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r~~~L tlon of LL~S, produced In the cell under these operational modes , w ith
LiA1C14. It has been found that the l i t h i u m  thioaluniinum compounds can Lu
prepared from the reaction between I.i2S and A1C1j.

Anal ysis of produc ts f ro m ce l l s  u ti l i z in g  Li 20/AICI 3 based electro-
lytes did not show any -dgnificantlv different products after overdischarg
or constant current “charge ”.

Preliminary studies showed that Li2S/AIC 1 3 based electrolytes may
be useful as al ternatives to LIA1C14 in Li/SOd 2 batteries .
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I . INTROI)UCT ION

Iii rct ’ cnt ‘-‘cars t he- r e has be-en considerable research and development
an aab ient t e mp e r a t u r e , 1,1 gb c n cr c ’.’ dens itv Li cci Is . A p a r t i c u a r l v  p r o m i s i n g
s - - s t  crc is  kised on S O C I 2  ( 1  , 2 )  . 1k-re , SOCI 2 serves as bo th  a s o l v e n t  and
.1 - p o l a r i z e r  fo r  t h e  (‘ c l i  . These cci  i s  have d e l i ver e d  100 W l i r / lb  and 40 W / l b
at the 2. S—hour rate and , as u sua l , hi glier ene rgy  den si  t i e s  a t  l ower  d i s c - h a ’  ;e
r a t e s  ( 3 ) .  A c c o r d i n g  to one  r e p o r t  ( 4 )  they can del iv er  as much as 300 l -Th r / l  h
t t  low r at e s . C l e a r ly  t h i s  is ci v er y  p r o m i s i n g  sy s t e m  with many applications

c~’hc r~’ h i gh e ncr g \ ’  (lens i t v  and h i g h  r a t  ar e  r e q u i r e d .

l’hc c e- li has two probl ems : (1) under a variet y of circumstances , the
ce ll has shown a t e nd en c y to  exp lode , ( 2 )  a ft e r  h i g h  t e m p e r a t u r e  s to rage , i t
shows voltage dcl iv.

The o b j e c t i v e  of t h i s  p r o g r a m  i s  to ex p l o r e  the  causes  and f i n d  sol u—
tions t o  t h e  e xp l o s i o n  h a z ar d s  in t h e  Li/SOC1 2 cells . Three types of exp losion
have been reported: (I) cells explode on short circuit; (2) cells explode on
f o r c e d  o ver d i s eh a r g e ; (3)  c e l l s  exp lode  on resistive load overdischarge- .
Cl early, any high rate , high enerqy density system such as Li/SOCI9 has t h e
possibilit y of a therma l runaway type of exp losion. It is not surprising
t c i , l t  a h e r m e t i c a l ly  sealed 0 — c e l l , w h i c h  can d e l i v e r  in  excess of 20 amps ,
n i g h t  explode  when shor t  c i r c u i t e d  —— i t  j u s t  is not  poss ib le  to remove the ’
waste heat. However , t h i s  problem appears  to have been solved w i t h  low p ressu re
v e n t s  (100—300 ps i )  and w i t h  a p p r o p r i a t e  fuses  i nc o r p o r a t e d  i n t o  the  ce l l  (5 , 6 ) .

The other two types of explosion are of greater concern. The forced
o v e r d i seh a r g e  s i t u a t i o n  may be exper ienced by a ce l l  in a b a t t e r y  package .
Exp losion on resistive load overdischarge implies that any completely dis-
charged cell still connected to a piece of equipitent is a hazard . No clear
documen ta t i on  of the  explosion hazard  on r e s i s t ive  load overd i scharge  is found
in the literature. Forced overdischarge exp losions have been documented for
D—size (5) and C—size (7 , 8) Li/S OC 12 ce l l s .  This  type of explosion , occu r r i ng
a f t e r  c e l l — v o l t a g e  reversal , takes place wi thou t  p r i o r  t empera tu re  or pressure
r ise and appears to be chem ical in its ori gin. Our experiments suggests that
forced overd ischarge explosions would occur only in anode limited cells (7,8).
Individual electrode po tential measuremen ts dur ing disch arge and overdischarge

7 showed that the anode was at ~ 4.OV for a considerable length of time prior to
an explosion. The nature of the explosions suggests that they are caused by
sensitive chemicals generated in oxidation reactions of SOC12 or other materials
present in the cell.

In the present program , we have been engaged in analy tical studies
aimed at characterizing the various materials under forced overdischarge con-
ditions. The principal anal ytical techniques have been cyclic voltanmietrv and
IR spec trometry. During the present quarter , these studies have continued.

- - -  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ .—- r~ —~
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Major developments have been (1) Identification jf several reaction products
from cathode limited cells after forced overdischarge and (ii) discovery of
a new supporting electrolyte based on Li2S/A1CI 3 for LI inorganic electrolyte
cells.

