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Annual Report  

SYNTHESIS AND EVALUATION OF NEW 
CATHODE MATERIALS FOR RECHARGEABLE 

LITHIUM ,BATTERIES 

.Cont rac t  No. EY--76-C- 03- 1'253 
* 

1.0 ABSTRACT ' 

, .The o b j e c t i v e  of t h e  first y e a r  of t h i s  s tudy  was t h e  i n v e s t i g a t i o n  

+ .  o f  two new c l a s s e s  o'f complex s u l f i d e  m a t e r i i l s  o f  p o t e n t i a l  value f o r  

ambient. and h igh  temperature ,  h i g h  energy ' rechargeable  b a t t e r i e s  w i t h  

l i t h i u m  anodes. The two new c l a s s e s  were t h e  s u l f o s p i n e l s  and simple 

and mixed l aye red  d i s u l f i d e s  o f  traneitionr:.; m e t a l s  o f  groups. IVB and 

VB. I n  a d d i t i o n ,  t h r e e  simple s u l f i d e s ,  CoS, CoSi and FeS2 were a l s o  

inves t iga t ed .  s t u d i e s  o f  t h e  s y n t h e s i s  methods have r e s u l t e d  i n  t h e  

development of {he ty&zohe q u a r t z  furnace  capable  o f  f i r i n g  tempera- .- 

t u r e s  u~ to  1 0 0 0 ~ ~  w i t h  c o n t r o l l e b l e '  s u l f u r  vapor p re s su re s .  Optimum 

s y n t h e s i s  methods f o r  p repa ra t ion  o f  T ~ S ~  and s u b s t i t u t e d  d i s u l f i d e s  

o f  t h e  type M x T t x S 2  (M = Co, C r . ,  Mo, V) a s  w e l l  a s  for su l . foep ine l s  

have been e s t a b l i s h e d .  

I n  t h e  a r e a  o f  mixed d i s u l f i d e s ,  compounde"with 3 mole % rnolybdenm' 

3 and 25 mole % chromium or vanadium were- found t o . b e  s u p e r i o r  i n  e l e c t r o -  

chemical c e l l  performance t o  TiS2. .The h i g h e r  e l e c t r i c a l  conduc t iv i ty  

o f  t h e s e  compounds compared t o  t h a t  q f  TiS2 is t h e  probable  reasdn. 

The p repa ra t ion  o f  the Co-subs t i tu ted  d i s u l f i d e  was n o t  succes s fu l  end 

r e s u l t e d  i n  a s u l f o s p i n e l  s t r u c t u r e  o f  CoTi2S4. - Among t h e  s u l f o s p i n e l s  -. 
s t u d i e d  CoCoiS4 = * ( C O ~ S ~ )  and CoFeZSq, h igh  c a p a c i t y  d e n s i t i e s  up t o  

605 mAH/g have been found w i t h  t h e  former showing more e l ec t rochemica l  

r e v e r s i b i l i t y . '  The c y c l i n g  a b i l i t y  was found t o  be r e l a t e d  t o  t h e  

depth. o f  d i scharge  i n  t h e s e  i n i t i a l  s t u d i e s .  The mixed d i s u l f i d e s ,  and 

under p rope r  cond i t i ons ,  t h e  s u l f o s p i n e l s  r e p r e s e n t  very promising - 

- cathode m a t e r i a l s  for rechargeable  l i th iwn cells. The i n i t i a l  f i n d i n g s  

i n  o rgan ic  e l e c t r o l y t e  cel ls  have a l s o  been confirmed i n  h igh  tempera- 

t u r e  t es t s  conducted a t  Argonne Nat iona l  Laboratory i n  molten s a l t  c e l l t  . 
t e s t s .  The simple s u l f i d e s  have been found to  perform i n  o rgan ic  

e l e c t r o l y t e  cel ls  w i t h  CoS2 shoving lower  p p l a r i z a t i o n  than  FeS2 o r  

CoS. R e c m e n d a t i o n s  f o r  fu tu re  work inc lude  crysta lographi 'c  s t u d i e s  

o f  t h e  new s t r u c t u r e s ,  . f u r t h e r  improvements i n  t h e  techniques  of 

s y n t h e s i s ,  o f  cathode s t r u c t u r e ,  and development o f  o rgan ic  e l e c t r o l y t e s .  



I n  t h e  course  of self- sponsored work, p r i o r  t o  t h i s  c o n t r a c t ,  

t h e  s t a f f  o f  Electrochimica co rpo ra t ion  h a s  developed two c l a s s e s  o f  

cathode m a t e r i a l s  o f  h t e n t i a l  g r e a t  i n t e r e s t  f o r  ambient a s  w e l l  a s  

h igh  temperature  h igh  energy rechargeable  b a t t e r i e s  employing l i t h i u m  

anodes. These. two c l a s s e s  a re  t h e  sulfogDinels o f  t h e  gene ra l  formula 

bI1d?S and t h e  c e r t a i n  l a y e r e d  d icha lcogenides  o f  t r a n s i t i o n  me ta l s  . 
2 *q .  

o f  gro&p L V  and o f  t h e  gene ra l  formula MS2. 

The o b j e c t i v e  of t h e  first h a l f  o f  t h i s  work, phase I ,  

w a s  an i n v e s t i g a t i o n  of p repa ra t ive ,  t cchntques  f o r  t h e s e  m a t e r i a l s  

and t h e i r  i n i t  l a 1  e v a l u a t i o n  a s  ca thodes  f o r  rechargeable  l i t h i u m  . . 
cells ,  The o b j e c t i v e s  o f  t h e  second p a r t ,  phase 11, we= t h e  f u r t h e r .  ' 

s y n t h e s i s  s t u d i e s  and eva lua t ion  a s  ca thodes  o f  t h r e e  simple t r a n s i t i o n  

metals :  s u l f i d e s ,  t h r e e  s u l f o s p i n e l s ,  and two or 'more d i s u l f i d e s ,  

greparat 'ion o f  s u l f i d e  f o r  h i g h  temperature  cells ,  and l i t e r a t u r e  

search.  

Following a b r i e f  i n i t i a l  l i t e r a t u r e  s ea rch ,  c e r t a i n  methods o f  

s j n t h e s i s  have been anabysed and exper imenta l ly  explored.  M a t e r i a l s  

have been prepared and e v a u a t e d  i n  experimental  c e l l s  f o r  e l ec t ro -  

chemical parameters  and i n  complete c e l l s  f o r  i n i t i a l  c y c l i n g  p e r  

formance. I n  a d d i t i o n ,  samples o f  cathode m a t e r i a l s  were prepared 

f o r  eva lua t ion  in high temperature  ce l l  v s  Li (Al) anodes w i t h  KC1- 

LlLCl fused s a l t  e l e c t r o l i t e  a t  Argonne-National Laboratory.  

Among t h e  s imple  t r a n s i t i o n  metal  s u l f i d e s ,  CoS, and t h e  

p y r i t e s  CoS2. FeS2, were b r i e f l y  i nves t iga t ed .  

T h i s  r e p o r t  c o n c e n t r a t e s  on t h e  first c o n t r a c t u a l  e f f o r t s  t o  

syn thes i ze  and i n i t i a l l y  e v a l u a t e  t h e  truo promising c l a s p e s  o f  

ca thod ic  m a t e r i a l s ,  namely: s u l f o s p i n e l s  and l a y e r e d  t r e n s 5 t i o n  

metal  d i s u l f i d e s ,  



3.0 TECHNICAL BACKGROUND -' 

3.1 Select ion C r i t e r i a  f o r  Desirable Cathode Materials  

I n  order f o r  a rechargeable bat tery  system t o  perform s a t i w  

f a c t o r i l y  over an appreciable number of  cycles,  there  a re  th ree  types 

of  r e v e r s i b i l i t i e s  which must be s a t i s f i ed .  These include phvsiochemicdl, 

pevers ib i l i ty  of all so l id  and l i q u i d  phases, r n o r n h o l o m  and 

c r v s t a l l o g r a ~ h i c  r e v e r s i b i l i t y  between the  charged and discharged s t a t e s .  

of  the act ive  electrode mater ia ls  and electrode k ine t i c ,  n e a p r e v e r s i b i l i t y  

a s  a ba s i s  f o r  high r a t e  c a p a b i l i t i e s  without excessive polar iza t ion 

losses .  

A desirable cathode m a t e r i a  must be: 

a) Stable i n  the e lec t ro ly te .  

b) Essent ia l ly  insoluble i n  the e l ec t ro ly t e  .(except 

a s  t o  the extent  desirable from electrode k i n e t i c  

considerations.)'. 

c) Should be electzrochemically act ive  (high cur ren t  

density capabi l i ty  without excessive polarization)..  

d) Should have a crys ta l lographic  s t ruc ture  conducive 

t o  morphological reproducibi l i ty  a s  cycling 

proceeds. 

The l a s t  consideration would indicate  the d e s i r a b i l i t y  of  a well defined 

crystal lographic form f o r  the cathode material.  AdditiondLly , a 

crystal lographic form which encourages in te rac t ion  exchanges between 

ions  i n  the  d i f f e r en t  types of  s i t e s  i s  l i k e l y  t o  give the  material  

semi- conducting o r  even conducting proper t ies ,  f ea tu re s  much desi rable  

t o  reduce i n t e rna l  ohmic drops and consequently the e f f ec t i ve  polariza- 

t i o n  of porous cathodes. 

I n  i t s  p r i o r  work the s t a f f  of Electrochimica Corporation has 

found t h a t  c e r t a in  su l f ide  compounds namely belonging t o  groups which 

can be described a s  sul fo  spinel  s ,(orto spinels)  and ce r t a in  layered 

dichalcogenides o f f e r  a unique opportunity t o  meet most of  the, above 

c r i t e r i a  f o r  des i rable  cathode materialsyc. These two c l a s se s  are  

%Subject t o  patent  appl icat ions  by Electrochimica Corporation. 



br i e f ly  discussed i n  the following. 

3.2 The S u l f o s ~ i n e l s  

The sul fospinels  ,(or selenospinels) are  chalcogenide compounds 

generally analogous t o  the face-centered cubic c r y s t a l  sp ine l s  and 

f e r r i t e s .  They have a general formula 

where X = S, Se, Te 

' M.,-= divalent  ions o f  Cu, Fe, Co, Niy MnZn 

M2= t r i v a l e n t  ions  of T i ,  V ,  C r ,  Fe, Co N i  

I n  a un i t  c e l l  ,(containing 32X) of a normal spinel  the  divalent  

M,- ions  occupy only _8 out  of  the  avai lable  5 4  t e t r a h e d r a  posit ions.  

