fifty cycles, no dewetting of the sodium from the negative electrode structure 
was observed, the A-hr efficiency was close to loo%, and the cell continued 
to give full utilization (0.5 A-hr) of the FeS2 at 20 m~lcrn~. It was assumed 
that full utilization corresponded to discharge of FeS2 to Na2S + FeS (or an 
equivalent Na-Fe-S compound such as Na2FeS2);the cell emf was in good agree- 
ment with the value (1.55 V) for the formation of Na2S + FeS calculated from 
thermodynamic data.' The discharge plateau was very flat, and an attempt to 
discharge beyond the composition Na2FeS2 was unsuccessful. This ~ a / F e s ~  cell, 
which has a theoretical specific energy of 500 W-hrlkg, appears to merit 
further study. 

D. Prismatic Cells 
(H. Shimotake, W. A. Kremsner) 

Engineering studies have been directed toward the development of both 
positive (FeS) and negative (CaA12 or CaMg2) electrodes that meet certain per- 
formance and cycle life requirements for prismatic cells. Emphasis has been 
placed on the development of.electrodes that appear to be capable of deliver- 
ing high utilization and long lifetime. 

k 
X-ray examination conducted by B. S. Tani, Analytical Chemistry Laboratory, 
ANL . 
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In earlier prismatic cells, which were discussed in the preceding quar- 
terly report (ANL-76-35, p. 56),a mixture of positive material and electrolyte 
was hot pressed on an iron-mesh current collector while negative material (in 
the form of a powder) was vibratorily loaded into a porous metal structure. 
Since that time, several modifications of this design have improved the per- 
formance of the cell: (1) the electrode structure was compartmentalized by use 
of a metal honeycomb structure to prevent settling of active material, and (2) 
the electrode-structure surface was sealed by porous stainless steel (Dynallo~ 
X7, Fluid Dynamics, Inc., Morristown, N.J.) to prevent possible migration of 
particulate actiye materials. At present, an engineering-size cell (12.7 by 
12.7 by 3 cm) is being fabricated using the improved'design. 

Cells that were operated to evaluate new electrode designs aid' configura- 
tions were Cells CA-2, -3, -4, and -5. Cell CA-2, an uncharged, 60 A-hr 
CaAl?/Fe(Cu)S cell having five electrode plates (two positives and three 
negatives), was operated to test a multiplate cell with electrodes of conven- 
tional design. .The cell operated smoothly at 450°C for more than 1000 hr and 
66 cycles. -The specific.energy of this cell was limited to about 35 W-hr/kg 
because of problems associated with electrode mismatching. The cell was 
voluntarLly terminated; a post-test examination showed settling of negative- 
electrode material and disintegration of the zirconia fabric retainer, but 
only limited corrosion of the current collectors. 

Cells CA.-3 (30 A-hr) and CA-4 (20 A-hr), which were uncharged CaAl/ 
Fe(Cu)S cells with one positive and two negative electrodes, were operated to 
determine whether a honeycomb electrode structure would prevent settling of 
active material. In Cell CA-3, a honeycomb structure was used in the positive 
electrode, and 325-mesh stainless steel screen was employed as a particle 
retainer in the negative electrode. The positive-electrode particle retainer 
was zirconia f'abric. In Cell CA-4, porous stainless steel sheets were used 
for particle retention and honeycomb structures were employed in both elec- 
trodes. The use of both the honeycomb structure and the porous stainless 
steel plaques improved cell performance and stability, and prevented capacity 
decline, but the cell developed a short because of negative-electrode materiil 
leakage around the edge of the retainer sheet. 

Cell CA-5, a 25 A-hr CaA12/Fe(Cu)S cell having a design similar to that 
of Cell CA-4 but with an improved method of welding the retainer, was operated 
to further test a cell in which both positive and negative electrodes were 
built using the honeycomb structure and porous stainless steel plaques. From 
the typical performance of the cell at 500°C, presented in Fig. V-4, and the 
cell weight (about 350 g), a specific energy of 45 W-hr/kg was calculated 
for the 7-hr rate. Higher-capacity cells that incorporate the new design 
features will be operated to determine whether higher specific energy can 
be rcaliced in larger-ocole cello, The goal is a specific energy exceeding 
100 W-hr/kg in cells of 100 to 200 A-hr capacity. 
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Fig. V-4. Typical Voltage-vs.-Capacity Data for Cell CA-5 
(theoretical capacity, 25 A-hr) 

REFERENCES ' 

1. H. Shimotake and L. G. Bartholme, Proc. Syrnp. and WorZishop on Advanced 
Battery Research and-Design, ANL-76-8, p. B-210, Argonne National 
Laboratory (1976). 

2. G. Macdougall and C. Ockrent, Proc. Roy.' Soc. (London) A180', 151 (1942). 

3. S. J. Preto, L. E. Ross, A. E. Martin,, and. M. F. Roche, Proc. Symp. and 
Workshop on Advanced Battery Research and Design, ANL-76-8, p. B-138, 
Argonne National Laboratory (1976). 

4. M. S. Whittingham, J. Electrochem. Soc. 123, 315 (1976). 

5. J. P. Elliot and M. Gleisner, Thermochemistry for Steelmaking, Vol. I, 
Addison-Wesley Publ. Co., Inc., Reading, Mass. (1960). 