Attempts to fully characterize tiji- various substances generated in
anode limited cells duriog forced overdischarge continued. We have also
investigated the behavior of Li/SOCl-~ cells during resistive load overdis—
charge. Several materials formed during this mode of operation have been
characterized.

2
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‘~o; c c u  ~~~~~~~~ ~~~ l , i / ~~o( ; 1~ CELLS

, \ i  i t  i c . , l  w o r k  on c r due ’t c~i~~r a c t t - r i z c t t  i on  f rom Li/SOil 2 c e l l s  — t i t e r
d i  s c c c . t r c ~- , o v e - rj i  ‘c~’ c c ~c r ~c~’ and ~‘ o r i s t , c c t  c u r r en t  : i i c c r l u - ’ has  c ’onti n ci ~-d . ‘lice-
icc _ c l ‘ j L i i  cc bi n  i qu i - s  h a v e  b~ - - i c  I R s~ - rome t rv and i n  s i t u  ev e  I Ic vol tarn —

as L L - s e r i l ( - d  in tis- se- ond q ui rt ~- rl .v report. A l I the ce lls ic r thc~ c
s: cdies ‘,~‘c r ’  of th e ’ r i - a r c t i c  t ’ ; ; cc - and i e ’ S L L ’ d  i n  a s l i g h t  I ’  f l o o d e d  c o n f i g i r r a —
t i u n .  l i I c  l a r g e r  m oun ts of ~- l e -c t r o l v t c  were n c - c ’ h - d  to  have’ s o l u t i o n  l e f t  f o r

- c i i  ~l ‘ s i .s u t t e r  t h e  I , ‘ , cn ~~ : t , 1 t I c  e :-: p er irccc-ic t ~~~~~~~ c c - l i  Sc t  up for in situ
cy clic v o l t  c r - r e t r y  h i s  also lu - c - ri d~-serih~-ci in th e-  second q u a r t e r ly  r e p o r t . The
construct ion par ameters for t h e  ccl  i s  cr c  shown in l’ahle- 1. TIre e x t e n t  o~
d i  scc l r . t r ,c~- and ov c- rd i s c h i a r ~~ - f o r  c - c e - c c  c c i  I bc- I ire t h e- analytical Ic-st are shown
in j b l c  2 .

Products ~rom Forccd OverdI~~ hra rr~ed Cativ id~ irci t od Ce-Its

F i r e  IR sn t ,cc - L r u r c ,  of  t h e  e l e c t r o l y t e  f r o r r , a t - - p i c a l  ~- i t hode l i m i t e d  c e l l
I n )  a f t e r  f o r c e d  o v e r d i s c h r : i r g e  is shown In Fig. I. l i e -  i l l  —~ ‘har .’e- and ove r—

d i s ch a rg e  b r  t he  c - e l i  a re  shown in Fi g.  2 . The c e - l i , d i s c l i , c r : -d m t  36 r ,\  had
a ecr iac i t v  o zero  v o l t  of  I . 2 1 Mi  and the  J R sp e c t  r u m  s’,is o b t a i n e d  a f t e r  1 .08
.Ah of  ove r d i s - h a r ~~- . The s p e c t r u m  shows t h e  S07 peaks a t  I ,CcH cnr ’ and 1 155  c m l .
A we ak s h o u l d e r  is  p r e s e n t  a t  1065 cm~~ and  t h i s  peak c - o in c i d e s  w i t h  the f i r s t
overtone hand of t h e  S—Cl  s t r e t c h  in S2 C 12 near  550 cm~~~. S i n c e  the  S—Cl  

-
stre tching ibsorp lions in SOCI1 , and the Al—Cl stretching absorptions in A IC 1 4
i ll occur in the region 500—530 cm ’, it cannot be established unequivocall y
whether S2C12 is present in tire ele-ctrolvt e .

The IR spectrum also shows two strong absorptions at 790 cm~~ and 663 cm ’.
These peaks have been found in the electrol yte from a l l  cathode limited cells
aft er forced overdischarge . In the electro lyte from cathode limited cells ,
t e r m i n a t e d  j u s t  a t  t h e  end of d i s c h a r g e  or overd i scharged  very l i t t l e , say  50 mAh ,
these peaks were not present or sometimes present as weak hands.