The t r i v a l e n t  M2 ions  occupy L6 out of  the  avai lable  1 2  octahedral 

posi t ions ,  This means t h a t  i n  the l a t t i c e  there  a re  many vacancies, 

especia l ly  i n  the  t e t rahedra l  type f o r  introduction of l i th ium ions  during 

the discharge react .  on a t  the cathode i n  a ce l l .  This i s  considered 

t o  be the fundamental a t t r a c t i o n  of the sul fospinel  group. These 

compounds o f f e r  the great  var ie ty  of chemical subs t i tu t ions  f o r  both 

ca t ions  and anions. 

The c o b a l t i t e s  qCo2S4 and the chromites M1Cr2S4 have c l ea r ly  

beell estahl-isfied a? "normdLfl sp ine l s ;  i .e. ,  i n  which the  metal ions  

M,- occupy only t e t rahedra l  posi t ions.  The magnetic p roper t i es  of. 

these compounds have been studied extensively by Lotgering :(1). 

On the  o ther  hand, it appears t h a t  the ternary chalcogenides of  

ti tanium of the  g e ~ l e ~ a l  f o r m u l ~  MTi2S4 ( M  = Fe, Co, Ni) do not have a 

  pin el s t ruc ture  and instead exh ib i t  a  monoclinic Cr3S4- type s t ruc ture  

which i s  characterized by ordered vacancies i n  a l t e rna t e  meral layers .  (2) 

Wold and co-workers .(2) have found f o r  both su l f i de s  and selenides o f  

t h i s  type t h a t  such compounds w i l l  sometimes undergo a t r a n s i t i o n  t o  

the disordered t r igona l  s t ruc ture  i f  there  a* deviat ions from the  

stoichiometry MTi2X4. 



Since it i s  important i n  ba t te ry  work t o  reduce the weight of 

the  act ive  mater ia ls ,  the  present  primary i n t e r e s t  i n  t h i s  program 

i s  on the su l fu r  compounds. These compounds are  generally metal l ic  
- 2  conductors i ( re , s i s t iv i ty  i n  the range LO - 10- ' ohm cm). They have 

pos i t ive  temperature coe f f i c i en t s  of  the r e s i s t i v i t i e s  and low Seebeck 

e f f i c i enc i e s  (approximately 101( volts/0) .  Lotgering :(3) was one 

of the f i r s t  t o  study a s e r i e s  of these compounds because of  t h e i r  

i n t e r e s t  i n  the, magnetic app l ica t ions  f i e ld .  He developed some 

synthet ic  methods l imi ted ,  however, t o  very s m a l l  quan t i t i es .  

3 -3  . havered Dichalcoeenides 

Another i n t e r e s t i ng  c l a s s  of compounds are the  layered dichal- 

rqgenides of the  t r a n s i t i o n  elements of columns I V  and VB and t h e i r  

i n t e r ca l a t i on  complexe s. These compounds have recent ly  been extensively 

studied because of emphasis on t h e i r  suDer conducting proper t i es  (4). 

The l a y e r s  of  the c r y s t a l s  are separated i n  the Van der W a l l s  gap by 

inorganic species in te rca la ted  between the dichalcogenide layers .  

For ins tance,  TiS2 has been described a s  a semi-conductor with a 

1-eV gap. It shows a high metal l ic  conductivity which i s  explained 

i n  t e r n s  of  metal-rich of f  stoichiometry and degenerate semi-conducti- 

vi ty.  The d i su l f i de s  and dise lendies  of  tantalum La ,  _V and Cr have 

a l so  been studied. The mixed d i su l f ides ;  e.g., Til_xVsS2 show high 

e l e c t r i c  conductivity : ( r e s i s t i v i t y  i n  the order of 10- ohmcm). 

Several compounds i n  t h i s  c l a s s  have recently been demonstrated 

a s  promising cathode mater ia ls ;  e. g. , niobium d i  & tri- selenides  (.5)., 

and TiS2 (6.). These mater ia ls  operate by i n t e r c d a t i o n  of l i th ium 

upon cathodic discharge betwe'en the l a y e r s  of suil-fur i n  the  layered 

s t ruc ture .  For instance,  the discharge of TiS2 proceeds i n  accordance 

wi*h thc rcact ion 

where x = 0'1.0 



I 

The reverse act ion occurs upon charging. When these processes 

occur reversibly i n  both d i rec t ions  the ' ba s i s  f o r  a  long l i f e  re- 

chargeable ba t te ry  system i s  provided.' Since i n t e r ca l a t i on  between 

the  s u l f u r  l a y e r s  held together by weak Van der W a l l s r  fo rces  does 

not  involve breaking of strong bonds the  bas i s  f o r  r e v e r s i b i l i t y  i s  

provided. 

Olne of the ea r ly  invest igat ions  a t  Electrochimica Corporation con- 

cerned mixed cations:, dichalcogenide s, o r  d i su l f  i de s  with an eye 

towards increasing subs tan t ia l ly  the i n t r i n s i c  conductivity of the  

cathode mater ia ls  and, therefore ,  of the  p rac t i ca l  electrodes.  It 

has been found, f o r  ins tance,  t h a t  by subs t i tu t ion  i n  t i tanium 

d isu l f ide  some of the T i  by a  metal of  group VB such . a s  vanadium o r  

by metals of group V I B  such a s  chromium and molybdenum subs tan t ia l  

increases  i n  conductivity can be obtained. A t  f i r s t  these were 

observed by not ic ing a  considerable decrease i n  required charging 

voltages f o r  c e l l s  with such cathodes. I n  o ther  words, cathodes 

of t h i s  type polar ize  l e s s  f o r  the  same current  density ;(See 

experimental examples i l l u s t r a t e d  fu r the r  on). Supporting informa- 

t i on  was subsequently found i n  the  l i t e r a t u r e  .(See e,g. 7) i n  con- 

t r a s t  with the degenerate semi-conductivity of TiS the  mixed cat ion 
-23 mater ia ls  exh ib i t  r e s i s t i v i t i e s  of the order  of 10  ohmcm a t  

room temperature. The e f f e c t  of the  subs t i tu t ion  of vanadium o r  

chromium atoms f o r  ti tanium atoms i n  the  TiS2 s t ruc ture  i s  t o  confer 

p roper t i es  of a  paramagnetic ;(or ferrimagnetic) metal on the system. 

The subs t i tu t ion  of vanadium f o r  t i tanium. i n  the l a t t i c e  has changed 

the  e l e c t r i c a l  cha rac t e r i s t i c s  from t h a t  of  a  degenerate semicor~ductor 

i n  TiS2 t o  metal l ic  conductivity. Increases  i n  conductivity by a  

f a c t o r  of 2.5 have been reported :(7). 

Thus, the  mixed ca t ion  d i su l f i de s  represent  a  pa r t i cu l a r ly  in t r igu ing  

group of mater ia ls  exhibi t ing metal l ic  conductivity on the  one hand 

and operat ing a s  a  cathode through in te rca la t ion  of the small l i th ium 

ions  without d isrupt ion of the l a t t i c e  a s  charge, discharge proceeds, 



3.4 ic Metal  sulfide^ - 
A taimple clsss oi trepaitlon m t e l  dl su l f i c l e s  am the p y r i t e s  

conta in in7  Sh - 1~nll.s in which the S-S dietance ie elmoat erectly 

equal to thqt of s s i n q l e  ' ~ 9  bond. The p y r i t e s  hove 'a 'facd cew 

tereCl c q i c  dfetorted NaCl structurc in which the mctal occ?ugiea 
the i c e d i s i t l o n  and +the c e n t e r s  of the S2 3mups arc placed a t  

the Cl-position, but turned in -much a way that they are no parsl- S lel t o  axes of the cube. The l a t t i c e  constant e 1s 5.535 for 

CoS2 and 5.418  8 for FeS2(0). 
C 

Iron pyrite F c S ~  would be very attractive because of a theo. 
cznerr3y dens i ty  of 1.300 WH/kq (and a piactical of 200-250 \iH/kIZ) 

I t  has of course bean the wbject of cone iderable  otubicm a t  
Argonnc P4. L. In the ml tcn  s a l t  electrolyte bettory u s i n s  LfC1- . 

KC1 mstems. In this syetem tho reduction of FeS2 Roes thmus:h 

several s o l i d  pha.es. i n c l u d i n g  ' 2 L i 2 8 * ~ e ~ * ~ e ~ 2  and L12S*FeS. 

Whethcr such phasce would a l s o  occur in an ambient temperature 
orpanic electrolyte battery is on? queetion which w o q d  need to 

La conoidcmt: from marly p o 3 m t e  oi ,view, including that of the 

ttterraodyncmic stability for each of the phemzs. Tho two -pyrites 

included i n  t h i s  study were FeS2 in8 C Q ~ ~ .  Thew two compounds 

holanr;: t o  a series of transition metal dichalcot;e~.ridce of the 
series 3d metals whlch occur often as mtnerelo. FeS2 .hs =mi- 

cond&tor properties with.  s roalstivlfy of '2 x loo4 ohmcm (8 ) .  

This di f ferent :  conductivity  wee expected to narliieb? itself in 

d i f f e r e n c e s  i n  the polarieation of the two elecurodee, both on 
char* and on discharse , cspeclelly a t  hilther current' uensi t ics .  '. 



Early In th ia  work on the b a s h  of en i n i t i a l  wrvey, it 

was determined t h t  the methods for a p t h e a i r  o f  t ransi t ion metal 
aulfldes, layered diaulfidea, and of aulfoapinelo (studied original- 

l y  e s  magnetic moterislr) involved preperutiona fnoa element. o r  

by reaction of hydroh~n sulf ide  with either mt8l chloride or r i t h  
the elements. k n y  of them methods while sui table  for one raateriml 

ere quirs un~uitable fo r  others. Thus, prepmretion of TiS2. which 

I n  our program La an iiapoytsnt intemnedista f o r  preparation of 
s h a d  layered diaulfi&a, or for certain eulfoapinelo require. e 

wry careful preparetion by w l f u r  vapor traneport t o  t i tanlun 
l l r ta l  in  witable form. I n i t i a l l y  I n  the pmgram, cocm#rclal 
grmdea of ~ i k  g e a r a l l y  prepared by U28 reaction r i t h  metal 
chloride. ware obtained from Cerac, Inc. ,  and from Crest Weatern 

Inorganic Co. Then miteriala were u r d  both .directly as cmthode 
meterimla for  e v a l w t i o n  i n  c e l l 8  end me oanponanta i n  the eynthe8io 
of the -re complex sulfides. 