In order to identify these peaks , IR spectra of solutions of various
materials in SOC12 were obtained. From these experiments it was found that
these peaks were associated with a produc t of reaction between Li2S and L iAlCl 4 .
rThen Li2S (anhvdrous , Foote Mineral Co.) was added to SOd 2 at room temperature
ther e was no apparent soiubilitv nor was there any apparent reaction between
t h e  two materials. On the other hand when anhydrous L12S is added to SOC12/
LiA lCl 4 ele ct rol yte an exothermic reaction ensues with the formation of a white
precip itate. The IR spectrum of the solution product from a reaction between

3
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I
Table 2

A n a ly t i c a l  ‘le s t  Summary of P r i sma t i c  L i/ SOd 2 Cells - I

_________  _ _ _ _ _ _ _ _ _ _ _ _ _ _  

?I
Test Pe r fo rmed  A f t e r  

~1I.
Cell Capacity Discharge , mAh Overdischarge, mAim -

Cell No. (mAb ) JR CV 
_____ 

CV -~

36 12 10 - - 1080 1080 
C

37 m ll0O — — 17 hr t h r u  17 hr thr u
9 9 F ~ 99 12

41 560 — — 304 304 H

42 1210 — — 950 950

43 a - - 1530a 1530a -

44 -~500 — — 20 hr thr u 20 hr thr u
141 fl 141 0

46 b — — 1580 1580

47 a - _ 3350a 3350a

48 b — — 3250 3250

a
The cell was charged . -

b
ci i  without Li. -

S
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_ _ _ _ _
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L i S and L iA1C14, treated In 1:1 molar ratio in SOC12 is shown in Fig. 3.
The s p e c t r u m  also shows the two peaks at 790 cm~~- and 665 cm l- with relative
interrc - c i~ l i - c - 4  essentially Identical to those In Fig. 1.

It appears tha t Li2S reacts with I,IA1C14 as shown In Equation 1 to form
LiAISC1i and LiC1 of which t h e  former  i s  so luble  in ~I)Cl ,, .

co d 2LI 7 S + LiA 1CI 4 - 
-
_— ~~~ . L iAlSCl~ + 2LIC 1 (1)

In the IR spectrum ,the peaks at 790 cm~~ and 665 c m
1 arc most probably due

to Al—S stretch and A l—Cl stretch respectively of LiA1SC12• We have found
that LiAISCJ-, can also be prepared by the reactiom of Li2S and A1C13 in S0C12~

ci 4 -o rd i crg to the r eac t ions  2 and 3.

LI ,S + A1CI
3 

~~~~~ LIA 1SC12 + Lid (2)

i , i 2 S + 2A 1C1
3 

SOC12 LIA1SCI
2 

+ LiA1C14 (3)

ri m e - IR spect ra  of the  so lu t ions  from reac t ions  2 and 3 are shown in Figs. 4 and
3. They have features essentially iden t ical to those in Fig. 3. We have also
found that solutions of LiA1SCI2 in SQCl-~ have cond uctivi ties sim ilar to tha t of

l A i d 4 and that L1A1SC12 can be an alternative electrolyte for Li/SOd 2 cells.
The se aspec ts of LIA 1SC 12 will be discussed in the next section .

When Li2S and AIC 13 are mixed in a 2:1 molar ratio in Sod 2 or when Li2S
is added to LIAISC1 ,/SOC1

2 
solutions , the following reactions seem to take place.

2Li
2

S + AlCl
3 

-
~ LiA1S

2 
+ 3LiC1 (4)

Li
2

S + L1A1SC1
2 -- LiA1S

2 
+ 2LiC1 (5)

LIAIS2 is apparen tly insoluble or has very little solubility in SOd 2 and it
precip itates out as a dark material along with LiC1. In the IR spectra of
these solutions the two absorptions at 790 cm 1- and 665 cm 1 are present as
very weak bands.

*ln these solutions we have not ruled out the possibility of parallel reac-
tions such as ,

L [
2 S ÷ Sod 2 

+ 2A1C1
3 

-— 2LIA 1C 1
4 
+ S,O

2S
2
0 -

~~ SO
2 

+ 3S

There is no reaction between Li
2
S and Sod

2 
at room temperature .
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T~t i - e v i d e n c e s  p r esen t e d  lie - re  suggest  t h a t  when cat h o d e  l im i t e d  ce l l s
ar e - t o r - - , -d ove -rdischarged L 12 S Is formed and tha t  LI 2S r eac t s  Immed ia t e ly  w i t h
l iAl di t o  torn LIA1SC 1 and prob ably LIA 1S2. As would be seen later , these
aluminum— sulfur compounds are also formed in the electrol yte from resistiv &-lv
overdischargi- d cells , It seems that In discharged cells which Invariably con—
t a in s  S -i c-c .m d i s c har g e  p r o d u c t , the fo r m a t i o n  of L I 2 S  is a spontaneous process ,
( E q u a t i o n  b ) .

2Ll~ + S + 2e -~ Li 2S (6)

Since both S and S~~ .ir e dlscharce- p r o d u c t s  of LI/SOC12 cells and have closel y
lying reducti on potentials , it is log ical to assume that SO2 also can undergo
reduction as shown in Equation 7, probably to fo rm lithium dithionite , Li7S2O4,
Equation 7.

2L I~ + 2S0.) + 2e -‘ LI~ S2O1 (7)

To date we do not have any evidence to confirm this. Qualitative tests for
S204 2 were negative . It is possible that L12S2O4, if formed, could reac t
with LiAlCl .~ forming a l u m i n u m  dithionite derivatives , which may be unstable
and thereby escape qualitative test for S204

2 species.

We have also analyzed the electrol yte from forced overdischarged ,
cathode limited cells which contained Li20/A1C 13 based supporting electro—
lv t c (9). The discharge and overdischarge curves for cell P—42 with -