Our a n  effort.  t o  a y n t h s i u  T1s2 we- i n i t i a t ed  mccordlnp 
t o  umthod & from the rrlmwnta. An initial effort involved preaaingv 
ti taniun r t a l  pawar 8nd sulfur i n  rtoichiollretric ra t io#  in to  p e l l k t m  

to rckievrr int-te contmct and firing thew i n  u a a e d  qurrtr ampule.. 
Houewri, t h e  tranendoua mtothexmlc Jm8t nmdily  cruwd fractureo of 
the unpulea. Thia Led to  the &ciaion t o  avoid cloeed myatems and t o  
tbe deoign of r nru apperatua which could be uwd either a. 
a clorai  or  a8 mn opcsn system which would provide for two heating 
z m m  rro t ha t  the reaction can be moderated and r e a d i l y  borrtrolled, 

by providfpg a re l iab le  vapor pr ismre  control for the trmsport of 

urlfur (9). I n  this new approach r n r t i c a l  glaar mpprratua ir uoed 
with a m n d  bottum f1a.k holding the u l f u r  a t  temperature 350 t o  470% 

(depending e n  the & s h e d  sulfur wpor premure)  and the reacting 

metal. or mdfide. e n  held i n  a g lass  basket mrpndad i n  8 a i d  p o h t  

of the u9par cylindrical portion of the vertiual furnace which ern be 

Meted r p e r a t e l y  t o  temperatures ranging frpll SOOO to  7 5 0 ~ ~ .  Further 



irilprowmeats in t h i s  procceeduxul were achieved hy the f o l l o u i n g  

modif i c a t iona .  

1. Introduce d l m n d  c u t e  fn both  the  bucket  end 

the l i n e r  ho ld ing  the r e a c t i n p  mater ia l .  i n  t h e  

hot zone to  factl3tete reedy acceas  of a u l f u r  vepor. 

2. Provide a deep thenaocouple w e l l  t o  permi t  accu ra t e  

temperature meaeurernent and c o n t r o l  

i n  t h e  h o t  zone c l u e  t o  the bucket  c o n t a i n j n s  

t h e  r e a c  t ing materiel, 
3, Bui ldfng t h e  e n t i r e  equipment from q u a r t z  to 

penn i t  ope ra t ion  up t o  100 OC. 

4. l nc reee inn  the cool zone c e c t i o n  t o  pemit 

b e t t e r  xeeket meals. 

After t h e  succeaaful  ope re t ion  of t h i s  furnace .  en  I d e n t i c a l  eecond 

was a e t  up t o  pemit an cn le ryed  a o g e  of mater ia l  syntheses. In each 
furnace  f i r ing .  Involving 40 to 100 mamr o f  ma tae r i a l  could r e a d i l y  

be wade, T h i s  r e p r e s e n t s  e w r y  aiynif icant  advance from the cool 

zone maled lon: ampule mthod i n  w h i c h  typ tcs ' l ly  anraunte of the o r d e r  

of 2-4 grams are prepared. The furnaces p r o w  themeelveo capable of  

ryntheoixin:.; bo th  sulfompinele  and l a y e r e d  d i a u l f  ides. The most 

important  t o& bee- the de t e r rn ine t io~ t  of the deo i r ab le  t ime-temperature 

profiles and the  number of f i r i n c ~ s  neceeepry t o  complete the r eac t ion .  

From a v a r i e t y  of w h  e t u d i e s ,  t he  followinq quidelinem were 

learned, 

1. T i S p  and l aye red  d i a u l f i d e a  are best synthes ized  jn t he  

temperature ranee  o f  5 - 6 0 0 ' ~ .  The d i f f e r e n t i a l  w i t h  the 

s u l f u r  venero t iny  zone should be of the  o r d e r  of 60 t o  LOO, 

2, S u t f o s p f n e l s  a r e  beet aynthemirad in the r a n r e  of 6 5 0 - 8 5 0 ~ ~  

with a 2 - 4 0 0 ~ ~  d i f f e r e n t i a l  to the sulfe zone temperature,  
3, The s y n t h e s i r  of mixed, l aye red  diwl f ldacr  i c r  beet uchieved 

by s t a r t i n g  wi th  TiS2 and syn thes i z ing  it with s t o i c h i o t w t r l c  

a d d i t i o n s  of t h e  a p p r o p r i a t e  metal  e lements  and o f  sul f u r .  

4 ,  2 o r  3 f i r i n s s  a r e  u s u a l l y  d e s i r a b l e  to achieve hi* y ie ld8  

of the deafred corapound8 (over  90%). 

5 ,  TM part ic le  size and t h e  reacting apace is very important ,  



1 

b .  

e. g., . f o r  t i tanium aponge a size range of -8  + 35 eppeare . 

. .  optimal. 

6.  Thorough el iminat ion  of  air  is c r i t i c a l  during Eiringe. i 

I 

4.2 t% Evaluation S t u w  
I 

I n  o rder  t o  pernit an i n i t i a l  evaluat ion of e lobqe number of 
materiels r e r u l t i n g  fronr various cornpoaitlone and prepara t ive  techniques 

aa well  a s  tho eveluat jon o f  d i f f e r e n t  e l e c t r o l y t e s ,  it wee decided 

t h a t  ?el ls  should be s o l e d  in such a way t h e t  they can be re l iably ,  t e e t ad  

i n  the  normal iabora tory  envfronaent,  without  h q u i r i n g  a dry  box during 

the test eta@. To.8cconogli;~h t h i s  0 sealed crimped cy l i nd r i ce l  c e l l  

e t ruc tu re  (C aize) developed by Elce Battery Company, subsidiary of 
, 

Elec tmchimice ~ o r p a r a t l ' o n  , wae o d g  tad ,with mine modifications. The 

main change wee to employ on1y.a Sn lonq cathode instead of the usual 

10". Thie provided f o r  cssiar  assembly and g r ea t e r  f l ex ib i l i ty  in the 

Cathode mixtures' conta in ing 20% qpephite and 10% teflon wcrc 

preesed t o  an expanded nickel  ,?rid 1.35" wide x Sn long. The 

anodes o f  the earn width warn 6" long and e l eo  supported on nickel  
1 

p ~ l d s .  The separa to r s  were nowwoven polypropylene on the e l ec t rodes  

and mjcroporoua polyprapylene film as a b a r r i e r  material .  The 

clee t roda  mperetor aslwlrnbly i n  a c o i l  form wae placed in a C-cell 
can with appropriate  i n s u l a t o r s  filled with  the e l e c t r o l y t e  and 

crPmged wj th  a pplyethylene pmket.  The cover of tho  cel l  woe equipped 

with a nickel diaphragn. type safety want dcoigned t o  re leaaa  gas e t  a . 

pressure of 30-40 psip,. After the crimping operation the c e l l 6  were 
removed f m m  the dry box, cleaned and equipped with welded n icke l  tabo 

f o r  e l e c t r i c e l  connections. I n  each group t yp i ca l l y  r ep r amn t ing  e 

given cathode mate r ia l  and e l e c t r o l y t e  combination t h r ee  cclle were 
constructed. The da ta  presented give a rlb? 't of veluea f o r  t h e t  group range 
or an average when the d a t r  is  reasonebly close together  (Osually 

wi th in  a 10% bond). 

I n  the fLrst etudy a nmber of elcctmlyhs w e r e  formuletcd on 
the  baeie  o f  prior experience w i t h  r e ~ h a c ~ ~ e b l e  organic e l e c t r o l y t e  

tyge cells. The electrolyte compo~i t ions  a r e  Rl& I n  Tabla 1. Sjnce + .  



'ORGANIC: ;ELECTRO,LY,TE: COME0 S.ITI.ONS 

. . 

El:.' NO.. . S:O;J~~:~'-; .rn./L: '. S'o:lvent :. . 
. 1 5 . ~ . / 2 .  : : 1:.2 L i A 1 C 1 4  . MC F. 

.9 1.1 5 : 2:15 LiC. lOq , : 7.0% .THF. +.' :30% DME 
. . 

9 0 4 5 ,  ! : 2,. 0 L i A s F 6  , . 2.3.8 PC. - '  8 0 %  TH.F. 

9 2I/5: : . ' 2.. 5 Li.C.10 MCF 

: 1 . 0  ':SO2 

9 3 / 5  : 1:. 2 L i C 1 0 4  MCF. 

9 4./.5 1,:2 L i C l O , +  MCF. 

0..'5 :,SO2 

I .95./.5. . : ' 2. .:o: :LiC.1.0. ,' 7.0'%. TH.F -.' 30 %' DME . 4  

MCF. = ;Methyl C h . l o r , o f  o r m a t e .  

THF. =. Te : t  rahy.dr9.f u ran  . 

PC = . P r o p y l e n e .  C a r b o n a t e  ' 

DME = 1 . 2 .  d i m e t h u x y e t h a n e .  : 

. l o - A  



the cholce of the e l e c t m l y t ~  arld particularly of theanode can be 

c r i t i c a l  for the  perf~rin~lixe of ii scondery cell, we considered the 
L V B ~ U S ~ ~ O I I  01: ( IC*CF tm1 y t e s  to !'c ;In ltnportsnt initfa1 task and there- 

fare, e:~dt~evorcd to t ~ a t -  st-wrol t - ~ l ~ c t r ~ - ~ l y t ~ ~  w i t h  N ~ i v e n  cathode. 

O~tc worl pm l itnfi~nry eirtllode vclhicl F for tha t  ytlrpoee vrrs consldereb' 

the c~lnrfc s~11Zide coth~de which is ktlann to he capaAlc of recherr**ahFTfty 
s l tho!~*#h to 8 1 imlted ntiher of cycles. The stttcty of such c ~ t h o d c s  with 

four d i f f e r e n t  electmlytes i s  .liven in T R M ~ ~ . *  . 
Judsfnc;_ frwa capacity del ivered and c h a r c ~ & i n  end e r  re11  sr voltage 

l i m i t s ,  the following tentstiw conclusiono can be made: 

1. Electmpytc 3515 shown clearly the poorest 
resu3.t~ (on char* 3C w i t h  can input of only 

556 mA cell8 reached 5-9 volt%, when s o l v e n t  
would surely decompose.) 