~~~

O. 3’-l Li-,O/l.OM A1C13/SOdl-j is shown in Fi g. 6. The cell capacity of 1.21 Ah
to zero volt is virtually identical to that found in similar cells with SOC1-,/
LIA1 C 14 electrolyte. The JR spectrum of the electrolyte from cell P—42 was
ob tained after 0.95 Ah of overd ischarge and is shown in Fi g. 7. The spec trum
also shows the peaks at 790 cm ’ and 665 cm 1- but at much lower intensities
than in the electrolyte from the cell containing LiAldl4 for  the same ex ten t
of overd ischarge . The actual supporting electrolyte in these solutions
accord ing to Gabano et al., is 2Li+ [A1CJ 3

_ 0_A1CI 3} 2. The reaction of Li2S
to form LiA1SC 12 could then be as shown in Equation 8. The actual concentra-
t i o n  of Al species in these electrol ytes is only lM instead of the l.8M in our

LI
2
S + 2Li~~[AlC 1

3
-O-AlC1

3V 
- ‘ -  Li 20 + L iAlSC l~ + LiAldl4 (8)

normal elec trolyte. Out of this only half the amount of A1C13 is conver ted
to LiAlSdl 2 accord ing to Equation 8. Thus the lower amount of LIA1SC12 observed
in cell P—42 could result from a concentration effect of the Al species. That
is , all of the L12S formed in the cell may not have been converted to l iA1SC1 2 .

2. Products from Cathode Limited dells after Resistive—Load Overdischarge

The dis charge and overdischarge behavior of a typical ca thode lim i ted
cell , P—37 , on resistive load is shown in Fig. 8. The cell was discharged

12
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I.

c r o c m g l c  H load  so t O at  t lme in  i t  i - a l cu r r e n t  d ra in c ig i -  was  35 mA . t i me -  ce- I I h a d
a cu~ a c i t y  of  — 1 . 2  Ai m , corr t-s p occ din g to 3 . 2 3  A h / g  ca rbon  u t i l i z a t i o n .  The

c i i  was a l l o w e d  to o v e r d i s c h m a r g e  (< 0. 3V )  f or  17 hours  t h r o u g h  t i m e  99~ l oad
b e f o r e  e ’,~- c t r o l v t ~- was a n a l - - c e - i l  by 1 - y - h  I c  v o l t a m m e t r v  and l R  s pe c t r o m et r v .
The infrared spectrum is shown in Fhi ~. 9. The spectrum Is q u i t e  s im i l a r  to
t i c m r . of the e l e c t r o ly t e  f r o m  C c -  forced o v e r d i s ch a r g e d  c a t h o d e  l i m i t e d  c e l  i s .
Fl i t -  t w o  ab s i .’ r p t i i n s  a t  190 cm ’ and ~c~~ i 3  cm— i i n d i c a t e  t h a t  LIA 1SC 12 is pro-
d uced under  r e s i s t i v e  load  over d i sch a rge  a l so . It seems that when S is present
in these c e l l s , t }it- t o r m a t i o n  of L i S  o c c u r s  s p o n t a n e o u s ly  I f  t he  potentials
art- favorable , i . e . ,  he- l ow i 2 . 3 volt , t i m e  r e d u c t i o n  p o t e n t i a l  of  S.

~l~e c v c l  I c  v o l t : e c~c- c o g r a n ~ of t i m e  e l e c t r o ly t e , recorded  on a g l assy  carbon
e l e c t r o d e  j u s t p r i o r  to t h e  I R  s p e c t r a l  measu remen t  i s  shown in F i g .  10. The-
v o l t a mm o g r a m  shows t h a t  so:ne C1 may he present in solution. Previously , we-
have obtained similar voltamniograms in electrolytes from forced overdischarged
cathode limited cells.