2. Electrolyte 92@ f a i l e d  to deliver mod c a l l  
capacity i n  Step 20. I t  also yielded lower 
voltew plateacs. 

3. On the baaia of thest! i n i t i a l  results slectro- 
Lytea 90/5 m d  91/5 appeared to be roughly 

canpersble. 

A a i d  solution of CoS and TiS2 prepared by Grcet Western Inorganic 
vnder the inettructiona of Electrochimica Corporation, a6 Indicated 

previouuly, shuwed e pramisinq behevi0.r from the outset. A new group 

of three cells was therefore constructed uainp, electrolyte No. 95/5. 
(See Table I) Turn : ~ w p  hoe given m r k e b l y  good msults am shown 

in Table 3. The cells we= discherxed a t  rstes rar~qing frcw a 20 

hour rate to sa  f a s t  8s e 4 hour rate in vrr ious  cycles .  Table 3 shows 
the capacity outputa and inpute with the corrcrspondinl: &ad vo l t e :ps  
which, of caurr, src determjning for those c a p a c i t i t i e ~ .  Accordingly, 
capacitfco do very f m  cycle to cycle end therefore it 5s more 
veluable to  taka an avers9 for en e n t i r e  mup of cycles. Tbea 
uvrrageo are a capeclty output of 373 and en input of 485 mAH, correapon- 
ding to an uwra,q current efficiency of 76.9% for the f irat  16 cycles. 

While historical ly  the etudice on cathode materials were i n i t i a t e d  

~ 5 t h  preparations of sulfospinels  end of d f m l l f i d c s  and their evaluetions 



TABLE' 2 '-' INITIAL'  EVALUATION OF ELECTROLYTES 

V mAH GP D i s c h / C h a r g e  Vin av  " f i n  mAH No. C a t h o d e  El-pte Step  .out in. Notes 
. . .  . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  



.TABLE 3 

INITIAT, D-SCANS FOR CoS & CoS2 i n  EL-YTE 95/5 (Gp. 41-35;36)  

C e l l  EMFf s 

TABLE 4 

C.D. mA/cm 
2 

0.25 

0.5- 

0.75 

1 .00  

1 .25  

Charge  
,End-Vol t .  
a t  0 - 2 5  mA/m 

Cap. t o  1.1 V. 

INITIAL DSCANS FOR FeS2 i n  3 ELECTROLYTES (Gp. 41-32) 

C e l l  EMFrs 

q o s  

2.5 v. 

2.4.2 V. 

2.30 v. 

2.08 v. 

1 . 8 4  v. 

3 - 1 5  v. 
- 

290 @ ~ / g '  
=O. 983e/mole 

CoS2 

2.52 v. 

2.38 V. 

2.16 v, 

1 .90  v. 

1 .64  v. 

- 

2.70 v. 

290 -mAH/g 
=1.33e/rnole 

06/6 

2.54 v. 

2.49 v. 

2.44 v. 

2.36 v. 

3 .29  v. 

- 

0 3  /6 

2.05 v. 

1 . 8 8  v. 

1 .68  v. 

1.48 v. 

2.82 v. 

- 

C.D. m ~ / c m '  

0.25 

0. SO 

0.75 

1 .00  

Charge  
End-V. a 3  
0.25 mA/ 

Cap. t o  
1.1 v. 

.95/5 

- 
2.22 v. 

2.15 v. 

2.04 v. 

1 . 6 4  v. 

2.84 v. 

- - 
230 mAH/g 

= 1 O  2e /mole 



w e r e  the first, a c&dy of simple met81 s u l f i d e s  rsc oddcd on the 
requeat of the technical  noonitor a t  midpoint duridg the p r o ~ e m .  ' It 

may, therefore, he desirable t o  arrange. the d i s c u s a l o n  of them 
atudiee dn the follauina three subsactions. 

This mtudy included three compounds CoS and two p y r i t i c  comgounds 

CoB2 and FeS2. Xha first two cornpounds rere obtained from Corsc. Inc: 
and FeSZ fmm Acgonne National taboretory. The la t ter  is the o m  

pyrite material a s  uacd in the high tempereturn battery cel le  being I 

developed a t  ~rgonne. ' Thia mat;rial i a  purified only by e flot8- 

t i o n  method to remove silica. Table 3 &owe i n i t i a l  ditrcharge 
scans for CoSl cathods i n  lithium celle w l  th elcctrolytt 95/S. 

This perchlorate e l e c t r o l y t e  i n  a tetrahydmfurarrdMthoxyethane 
(TiiF-iME) electrolyte wae uaed in almost a l l  ctudies unlees othor~rier 
mentioned. The.$nitiel polsr izat ion of the pyrdte CoSp would 
appear to he larger t h ~ n  that of the simple sulfide CoS, However, 
as seeb a t  the bottom of Tsble 3. CoS2 del ivered 1.33 electrons 

per mole comgolred to -98 for ttte simple sulfide to the same 1.1 
af cutoff, However, the  capacity yield per gpem was identscal .  
COS- ecceptsnc~c&rge  a t  the luwer voltage a s  indicated hy it. 

lower voltage endpoint upon charging. 
A conparitson with F Q S ~  can be seen is the firet column of 

Table 4 .  In the same electrolyte F ~ S ~  t a t  the m a n e  levels of 

current density, rtre lmer cell PIFts were obtained, The capocity " ' 

y i e ld  to 1.1 wl$e was only  230 mNi/g which ii~ equivalent to 1.02 
electrons/mole. The charge end voltage is c l o s e  to that of CoS2 

pyrite, In o di f ferent  kind of etudy, these three? eulfides were 
compared w i t h  two substituted TiS2 using a series of $ass ce l l s  
in which the cathode 1 in. x 1 in. in size wag placed between two 
l i t h i u m  anodes i n  a r c l a t i w l y  large  quantity of e l e c t r o l y t e ,  ot~d 

the p o t d n t i a l e  were measured between the cathode end itn unpolarizqd 
l i t h i i ~ m  referenced clectrodc In a side walled coarponant connected 
to tha l i t h i &  anode through a mall ~ u g g i h  copillery. 8ol.o d i f f i -  

culties occur with thie  exgerhentsl approach with &e poor 



adhesion of the  cethode mate r ia l  %, t h e  eupporting n ickel  grids. 

Consequently, the work .was l imi ted  t o  t he  i n i t i a l  two t o  t h r ee  

i&*es. As shown i n  Table 5 ,' . fo r  the. o r ig ina l  cathodes, the 

cathodic ( o r  diectierge) po t en t i a l  wee lower f o r  FeS2 than f o r  

C o S p ,  and a l l  of the simple s u l f i d e s  were lower than the c o b a l t  

subs t i tu ted  TiS1. I n  thia'expcrlaent 'ell of the cathodes s h a o d  ' 

&xcesaively Lergq. anodic. (charge) po t en t i e l a  for the su l f i de  

cathodes. A t  the-and of e sube tan t i a l  discharge f&p$j~j-&i to. 

465 mAH/g, the  h i h e s t  cathodic p o t e n t i a l s  were obtained for  

CoSZ and the C O , ~ ~ T ~ . , ~ S ~ .  I t  is  possible t h i t b t h f s  . . discharge 

wee de r t ruc t i ve  of  moat of  t he  rnatar ia ls  except CoS1 sfnce the 
subsequent anodic p o t e n t i a l s  a f t e r  charzing i n  only 50 mAH/g 

were i n  the v i c i n i t y  o f  e 4 volts o r  tnore. It should also be noted 

that of t h e  1e.t tvo  subs t i tu ted  dfsutfidem the one ufth compoe3- 

t i o n  CoeZS behoned bettcr bc4h on charge end dfscherae. 

The pyrite mater ia lo  were the subject o f  f u r t h e r  studies on 

which preliminary r e s u l t s  were publ4.shed. (10) 

Thew two conpounde belong t o  a series o f  t r a n s i t i o n  metal  

dichalcogenidee of the  ee r ie8  3d rnetele which occur o f ten  as + 

mineral 8;  

FeS2 ham semi-conductor proparties and h a  e r e s i e t i v i t y  of 

1.74 &m-ca. On the- o the r  hand, Cog, is me ta l l i c  end with e ' 
4 

resistivity of 2 x loo4 o b c m  ($)::-mcc i ~ .  
tr' 

Thia f u r t h e r  study was conductgd i n  the  glass cells previoum2y 

described using 1 in. x .  1 in. cathode.. . 

Figure 1 shows a p a r t i a l  discharge and charge of a c e l l  wi th  

CoS2 and Figure 2,  e s h i l e r  one fox feS2. The dimcharge p l a t eeu i  

a r e  .veri&le i n  both caeee. The l b e r  pla teau f o r  C o S p  i a  about 

1.54 volts and f o r  FeS2, 1.44 volt..- I n  ~ i ~ u r &  2 we .ee what may 

amount t o  three! charging plateaus.  The higheat one is probebly 

due t o  solvent oxidat ion a t  tho! high voltage. No effort has  been 

made t o  i l l u s t r a t e  the xwactfm. d e t a i l s  a t  t h i s  point .  An 

i n t e r e s t i n g  conrparikn of the two p y r i t e s  -is shorPn both f o r  

ca thodic  discharge end for anodic charge i n  the form of Tafel p l o t e  



TABLE S . 

END POTENTIALS QF 5 CATHODE MATERIALS VS. Li-REF (G. 71 thru 75)  

* .  Glass  Cell Study 
, . 

C . D .  'C 
t 

- - / FeS2 C0S2 
'OS C0.33Ti.66S2 C0.25Ti. 75'2 . 

, 
Cathodic after 

t n i t .  d i sch .  ( I D )  
f 465 mAH/g 

\ 

for oria. chaeaed 
Cathodes 

Cathodic ( d i s c h . )  

Anodic after 
charge (IC) . 
of 50 mAH/g 

Cathodic after 
d isch .  (2D) o f  
140 mAH/g 

. - 

2 

7 

fi 

\ 

2.00~. 2 . 2 5 ~  2 . 0 5 ~  2 . 3 1 ~  2.26~ 











r+u*rm. 8 rsbcrr ca. 