3. Products I ron Anode l imited Cells after Resistive—Load Overdischar~e

The d i s c h , cr , ’~- and ‘)ve -r d i s ch a r g e -  b e h a v i o r  f o r  a t y p i c a l  anode l i m i t e d
cell , i ’ — -~4 , on r e s i s t  i v c - load is shown in Fig . 11. The cell was discharged
thro ugh l-c l~ load , corresponding to an initia l current drainage of 24 mA. Its
c a p a c i ty  to zero  volt was P.S A u . At th~ end of discharge the anode potential
rises to positive valuc-s and during ovc rdischarge- remains steady at 3.6V. The
cell potential remains stea~

1 v at +iOO mV. Time electrol yte was analyzed after 
C ’

overdischarging the cell for 20 ho u r through I-~1. - The JR spec t rum is shown
in Fig. 12. This spectrum also shows the peaks at 790 crcr1 and 655 cm~~ m d i-
cating that LiA1FC1 is present in solution. T h i s  result is somewhat surprising
since the p o t e n t i a l  r eg ions  do not appear  to be favorab le -  f o r  Li1S f o r m a t i o n .
We are f u r t h e r  i nves t i g a t i n g  t h e  p r o d u c ts  f r om  t h e s e - typ e s  of  ~ i,- l 1  .

4. P roduc t s  f rom Anode Limited Cells a ft e r  Forced Overd i scha rge

In the second quarterly report we have discussed the results of IR spectral
and in situ cyclic volammetrv studies carried Out to characterize products from
forced overd ischarged anode limited Li/S0d1 cells. The products identified
were C12 and a material exhibiting JR absorption at 1070 cm~~- . We have also
shown tha t  the compounds , SO2 C l~~, S C I 2  and SOC1+A1C14 are also formed in these
cells under oxidizing environments at varying test conditions such as discharge
of cells without Li on the anode and constant current change . Our phenonieno—
logical studies had revealed that anode limited cells exploded on occasions
during forced overdischarge . The nature of the phenomenon suggested that they
were caused by detonation of e nergetic substances accumulated in the cell ,
probably by oxida tion reactions. The possibility that the energetic substance
is an intermediate which accumulates only under spectral circumstances has been
investigated In these cells by cyclic voltammetrv studies of SOC12/LiA 1C 14

16
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solut ions c~i t h v m r i I u l s  i~ i c h j t c ’ c - s .  he -  ma t i - r i a [ s  i d i - n t i f i e - d so f a r  do not

~m l p n - c c  to be- e- :-:p lc- 1c:i - . - ‘ c t !  e-lc- ~~c - , Wc - c a v e  et  t o  id e c i t  if’ ’ time- ~ cih: : t ~ j nec-

~~~~ t -‘ c c  l i ) ~ 0 cnr 1 ~I s o r p t  hon i n  t ie- l it nc-c - c t  rod -c.

Pj ~ - O  o f  t . hc~ york th e r e-I - re- i a - , h e - e n c e n t e r e d on e ! c c i r a c t e - r i z i n g  thi s
is i t  m~ i i l ~ - n t  i ! v i c c , - tO1 - c ir d Imcd•-ct ance-s cin der which it i cc (ormi- d.

1 Pu Ic ’ o l  S I I~ 1 l I r c i~~~~ 1; l e - e t r O i~. t i

I l i e  [) O5S c h l c  r o l e - o L I e  su p p or t  in c . c - I c c  t ro I t e- was invest i pat ed by
i l i l v ~~:- c ’ t h e p rodu ct s f r l I ! d i  c- -Un u t i l i c in g t i m e  L i - i O / A I C I  based el e ctrol Y t e- (9).

t i c -  c - I e - c t r o i v t e  - - c c t -  m i : C i n ~ l - ~ !I ~ ions win pr -pa r~- el by s t i r r i n g  Li10 and A I P 1  -
~

in  - m  1 : 2  ne i c r  ratio :n  Po t  I c  cc - c de - c--c c r ib e d i r c - ~~j o i : s l y  ( 0 ) .  The various smal l
h c r i c - ; ::ca t Ic ce - I 1 s t - - -; t c-il and t h e i r  c-ons t ruc t ion p :mr amete-rs ama- given in Table I

Ccl I P— I w a — c c -  - ; s ~ 5!  jal iv i ci enti cal to the anode I imi ted cc - I l  P—18 con—
m i n i  Ci , POC I ~

‘l . -c~ I I i  -\ I Cl ,. Pc-I l ic _ I 8 was discussed in time 2nd q u a r t e r ly  r e p o r t .
Ce~ 1]  —

~~ I ;-: i - ;  di u c l i . I  r c~- 1! and overd i s c i c i r ~p - d  a t 24 mA (1 mA /cm2 of Li electrode
are-c m) , t he- S , I T Cie c u r r e  n I dens it : u sed jr P~ 18. The- discharge and overd i i-ccharge
• -ij r vc - c c o r c c -LI i’ — ire - sOns-n in Fig . 13 . It yielded a capacity of 0 .56  A i m .
T O -  I R  sped r un  o l  t c c  e - l e - c - t r o l v te  a f te r  304 mAh of  o ver d i sc har g e  is shown in
I - i g. I - . h i  c v i  le v oltmrmcc •p r am on g l a s n ~- c a r b o n c - l c - c - t rode i s  shown in  F i g .  15.
Ihe IFi spectri::: sli s.- - t I c - S  p r e -c - -d e - n e - e- of t i m e  m a t e r i a l  ex h i b i t i n g  the  a b s o r p t i o n  ci t
1070 cn: . th e  e V C  I [C VI) I t . I i c i Iipratc i  sh ows that CI 1 is also present. It thus
;c p;c e-a r : that li e t .pe- of produ~-t s and th e ir r c-l ,mt (we- am o u n t s  a r e - e s s e n t i al ly
t i e  same in ho ti m 01 t h e  c - i c - c t  ro l  v t c~s ci nde r s i m i l a r  r e g i m e s  of f o r c e d  o v e - r d i s —
c i 1 ~~r p t

[c-I l  P — 4 6  a l s o  c o n t a i n e d  L i n) ’- \ j Ci -~ based e- l e - c t r o l v t e -  w i t h  I N  L i + ion
c o n c e n t r a t i o n .  But t i m e  c - c- I  1 was cons  t r io  ted w i  t b ou t  L i  on t ime-  : m n o i h e -  . Test
r e s u l t ; ;  f o r  s i m i l a r  c ( - l  is have b t-~-n d i s 1 -uic - ; c-a-d pri -viou slv and t h e  d a t a  ar e  u se -—

nil to elucidate t h e  p o s i - i i h t e  r o l e  of  l . i  i n  t h e  p r o d u c t  ion  c r  in  t i m e  e-on su m p t ion
of p o t e n t i a l l y exp los ive  m a t e - r i a l s .  (i lls wi thout Li repre sents an extreme-
case of  anode l i m i t e d  e o n f i p u m r ; m t i o n .  l’he d i s i h c a r - ; e -  c u r v e -  f o r  c e l l  P— -ft at ci
c u r r e n t  of 14 mA is shown in  l i p .  16 . Time e - l c - e t . r o l v t e -  was analvcc- d a f t e r  I .‘