1 4 -  I . .  



TABLE 6 

CHAE-GE AND DISCHARGE VOLTAGE RANGES FOR FeS2, CoS, Co S AND CoFe2S4 CATHODES 
3 4 

(E l -y te  95/5; Gp. 41/43 - 2 ,34)  

Cycle  & Capac i ty  Fe S CoS Co S 
2 3 4 

CoFeqS4 

I D :  605 o u t  

I C :  606 i n  

2D: 500 o u t  

2C:: 531 i n  

5D: 526 o u t  

2.2 - C.85 2.2 - 1.07 2.26- 1.08 . . 2.12- 1.00 
1 . 6 5 -  2.66 1.58 - 2.96 1.53- .2.70 1.60- 3.20 

2.38- 1 .15 2.35 - 1 . 1 8 '  2.35- 1.13 2.68- 1 . 0 6 .  



. . 
odtod that on the first discharge (ID) o f  605 RdM decreasing to 

C' 

agproxhately 200 rRZUff5, a l l  ce1l.s had ~ h a w t  the qeme end voEPap 
1 

\ 

in tee range of 1.25 tq 1.32. On chargin?, bdck. 'tl~e aao.unt o f  
L 

FeSZ showed a, l.ootsr end vo/ta+! of i2.58 ond4ehe othcr thrcc qra:.pd 

of cell6 khawed va l toges  in the range of 3.17 - 3.31. ' The' diffr'orencee 
hecome more gronouoda~ in the y?conB cycre ( O C ) .   his t ime 

'.. CojSq he8 only an end voltage of 2.70 compared to  3.20 for coFe2sq. 
A higher cnd voltage o f  1.13 (compam~ed to 1.06 for Coq2S4) in 

- dimharge of.dycle SD may also be s i g n i f i c a n t .  From the results . 

of this study, it would e p p ~ ~ r  that CoJSq 1s mow crevers3bl.ble 
el.ectrochemkcally than CoFeZSq.p Within the L h i t e d  scope o f  tl$ , 

*re&ilt study there was insufiicjoqt t ime for further 
conpars tlve eval.ue t ion  of .the& t w o  matcrd als. 

The th4rd sulfospinel  study was tha t  o f  cobal t  srld t lPoni t lm,  

m a i n l y  C V T I ~ S ~ . '  TliIs material we* synthezized in the hiqh tempera- 

ture Purnecp from T i S Z  ,cobalt nctsl  and' sclfvn through three 
successive f i r l n  :s rhrou~~h 0 5 0 ' ~ .  XI pay anel y eia conf ifmod 95% G 

o f  the materfaP to have the fnoo-crentikd cubik' structure of the 
I 
i 

i 

* 
sp lne l .  This cathode natcsis3 wfth a 25% additdon of yraphite and 

101 of t e n o n  uen evelasted by w e n o  of' the caihodiq and anodic 

scans $n the &Ll jar @ass cell, $h i s  study was dncluded w i t h  

the evaiuatdan of three Snyered 'bisqlf 2dcs and font this rcusan i t  

4.2.3 Stu* of T r a n s i t i o n  M Y a l  D i s u l f l d e g  

As described enr12e1?, we hsd inKti,alLy in the bei icnin? o f  

the program evaluated s c~mnerei~lly ovgilable >rcpar. t i b n  of 
,* t ~ h 4 ~  • 1 and T o S k  and muod tiluae mrter3.ols not to bc pure or 
reproducible. l"$$+ wee the inejor nrod'lficatio~~ of 2 0 ~ 3 .  r desiqn 

, of two- zone quartz furnaces to- be e d ~ o  t~ I the S Y R ~ ~ ~ S ~ ~  

frm the elcmefite fxwe o f  ch~orlde %mpurifiSes, Sfnce from a 

- point crEvlew of enerm dgns i ty ,  the heavier tadkohurn compound 

3.8 not sttriletive.'- * Weave coneentretdd on and subst i fukcd  

disuffidc?a*&f t h ~ ' ~ e n e r h 1  ' f ~ n n u l s ~ ~ T ~ ~ - ~ S ~ .  - 
. C. . 5 - IS- 
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The reason fop our interest in such materials is a indication i n  
the l itersti lce (11) thar unl ike Pis:, ,which is a semi-conductor, 

. the suhstlt&edk compounds exhihit  metallic conductivities. On 

t h i s  basis loket? effective. polar izet i o n s  of the porous e~tlctrode s 
and lower ohmic droga could be a n t i c i p a t e d .  

In our s tudies ,  chromium and molybdenum (Group VIB eliminates) 
were used for subaititutions. The subst i tutsd  mater ia l s  were pre- 

pared from T$S2, the matel powders, and a stoichiometric addit ional  
m u n t  of su l fur .  The mixture was b a l l  m i l l e d  w i th  an organic 

vehicle and dr ied  and pelJeCized to  achPeve intimate contact 
durinq f i r i n g  ot 650 - 750'~. Later  we. hnve found it deslreblr 

to reduce this temperature closer to 400'. The results for 

1 Cn. x L in. cathodes prepared w i t h  chr~rnium subs t i tu t ions  

x z~ 0.05 and 0.25 am i l .Yust~ated i n  Figure SLand 6 fn cornpar$sOn 

to TiSZ and the prsvio;sly mentioned CoTiZS4. The cathodic 

potevtial-s ( 3 . e .  , a? discharge) shown Pn F i p r c z  5 indicete  a' 

laryer golar lzat idn st the high current density of 9.5 mA/cm 
2 

fbr the comps~fnd with 5 mole % of chrom5.m compered 40 25%. Xn 

addit ion the sulfosgtincl b.exh+bC1;te&J ,a . .I:, potent ia l  elmost 
2/10 vo l t s  lower throaghout the current  density range. However, 

it was capahl c o f  sustaining high currant Gensities. It wns 

encouragfnr: t h a t  a11 co&cunds could dischacqe at apprecl able 

current denait ias  wi th  reasonobl-y hi?h voltege i v a l u e s  9- . The . , 

comparison with TiSZ may not he of particular lnterest in 

Figure 5, because -iti$wes f m y  a dzffercb bate11 than the TiS2 

used In the preparation of tho two substituted chromium compounds. 

A t  these early stages of synthesi6, %t was not f u l l y  rcaljzed 

that s'h3ght changes i n  ertoLchiometcy or f i lral  fLr inz  tamperatdm- 
may Iiava a @ronaunced effect on the performance of thc dis i i t fddc .  

i 

The char,ge potentjals (anodic) @ven In Figure 6 indj.ccntc e f a i r  . 

parallel ism with the cathodlc  behaviar. This means that -the 

su l fo sp ine l  E O T ~ ~ S ~ -  which discharges a t  the loner voltnnc or . 

chargee a t  the lower voltage than , e the other compomds promising 

on extremely good voltage efficiency: for ins tance ,  ar  3 d / q m  2 





I 

the chorglng and discharging voltages ~ h l d  be 2 .08  end 1.94 

r r 'appet ivey  ( f o r  a voltage df f ic iency of 93%). 

It  is a l s o  interesiing to note that  o f  the two chrontium - 
substituted co&ou?daa again ihe one w$th 5 mole % showed e 

- larger polarization then the one with 25%. On the basis of T . . . 
S Comgound is clear%y these preliminary ~ o s u l t s  . the C\1g5TI.75 

the betterid of the two. X-ray enolys ie  for this rnetekiel. confirmad 
t h a t  it has e layelPd 'st&turc 'sirn~er to TjS2 with  a d.j~ht 

. qh~nge Of the C-axis. . The substituted disulfidrr does operate ht 

l , hiyher p o t e n t i a l s  both on charge and discharge than tho sul.f& 
spLncls, and with3.n reasanable c!:rrent densf t y "  Ifmitations,  both 

typcs of compounds are capable of good v ~ l t a g e  efficiencl.es3 d 

> .  : between charging and discharzing. 
Part ia l+ C-cell-s were also constructed f r o m  these two 4 

chromium campounds and from T i S Z  and subjected to cycl ing.  

. Complete cell voltaqe charge and d i scharge  scnns (not potentials 

vs. a reference elcctrode) wore mada. A sample o f  the msults *. 

d l l u d r s t s d  f o p  a current density of  3 mil/crn2 is  shown i n  Table 7. 

A's con be scerr bn dischar6,e the overage voltegeJof cells con- 

t a l n i o g  cathodes made with CP: 25Ti. 75S2 were. thc hjqhest : namely, 

1.68 volts compared to only ,, 1.25 v o l t a  for the C r  . 0 5 * ~ : 9 5 ~ 2  
cathodes. The c e l l s  wi th  TIX2 r€rc i n  bctwccn on charge a t  thc 

same current density. Again the c e l l s  conta in ing  Cr.25Ti .  75S2 

cathodes required the lowest applded potential (whlch is most 

desirable) of only '2 .2  vol ts .  fn this respect the chromium com- 

pound with  5 rnole % ehsomium was the poorest requiring 2.G vol t s  - 
and eageln T1S2 was' iqhetrreen  .. i n  t h i s  respect. This trend 

was observed bver . n  bide. range of current densities . . Z m m  .2 to  

$ mh/crn2 on the partial  C c e l l s  study. 

Ariother, series of substituted' d i s u l f  i d e s  involved molybdenum. 

x-ray a n a l y s i s  was carried out on three molybdenun gubstituted - '  

d i s u l f i d o s  of r~eneral type M O F ~ ~ . ~ S ~ .  It has  been fodnd that 

, for composition x equal8 6.05 the m a t e r i a l  was a homoser~eous 
d i s u l f l d e  (in agr&ment 'with the i n d c p e n d ~ o t  analysis at Argonne). 

However, f'or eompos5,tion x equeLs 0.25 and 0.50 non-homoyeneous 
materiels  have been obtained . (mixtums of TiS2 and ~ 0 9 ~ ) .  This 



- 
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' 
may be due to the fact  t h a t  the l a s t  two preparations were made 

using MoSp ins tead of Mo metal; ' We*sr& planning to inveetigate - .  
this point as well as f i & l n f  conQitions t e  see i f  homogeneous 
d i su l f ide  materiels can be prep&ed; 

/ 

P 

- .  - TABLE . " . .  

CcxlaElpE CELL VOLTAGE SCANS - 
. . 

COMPARISON AT 3 cnA/cm2 (GP. 41-39. 40) A s -  

C 
c. 

Cathode Material On D i ~ h a r g e  On Charge 4 

since in the. early work the optimum cond i t i ons  for greparing 
PISZ bs a etnrt ing  material f o r  the substituted compounds 

were not t e l l  eetabliehbd, end 'the substituted compounds ware. 
L- - not always mode from the asme o r i ~ i n a l  TiS2 batch, n m o  of the*conclur, 

atone conkerning the 'comparisons must be recognized 'eo t enta t ive  and 

reauiring further study. 
Mixed leyerrd d i s u l f  ides invo lv ing  molybdenum and -cobalt 

a t  two concentration levels ,  S and 25 mole % have been prepared. 
I Thcsc materials  were  used i n  the preparation of pattial C celle, 

. a study nf which is llluetreted in Table 8 .  I n  comparison M 

s h i l e r  celle with TiS2. 'AS can be seen, the firet d i k h a r p  ' j  

~ e u l t e d  in  very close results for all cbmpounds, Hawewr, upon .# 

charsing b m k  of 212 -MH/g (i.e,, 5% excesb over the . .  amount rcmowd . 

in the p&vioue diecharge). a l l  cells +attained high 

- * .  . -18- 
e 



TABLE 8 

COMPARISON OF 

MIXED LAYERED PISULFIDES AND TiS2 

(GP. 41-38, E l - y t e  95/5) 

i-' 

90 * 

5 t h  c y c l e  
End-V.' a f t e r  
c h a r g e  o f  
1 0 0  mAH/g 

M". 0 5 ~ ~ 0 . 4 5 ~ 2  

1 .12  V .  

3.40 v. 

3 . 8  V. 

2sTi0. 75'2 

1 0 8  V. 

2.69 v. 

1 3 0 ( e s t )  

3.9 V.  

End-V. 
a f t e r  1st . . 

d i s c h .  o f  
202 mAH/g 

End-V. a f t e r  
1st c h a r g e  o f  
212 miH/g 

5 t h  c y c l e  
cap .  o u t  t o  
1 . 3  v mAH 

. 'O. OsTi. 95'2 

1 . 1 8  V .  

9.' 
J 

3.73  v. 

300 

2.3-2.9 v. 

TiS2 

1.11 V. 

2 . 6 - 3 . 5 ~ .  

' 300 

2.4-3.8V 

"0 2 . ~ ~ ~ 0 .  

, 

/Y 90 



vo l t ages  except  for  m)e25Ti.75 S and some o f  t h e  t i t a n i u m  

d i s u l f i d e s .  I n  t h e  f i f t h  c y c l e  t he  c a p a c t t y  o u t p u t ,  however, was 

b e s t  f o r  TiS2 and t h e  c o b a l t  s u b s t i t u t e d  Coe05Ti?9'9582. These two 

t y p e s - o f  cells were a l s o  e x h i b i t i n g  lower cha rg ing  vol tages  i n  " 

t h e  subsequent cherging.  s t ep .  X-ray e n e i y s i s  i n d i c a t e d  t h a t  t h e  , + 

. 5% Co s u b s t i t u t e d  compound had a TiS2 s t r u c t u r e  and  so d i d  t h e  

2 molybdenum s u b s t i t u t e d  me te r i a l s .  However, t h e  c o b a l t  ma te r i a l -  
- a t  25 mole % had predominently a s t k c t u r e -  of t h e  s p i n e l  CoTi2S4. - 

- .  

I n  b h a a r o n ~ ~ i n a i  p repa ra t ion  of t h i s  m a t e r i a l .  t h e  second f i r i n g  
#r 

employed a temperature  of 8 0 0 ~ ~  which l a t e r  was found to  be 

d e s t r u c t i v e  o f  TiSl s t r u c t u r e s .  It is t h e r e f o r e  not c l e a r  a t  - 
t h i s  p o i n t  whether t h e  tendency t o  fonn t h e  s p i n e l  r a t h e r  than  

- r e t a i n  t h e  l a y e r e d  TiS2 s t r u c t u r e  is due to t h e  h igh  temperature  

o r  o t h e r  a t tempted etoichiometry.  Apparently this we5 no t  e - 

problem n t  the 5 mole- % l w e i  aod, therefore, t h e  g u e s t  i o n  

r ega rd ing . coba l t  s u b s t i t u t i o n s  still remains open. 

A vanadium s u b s t i t u t e d  t i t a n i u m  d i s u l f i d e  was prepared from 
? 

TiS2 ,vanadium metal  puwdef and a r equ i r ed  &unt of s u l f u r  w i t h  

a f o m e l  composit ion V* 25Ti. 75S2. T h i s  m a t e r i a l  is known t o  

e x h i b i t  m e t a l l i c  conduc t iv i ty  (11). It wee therefore i n t e r e s t i n g  
,. 

to  compare t h e  taro under s i m i l a r  c o n d i t i o n s  of c e l l  s t r u c t u r e .  

Table 9 i l l u s t r a t e s  result8 f o r  two groups of TiS2 c e l l s  employing 

e l e c t r o l y t e  95$S and e l e c t r o l y t e  43/6 ( s i m i l a r  t o  95/5 except  

c o n t l i n i n g  30% DME i n s t ead 'o f  25%). The vanadium s u b s t i t u t e d  , 

m a t e r i a l  was s tud ied  on ly  i n  e l e c t r o l y t e  95/5. R e i e r r i n g  a t  

t h i s  t h e  t'o t h e  results i n  ele'ctxwlyte 95/5, it can  be  seen 

t h a t  t h e  vanadium compound, a f t e r  1 7  c y c l e s  showed s l i g h t l y  

h i g h e r  cel l  vo l t agee  which beceme more s i g n i f i c a n t  w i t h  

i n c ~ ? e e s i n g  c u r r e n t  d e n s i t y  on scanning. The d i f f e r e n c e s ,  became 

C .  more s i g n i f i c a n t ,  however, a f t e r  e p a r t i a l  d i s cha rge  o f  the ce l l s  
I 

a s  shown i n  Table 9 a f t e r  d i scha rge  of 100 mAH/g. The vanadium 

s u b s t i t u t e d  m a t e r i a l  ce l l s  gave s i g n i f i c a n t l y  l a r g e r  cell  

volte&es (1.80 - 1.86 v. vs. 1.40 - 1.62 v.), a t  tha end of t h e  

first c y c l e ,  Higher v o l t a g e s  were a l s o  damonstreted a f t e r  t h e  

1 7 t h  cyc le .  Furthermore,  du r ing  charg ing  t h e  vanadium m a t e r i a l  



TABLE 9 

Comparison o f  TiS2 & V0 25Ti0 75 S 

D i s c h a r g e  V o l t a g e  S c a n s  f i r  Charged Ce l l s  (Gp. 1 7  - 1 4 . )  

C.D. 
rnA/crn 

0 .25  

0 .50  

0.75 

1 . 2 5  

C e l l  V o l t a g e s  
a f t e r  d i s c h .  
o f  1 0 0  rnAH/g 

- i n  C y c l e  1 

- i n  C y c l e  1 7  

'0. 2sTi0. 75 S 2 

Gp. 2 
E l .  95/5 

C y c l e  1 C y c l e  1 7  

2.29 V .  2.35 V. 

2.20 v. 2.30 v. 

2.15 v. 2.24 v, 

2.04 v. 2.14 V. 

1 . 8 0  - 1.86  

1 . 7 5  - 1 . 7 9  

r 

TiS2 <B-30) 

Gp. 1 
El,. 95/5 

Gp. 6 
E l .  43/6 

Cyc le  1 

2.30 v.  

2.23 V .  

2.18, V .  

2.08 V .  

C y c l e  1 7 '  

2.34 V .  

2.26 v.  

2.20 v. 

2.08 V. 

C y c l e  1 

2.65 V. 

2.55 v. 

2.49 v. 

2.41  V. 

1 .40  - 1 . 6 2  

1 ; 6 0  - 1 . 7 1  

C y c l e  1 7  

2 .61  v 

2.50 v 

2.36 v 

2.10 v 

0.80 - 0 .91  

1 .49  - 1 . 7 0  



e x h i b i t e d  cell  EMF'S 0.1 - '  0.15 v. lower than  t h e  s t r a i g h t  

TIS2. . - , 
The r e s u l t s  o f  t h i s  s e c t i o n  of t h e  s t u d i e s  i n d i c a t e  t h a t  

l aye red  d i s u l f i d e s  ere ' b y  promising for ambient temperature  

lithium cells.  he' p r e p a r a t i o n  o f  TiS2 r e q u i r e s  careful 

a t t e n t i o n  t o  t h e  problem of i m p u r i t i e s ,  s t o i c h i m e t r i c  r a t i o s ,  

p a r t i c l e  size and t h e  firing temgeraturer .  The s u b s t i t u t i o n  

of vanadium, chromium and poss ib ly  .molybdenum o f f e r e d  t h e  

poss ib i l i t y  of improving conduc t iv i ty .  of the,cncrteriel and, 

therefore, lower ing  its e f f e c t i v e  p o l e r i z a t i o n  du r ing  cell  
charge  o r  discharge. ' .  . . 