~~~ Au
of  d i s c  h a r e- . Time- IR c-i p c - c t r u : c , shown in Fi g.  17 re v e als that -tO 2 and t I n -  m a t e - r i . il
e x h i b i t  ing t i m e  a b s o r p t i o n  at  1070 Cur 1 a re  p r e - s e c i t  . I n  t ii& - h - ct  r o l v t  e ’ from
s i m i l a r  ee l  ls t e s t ed  p r e v i o u s ly  w i t h  SOCI 2 / l i A l C i  4 ,  I R  s l i t - c t  r u -- — b ow e d  S O C 1+ e ]  (~
a l so .  In these  c e l l -s t i me co mp l e x , S0( 1 +A I C I !, , mi  g l u t  h iv e- fer r ie d v i  - m l i m e -
r eac t  ions

Ai d - A I d  + ‘2Cl 2 + e~ (11 )

+ A I C 1
3 

SOC I +A 1C I , (10)
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Sod 2 
-+ S0Cl~ + ½c12 + e (11)

S0Cl~ + AlCi~~ SOC1+A1C1
4 (12)

. \ i t - i lv t  ic - c m ]  d a t a  presented in th e  2nd q u a r t e r l y  repor t  i nd i ca t ed  t h a t  the  o x i —
e l a t i o n  r eac t ions  9 and 11 both occur at the anodic potentials exhibited by
th ese cells. It is not surprising that in time present cell SOC l+A1C14 is
absent since the electrolyte does not apparentl y con ta in  A1d14 .

The cyclic voitaunnogram of the electrolyte from cell P—46 is shown in
Fi g. 18. The features of the voltairu-r-mogram are identical to those found pre—
vioucsl v in the electrolyte from similarly tested cells containing SOC12/LiA1C14 .
The current peaks at ~3.6V and - - 3 . 2 ~ V respectively are i n dh -a t i v e  of  the prosence
of ~~ 2 and Cl 1.