4.2.4 P B u t v l  Lithiimr Titpatione o f  ~ a t ~ ~ d e  lQ&rietrs ' 

It 'is desir 'eble i n  the search f o r  new cathode m a t e r i a l s  for  

ambient temperature  Li thium b a t t e r i e s  t o  have a rapid survey 

method t o  detdrmine e l ec t rochemica l  e c t i v l t y  . Lithium 

orgenw&all ic  compounde d i s s o l w d  i n  a  n-on p o l a r  aolkGt euch 

as Hexane can  reduce chemical ly  c i t hod ib .  . - m a t e r i a l s  anwor ' 

a p p r o p r i a t e l y  i n t e r c e l s t e  L i  i n t o  them. O n e r e c o n t l y  suggea 

t e d  compound i s  N-Butyl Lifhiwn (C&LI) (12). For i na t ance ,  

i n  c s e  o f  'fis2 the f o l l & i n R  r e a c t i o n  t o k e s  plecc: 
, -  

After t r e a t i n g  the compound t o  be determined w i t h  an e x c e s s  of  

wolut ion t h e  e r e c t  amount o f  e q u i v a l e n t s  is determined by a 

back t i t r a t i o n  w i t h  acid.  It should be noted t ha t  , t h i s  

va luable  non-electrochemical t e s t :  on ly  t h e  a x t e n t  to . 

which t h e  ca thod ic  m a t e r i a l  .can be .reduced -and does not 

n e c e s s a r i l y  i n d i c a t e  i n t e r c a l a t i o n .  i . a .  any p o t & t i s l  ' c r y s t a l -  

L o ~ r a p h i c  r e v e r e i b i l i t y  . 
Ear ly  i n  this pr&rem a number of compounds have been 

t i t r a t e d  wi th  N-Butyl Lithium as shown i n  Table u. The -first 
two e n t r i e s  show t w o  c o m e r c i a 1  g rades  o f  TiSa. The t h e o r e t i c a l  

result for TiS2 k o u l d '  be 1.0 ~cjuiv/mole (240 &&). The . . . 
d e v i a t i o n  of t h e  results for  t h e s e  commercial m a t e r i a l s  frosl 

u n i t y  and from each  o t h e r  confi rm the d i s c r e p a n c i e s  and- d i f f i -  
U 

c u l t i e s  w i t h  t h e m  m a t e r i a l s  exper ience& i n  cell s t u d i e s  due 
I 



.TABLE.lO - RESULTS OF N-BU-LITH.I.UM 

' .  TITRAT.I.ONS; 'OF SELE.CT.E.D. CATHODE MATE.RIALS 

Mat .. C.ode ' '. F o r m u l a  S o u r c e  ':or , P r e p a r a t i o n  ' E.qui .v /mole  mAH/g 
. . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . .  ; .* a,yc h..~#;'."." 

. . .  .+. : 
. . . . .  . . . . . . . . . . . . . . . . .  . . .  TiS,. . . . . . .  .T iS2:  ; Gt. W s t n : . .  . . . . .  .91-.. . . .  1.59, 217,  

C.uFe2S ., C o p  . . . . . . .  : Vac.  ' d r i e d  : 5..5'52: . . .5% . : 49 0. '. . " "  
. . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  . . .  : . . .  : .un;f.xpe,d . .  , ; . . . . . . . . .  . . . . 

TS-10 '. CUCO S . . . . . . . . . . . . . . . .  . . .  . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . Vac.: . d r i e d  .: 7.46. ': 
. . . .  . . .  . . 

5 8 5  
; 2: 5 : CPP:. : 

...-- ? ..-,A -.,-...-- ... .- . . . .  

C h a l c o -  C u F e  . 'S Wards  : V.ac .. d r i e d . .  . 1:..5 1f .9 %. 2 2 1  
. . . . . . . . . . .  pyrite. z . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . .  

F e  S ' .  Fe S A r g o n n e  ' 2  ..4 : : 536  . . . .  2 : . . . . . . . . . . .  2 . . . . . . . . : . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ; . . . . . .  



t o  impurities. The next layered d < s u l f i d e  TaS2 shwed a law 

e q u i v a l e n t  number. 

The complex s u l f i d e s  developed by Electrochimica 

Corporat ion (TS-compositions) e l l  show high equ iva l en t  values. 

It should be noted t h a t  TS-4 end Tf3-12 are  not  suLfosp ine l s  

bu t  1:1 s o l i d  eo lu t ions .  There is e considerable difference 
between these two compounds. Cornpositlone TS-6, -10 and -11 

show very high values of the  o r d e r  of 5 - 7 equiv/mole. For  

TS-11 the determina t ion  was made w i t h  the materf e l  6s copre- 

c i p l t a t e d  and vecu~un t r e a t e d  and the f u l l y  f i r e d  material. The 

eli,&t chanpe from _6,1_5 to  5._35 eauiv/mole is probably due t o  

t h e  e l i rn lna t ion  of volatile reducible ma te r i a l s .  

The last coli~rnn yivin2 t he  c a p a c i t y  parameter per  u n i t  

weight  of the cathode m a t e r i a l  (mCSH/p) l e  of en.zinaering 
i n t e r e s t .  Accordjnzly the  eu l foep ine l a  T.F 4 ,  - 6 ,  -10 and 

-11 are a l l  very a t t r a c t j v e  on e w e i ~ h t  consiclerat ion baeis .  

D u r i n ~  t h i s  prowarn s e v e r a l  samples of cothodc m ~ t e r f e l e  
have been fomordcd to the Chemical Enyineerinp Division of 

o u r  Argonne Nat iona l  Laboratory f o r  e v a l u a t i o n  i n  h i ~ h  

temperature  molten a a l r  (KC1 - t ic )  cells a t  420 - 4 5 0 ' ~ .  The 

anode i n  such cells 3s a l i t h i u m  aluminum alloy which p u t s  

little practical l i m i t a t f o n r  on current  densities both on charge 

and dischexye. Furthermore the cyclfnc a b i l i t y  i n  hi* 

temperature cel ls  is n o t  l i m i t e d  by t h e  electrow c r y s t e l l i z a t i o n  

of the l l t h j u m  i n  t h e  way it is experienced i n  o rqan ic  electro- 

l y t e s ,  t h e r e f o r e  a better e v a l u e t i o n  of t h e  cothodes is 
unhindered by t h e  l i m i t s t f o n e  of t h e  anode. The resulta of a 

r e c e n t  series of t e s t s  conducted a t  the c u r r e n t  densities 13 - 
2 39 mAli/cm a t  Arqonne are i l l u s t r a t e d  i n  Table 11 i n  which the 

Farede ic  c a p a c i t y  per  erram is s t u d i e d  for  all the compounds on 

t h e  haeie of L/2 mole l i th iurn per ' . 
T k  Feredaic  u t i l i z a t i o n  efficien& %&mn thus  r e l a t e s  the 

a c t u a l  capacity obta ined  to  that  based on t h e  wei-ht of t h e  

active mate r i a l  in the c e l l  and i n  its Faradeic  capac i ty .  The 



TABLE 11 

HEGH TEMPERATURE CELL PERFORMANCE OF ELECTROCHIMICA CATHODE MATERIALS AT 4 2 0 - 4 . 5 0 ~ ~  

Theo. Farad. U t i l .  
Performance Cap. C.D.2 E f f i c i e n c y  Typical  

Ma te r i a l  Batch# Cel l#  Rat ing  A H / g  * mA/cm % of Theo. C.E.% 

C r O .  0 5 ~ ~ 0 . 9 5 ~ 2  B- 2 A J -  2 

Good 

F a i r  

CuTi2S4 TSB- B 1  A J -  3 Very Good 

0 5 ~ ~ 0 . 9 ~ 2  B- 2 A J -  4 Very Good 0.239 1 3  .300 - 80% - -  94- 98% 
r0 39 .479 64% 98- 100% 

B- 1 8  A J -  5 

S 
2sTi0. 75 2 B- 2 A J -  6 

F a i r  

Poor '0.217 

*) For. 1 /2  mole L i  p e r  1 S 



cur ren t  e f f i c iency  column r e l a t ed  to ' capac i ty  obtai'ned during 

di8cha-e ve. capaci ty  charged In. 

As can be seen the.TlS:, capound  (batch B 18) *a* only a . .  

f a i r  mater ia l  aince i t e  Faradbic u t i l  i aa t ion  ef f icaency was 

only 58%. However,,- eorne of  the  subs t i tu ted  layered d b u l f i d e e  
~ a d e  from t h i s  compound were eu$erior t o  it. It ie extreanay 

inpor tent  t h e r  comparison6 of t h i s  type be made wi th  the TiS2 

f r o m  the batch from which subs t i t u t ed  compounds were synthesized. 

The fol lcwing conclusione can be made on the bas ie  o f  the 
. . r e s u l t s  of Table 11. 

1.. Compound wi th  was comparatively poor. . 
2. Compound wi th  C r O e o 5  wee only sa t i s fac to ry .  

3. ~owevkr ,  a l l  o the r  cornpounds showed super io r  u t i l i z e  

t i o n  compared with TiS2 n a ~ l y 5 0 %  f o r  64 t o  

80% f o r  Nooao5 and 88% f o r  the copper sp ine l  a l l  

compemd t o  -58% fsr the TiS2 A&jiih J&@! 
~omoundg yere made. t 

. * 
4 .  The perfomsncc of  the  Moo.05 aubst i t u t e d  d i s u l f  ide i e  - 

pa r t i cu l a r l y  irnpr@ssive also on the' basis of on 

exce l l en t  cur ren t  e f f i c i ency  of 98 t o  100Z even a t  a 
2 cu r r en t  dens i ty  of  39 mA/cm . . 

5 .  The eulfogpinels  CuTi2S4 emerged a s  one of the  beat. i n  ! 

t h i s  p u p  of  compounds"stuclied i n  t h e  hiqh tempera- 

t u r e  c e l l s .  It was capeble of opera t ing  a t  the high 
2 cur ren t  dens i ty  o f  26 mA/cm with en 88% Feradaic 

u t i2 ize t ion  ef f ieiancy and a cur ren t  e f f i c i ency  o f  d . - 
93 -' 100%. T h i s  perfonnance wee far super io r  than 

i n  or:lanic e l e c t m l y t e  ce l lo .  

-Becruse of the re&val of the  l imitmtione of anode. performance 
t 

and .a super ior  cathode' k i n e t i c s  i n  the  high tempereture c e l l s ,  i t  
wo&d aPPear t h e t  a m  mate r i a l s  which only showed e f a i r  p e r '  

formance *I.n the  rorm.'tcrgprature cells, such a. t h e  .pinel 

CuTL2Sq o r  the Mo TiegS2 d i s u l f i d e  could de l i ve r  veG buperior . '3 
pcrforme&es in high temperature. . Thi s  may provide eX important 

- 22- 



h i n t  f o r  the  d i rec t ion  fu tk r e  inves t iga t ions  of these  cokpounds ' 

ought t o  be. It is alre, in ' terest ing t o  hot@ regording t h e  two 

chromium subs t i tu ted  d i e u l f  i d e s  t h a t  the .a 'mole % chromium ' 

compound was' Clearly, s ~ p e r i o :  ' t o  the 3 mole % mater ia l  , and what 

:is moat importent, it was super ior  t o  the TiS2 fmm which it 
was made. C 

During this program it became c l e a r  t h a t  e l e c t r o l y t e  hes .a .  
profound e f f e c t  on ~ar formence  of su l f i de  cathode materials :  . 