.2 Potential Role of S02C12 in the Production of Explosive Chemicals

We have shown previo usly that S02C12 is one of the oxidation products
of SOC12/LiAIC14 solutions. It is produced in the cell under various oxidizing
conditions . In an attemp t to assess whether the sensitive chemicals causing
exp losions in anode limi ted cells are prod uced fro m ox ida tion reac tions of SO2C12.
c-eli P—48 was tested with SO2C12/l.8M LiA1C14. This cell did not contain any
L.i on the anode . This was done with the intention that any possible quench ing
reactions of Li with the products could be eliminated. The discharge curves
for cell P—48 is shown in Fig. 19. As in similar cells with SOC12/L1A 1C14, the
cell processes during discharge are regenerative so that no polarization of the
cell voltage from the initial value is observed in the course of passing 3.25 Ah
charge. The cell contained only a little more than 2 Ah of S02C12. The IR
spec trum of the electrolyte after the test is shown in Fig. 20. The spectrum
shows the presence of SO 2 (1335 cm~~-) and a small amount of the material
exhib iting the absorption at 1070 cm~~ . All the other absorptions in the spec-
trum can be ascribed to SO2C12. Cyclic voltammogram on the electrolyte showed
tha t some Cl 2 is also present. The cell did not explode and handling of the
electrolyte was hazard free.

5. Produc ts from “Charged” Li/SOC12 Cell s

We have shown previously tha t the cons tan t curren t “charg ing” of Li/SOC 12
cells leads to regenerative processes so that these cells can be “charged”
indef in itely. Product analysis after the charge showed that a net accumulation
of S02C12, Sd 2, C1~ , SO2 and the material with IR absorption at 1070 cm~~
occurs. The cell potentials during “charging” remain steady bu t their values
depend on the state of discharge . Thus, in a par tially discharged cell , the
charging potentials were at ‘c-3.8V as opposed to ~4.2V in fresh cells. In order
to see if this was due to different types of regenerative processes , cell P—47
was partially discharged first and then “charged” and the prod ucts were analyzed
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~1

by ~~ sp e -c - t r ~ - :ne - t c v  an d  r i d  hr v o l t : I C I I I I S - t r v . The discL ;;rgc and lcarg- i- - c c r v e - s
i r e  -n i n Fig . 21.  tI1 ~ i n i t i a l  d i  ;r l m a r c 1 - w a s  f o r  O i l  A!; , about half time

c i S c  I cml - : 11 ) 1cc  I t Y  of t h e  c i  1 . l i e  c e - I I was “c i s c  r cc- d or 3. 35 Al.  ~ot e- that
L 1 1 e - i i I r g i i i g  - - t e n t  i c i s  re- c c m e d  St  1-~j dv  c i t  ‘ t3 .8V as i o u m n d  t r - - - i ~~c ;s 1y .  Th e
E R  s~ cet run; cud cy clic- v o l  t ; l c ; m og r an;  on t he- clec- tr ulvt ~ - arc- sh own in Fi gs. 22
cOI 2 3 rc -;1 pc -ct ivelv . TIme TR spe c t r cCc-i sh ows the nr c-sc-nrc- of ~ O1 and t h e  ma—
m e n  ci -.-. it hm JR :ihsorc-t ion c t  1070 cn; , hut P0 hi2 I S  n o t  - f l t  . The - cy c lic
vol  t a n ; - I o g r c c c 1  S ; c I l w s the Cl1 reduction peak cIt c- 3 • 2 5 c , hut no SC1 is present
Fr . 2 c ti s t i C  St  I i i  iCs , We hav e- - c i ; 1 - I t  t h a t  SO- f t ] -  and Sh1 2 are-  p r o d u c e d  by
a sc - c - - : 1~ i m r v c s-:idcition re -act ion - ii LI; - complex SOC I +A ! L 1 4_ . I t  c c p p c - - i r s  tha t
thmi ~ rca- - ti n does not eurci r during. - h ar p i n g  of p a r t i a l l’-  discharg~-d ee l  I s .
T l i i - ;  sugg e st s t h a t  t im e-  rege-n e- r a tive - prure-ss in this -ase4 involve- a dif fe rent
s e t  of r 4  a c t i o ns  f r - w i  t h o s e  i n  I r~-slm c e l l s .

d -  1 1 C c  auc-n ; i n v e s t ig a t e d  t i l e  nature of products oil “charg ing ” of f r e s h
cc- i l~~ c o n t a i n i n g  P O P ]  

~~~~ ~~ 
l iAlCi :,. ~orma l1y the cells c o n t a i n  SOC 12/ l .  8~l

L1A1C 1 g . All the- produc t s found in c c - i is with SOC12/ 1. SM L i A I C I 4 have been
Ic un d  here also.

[em ce-li P—g3 t h e c: c tc :r .- of the  p r o d u c t s  du r ing  “ cha rg ing ” was i n v e s t i —
c ited with L 120/A 1C 1 3 based e l e c t r o l y t e .  Here-  a lso the  e l e c t r o ly t e  had 1M - -

Li~ ion concentr -Ition . The construction parameters of the cell are shown in
Tabl e -  1. hce “charging ” curve for time cell at 36 mA c o n s t a n t  c u r r e n t  is
shown in Fig. 2 4 .  The potential profiles are idcntic al to those found in
cells with > SOCI2/LLA1C1 4. The JR spectrum and cyclic voltammogram of the

~- lc-c- tro ly t e are shown r e - s n e - c t . i ve l y  in Figs . 25 and 26. The data are identical
to the e ;lee t r o lv t e  rifl “charged” cell c o n t a i n i n g  SOC 12/LiA 1C 14 showing t ha t
th e  ov cura l  1 p r o c e s s  cs a rc  i d c-n t i c a l .
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I I I .  SUPPORTING ELECTROLYTE BASED ON Li 2 S/AIC 13

FOR Li/SOC 12 CELLS

In the previous section we have shown that the reaction of Li25 wi th
A 1C 13 in SOd -, produces L1A1SC12 or a mixture of LIA1SC12 and LiAlCl4
depending upon the stoichiometry of the reactants.* A solution of LIA1SC12
in SOd 2 can be ob tained by treating Aid 3 and L12S in a 1:1 molar ratio.
When Li2S and Aid 3 are treated in a 1:2 molar ratio, the produc ts are
LiA 1SC 12 and LiA1C14. Both of these solutions were found to be good elec-
trolytes having conductivities similar to that of SOC12/LiAlCl4 solutions.

1. Conductivities of Li2S/A1CJ3 Solutions in SOd 2

The conductance data were obtained using a conductivity cell of the Jones
and Boll inger type. The variation of specific conductances of 1M Aid 3 solution
in SOCJ2 as a function of the concentration of added Li2S is shown in Fig . 27.
The conductivity of the solution with O.5M Li2S is 16 x ~~~~ ohm~~- cm~~ and the
solution apparently contains O.5M each of L1A1SC12 and LiA1C14. Upto this con-
ce nt ra tion of Li 2S ther e is no pre cip itate formed in solution with the incre—
men tal addition of Li-,S. With further addition of Li2S a preci pi ta te is f ormed
wh ich is due to LiC 1 f ormed according to the reac tion

LiA1C1
4 

+ Li
2
S s- LiA 1SCJ 2 + 2LiCl

The conductance data were obtained with precipitate—free electrolytes. The
conductance of the solution with lM Li2S is ~l3 x lO—~ ohm~~ cm~~ . When com-
pared to the specific conductivity of 14 x 103 ohmn~~ cm

4 for 1M LiA1C14/SOC12
sol ut ions , the Li2S/A 1C13 solutions should exhibit discharge performance
similar to solutions with LIA1C14 salt. Preliminary data suggest that this
would be possibLe.

2. Performance of Cells with Li2S/AlCl 3 Based Electrolytes

Two cathode limited cells were tested. The construction parameters for
these cells are given in Table 3. In cell P—52, the elec troly te was a mix ture
of L1A1SC12 and LiAlCl 4 ob tained by sti r r ing L12S (0.5M) and A1C13 (111) in SOd 2
so that the Li+ ion concentration was 1M. The OCV of the cell was 3 .7V.  It was

*As mentioned previously , it remains to be es tabl ished whe ther SOd 2 reac ts
with Li2S in the presence of Aid 3.
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I
4 i i s ch i ar g e d  a t  36 mA (1 mA/c m

2 of Li electrode area). The discharge curve is
shown in Fig. 28. The cell yielded 1.0 Ah capacity to zero volt , corresponding
to a cathode utilization of 3.07 Ah/g carbon. This utilization is virtually
identical to that obtained from celJs with SOC1-,/LiA1C14.

In cell P—51 , the el ectrolyte was solution of LiA1SC12 (1M) in SOd 2 ,
obtained by treating equimolar amounts of Li2S and A1C13 iii SOC1 2 and
filtering off the preci pitated Lidl. The OCV of the cell was also 3.7V and
it was also discharged at 36 mA, Fig. 29. The cell capacity was 0.98 Ah ,
which cor responded  to a cathode utilization of 2.93 Ah/g carbon .

These data suggest that L12S/AIC13 based ele ct rol yte show promise as
alternatives for LiAldl4 in Li/SOC12 cells. Further work is in progress. -~~ 
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IV. SUMI1ARY AND FU TUR E WORK

Infrared spec tral data of electrolyte from forced overdischarged
cathode limited cells indicated that LiA1SC12 and probably LiA1S2 are pro-
duced. These compounds have also been identified in cathode limited cells
after resistive load overdischarge. Isolation experiments suggested that
these compounds are formed from the reaction of Li2S with L1A1C14. We have
also found tha t the li thium thioa luminum compounds can be prepared from the
reac tion between L12S and Aldl3.

Analysis of produc ts from cells utilizing LI2O/Aldl3 based elec trol yte H
did not show any significantly different products after overdischarge or con-
stant current “charge ”.

Preliminary studies showed that Li2S/AlCl 3 based electrolytes may be
useful as alternatives to L1A1C14 in Li/SOd 2 batteries.
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