Lithium perchlorate so lu t ione  in THF - DME m i x t w ~ e s  (a8  t y p i c a l l y  

e l e c t r o l y t e  95/9) were than adopted fo r  m o t  of  athe evaluat ion 

s t u d i e s  of  the sulfide mater ia l5  a s  cathodes. P e r c h l o r a t e e t h e r  

mixtures,  however, am genera l ly  not considered safe mixtures. 

It was, thus ,  des i rab le  t o  eeek subs t i tu t ions .  An add i t iona l  

preliminary e l e c t r o l y t e  study wee, therefore ,  added towards the 

end of the  prog;.em. 
' Aa a l t e r n a t i v e s  t o  the l i th iuhl  p,emhlorate, LiAlC14 and 

LIAsF6 were studied. I n  t he  area  of solvents, pmpylene . 

carbonate (PC), methyl a ce t a t e  (dl), and s u l f u r  dioxide were 

considered. Tes t s 'o f  t h i s  type have been ca r r i ed  out--a sentgle 

of which is given i n  Table 1 2  i n  which 3 e l eo t ro ly t ee  e r e  corn 

pared i n  respect t o  the  end voltage a s  a c e r t a i n  discharge and 

subsequent recharge. As can be seen, the standard e l e c t r o l y t e  

9 S / S  gave the .h i&es t  end voltage on discharge and the  lowest 

upon recharge (1.9 - 2.6 v. respec t ive ly ) ,  L e . ,  the  met , 

'desirable cha r ac t e r i s t i c s .  The next bes t  e l e c t r o l y t e  i n  t h i s  

respect was 1 4  B/6,  although it required an add i t iona l  'volt 

t&arde the  end o f  the'charge. ,The addi t ion  o f  SO2 t o  the  methyl 

.ace ta te ,  in  accordance wi th  a recen t  Electrochimica Corporation 

pa ten t  (13, 14) appears d e f i n i t e l y  helpful ,  bu t  it does wt o v e e  - 
come the disadvantage o f .us ing  the  A d 6  anion f o r  t h e  aame 

solvent  system. By comparing electrolyte 1616 t o  95/S it ie  .. 
very c l e a r ,  however, t h a t  AsF6- is i n f e r i o r  t o  C I O q  . T b  

f o l l k i n S  conolusiona hsvc bean arr ived a t -  in these p r e l h i n a r y  

e l e c t r o l y t e  studies.: - 23- 
' +  



1 2  TABLE 

EFFECT OF ELECTROLYTE ON TIS2 CAPACITIES 

AND CHARGING VOLTAGES (GP. 41- 39- 1 t o  6 )  

El- y t e  No. 
I 

Composit ion 

(2C) End V. 
a f t e r  c h a r g e  ( 1  4.10 V. 3.6 V. 4.6 V. 2.6 V -  

14A /6 14B/6 1 6  /6 95/5 

- 

1 . 8  m/L 1.8m/L 1.8m/L 2.5 m/L e 
LiAsF6 LiAsF LiAsF6 LiC104 

1.0 s6, 
100  MA 1 0 0  MA 75 THF 75 TMF 

25 DME 25 DME 

(3D) End V. 
a f t e r  d i s .  
1 3 0  mAH/g 0.9-1.4 v. 1.8-1.9 v. 1 .45 v. 1.90 v, 





r 
" ,  

The basia gbjective of '-this work was5%he study bf two n& c l a S s e s  2 . 
r .  a .  . 

of eathode materials df potenti31 value . g ~ r  nnb+nta and high " tcmpc$i~- .. ' 

' 

, ,' 
pire high energy recherpoble betteriee employing Lithium anodes. ?he' 

transft ion groups I v ~  and m. Mid -point in the program, the evaluaej.o~l .. 
a of the ,simple sulfide COS and o f  thf 2 C09i and E E S ~  was added. * .  

 he basic tosks were  the synthesiss of these meterialo end I the ir  / 

p r e l  iminsry electkxhernical , . evaluet,Lon. '"1n addi t ion .  3.4 was necessary .i. 
r ,  - t o  develop and evaluaee so& clcctroiyte formulations to enable carrying . 

' - 
x .  out the neccesory ele&trochernicol stud5es- on these compound&. . , 

Three ,svnthetic methods were studfed: / '  
U .  

A. Coprecipitation of s u l f i d e s  followed by a so& I f a n  . 
of s hfgh temperature reaction. 

B. Preparation . from elements by vapor phase reaction. 
C . SynthesPB from simpler. sulbides  by high 'temperatcire 

' -  
r 

react ion. 
Sejiond ratathod became the major s y n t h e t i c  tool-during the second half  of 

the program. 
in the area of synthesis,  thc following guldcl'ines w e r e  lebmed: . , 

A. TIS2 is bast eyntl~esizcd in the2trmpereture of a 0  - ~ O ' C  

with'2 - 3 firings.  . . 
3,. Layered d i s u l f i d e s  are beet obtained by etartir)y with a, good 

grade ~f TiSp and operating in the' same tcmperttum range. - 
2 f f rings  are derlally suff ic i s n t .  - . . . .  

C. Sulfospinels ere best prepam& in the range of 650 - 850'~ 

' withCa 200 - 400 dit'fcrent$al to t6e sulfur temperature zone.' 
1 ... 

D, For mixed e-ounds of both hypes, int imate  corntack achieved 
in pelletizing is very Inportent. 

.. Early in the prograin it was established that lithium perchlorate 
slecrrolytes in the .ether m i x t u r e  o f  t c  t r ~ h ~ d r o f u r a n -  and Oimetho~y ethane : 
ore the bas* whicles for evaluation o f  the sukfide cathode 1nate~ka2 .s .~  .. 
Subsequent efforts during the propam to subst i tute  the CIOq anion by 

* II 

AsF6 of- AIClq l ed  to very irreversible cells or to outright f a i l u r r i  , 
+ SO& possibilities of using MR k.xtures  with SO2 were found, but this ' '  



was n o t  f u l l y  explored because o f  time l i m i t a t i o n s  .(see Sec t ion  4.2.6). , . 

For most o f  theT-cathode s t u d i e s  LiCIOq s o l u t i o n s  i n  THF - DME were.  

employed. 

From t h e  s tudy  o f  t he  simple t r a n s i t i o n  metal  d u l f i d e s  COS, COS2, 

and FeS2 (Sec t ion  4.2.1),  t h e  fo l lowing  conc lus ions  can be drawn: 

A.  A l l  m a t e r i a l s  can be* used f o r  ca thodes  a l though t h e i r  c y c l i n g  

c a p a b i l i t y  remains t o  be ex tab l i shed .  

. B. COS d e l i v e r e d  approximately and COSi, 1 ;33  e l q c t r o n s  p e r  

mole t o  a v.. c u t o f f .  The l a t t e r  a l s o  'charges t o  a  

lower end  v o l t i g e  than  t h e  simple s u l f i d e  #which is unders tandable  

s i n c e  the  p y r i t e  is a  b e t t e r  conductor.  

C .  FeS2 t o  t h e  same c u t o f f  vo l tage  y i e l a m  mAH/g o r ,  1.02 e l e c t r o n s  

p e r  mole. 

D. Most o f  t h e  d i scharge  o f  t h e s e  simple s u l f i d e s  occu r s  i n  t h e  = '  

range o f  1'.5 t o  1.0 v; ccharg ing  is e a s i l y  completed a t  

v o l t s ;  ' hence, vo l take  e f f i c i e n c y  is very high. 

E. Because o f  t h e  b e t t e r  conductivity o f  COS*, It is s u p e r i o r  t o  + 

FeS2 fn  l i t h i u m  organic  e l e c t r o l y t e  ce l l s  i n  r e s p e c t  t o  charge 

and d ischarge  p o l a r i z a t i o n .  

I n  t h e  a r e a  o f  s u l f o s p i n e l s ,  (Sec t ion  4.2.2) &CO2Sq (= C03S4) and 

COFe2S4 were s tud ied .  These m a t e r i a l s  were capable  o f  cons ide rab le  

. capac i tya  d e n s i t i e s  a s  t o  605 rnAH/g. Howe,ver, f u r t h e r  a c t i o n  o f  revers-  

i b l e  c y c l i n g  was d e l i b e r a t e l y  l i m i t e d  t o  200 mAH/g. Within t h e .  l i m i t e d  

s tudy  c a r r i e d  o u t ,  CO S  appeared more r e v e r s i b l e  e l ec t rochemica l ly  3  4 
than COFe2Sq. A t h i r d  su l fospdnel  prepared was COTi2S4 f o r  which a  

very c l e a r  x-ray p a t t e r n  o f  95% o f  a  face-cente red  cub ic  s t r u c t u r e  was 

ob ta ined .  Th i s  m a t e r i a l  was capable  o f  h igh  c u r r e n t  d e n s i t i e s  up t o  
2  

1 0  mA/cm i n  p o l a r i z a t i o n  scan. I t tBs charg ing  and d i scha rg ing  vol tage  - 
ranges  a r e  s i m i l a r  t o  those  o f  t h e  o t h e r  2 s u l f o s p i n e l s .  It i n d i c a t e s  

2  an eetrernely good vol tage  e f f i c i e n c y ,  q:g. , o f  93% a t  3 mA/cm . 
The s tudy  of t h e  t r e n s i t i o n  metaL SL l Q i ~ k f t % B $ % c  2 covered mainly . 

TiS2 and t h e  s u b s t i t u t e d  MxTGxS2 (Sec t ion  4.2.3).  Once t h e  proper  

c o n d i t i o n s  f o r  s y n t h e s i s  were e s t a b l i s h e d ,  and good q u a l i t y  m a t e r i a l s  

could be prepared ,  . cS_QrFe t r e n d s  emerged. 



\ 
- .  

\ ,  - 
The ve la r ing  conc lus ions  can be drawn f r o m  t h i s  , s e c t i o n  o f  t he  work: , - .  

d++Fi%Reietcf; and t h e i r  A. - ~ h e ? . ~ r c & 5 % t i o n  . technique f o r  t h e  S L : Z ~ U  
s t o i c h i q e t r i c  r a t i o s  a r e  very c r i t i c a l  f o r  t h e  e l e c t r i c a l  - 

performance. + 

B. Proper ly  prepared T~s;' and s u b s t i t u t e d  M x T i  xS2 compounds o p e r a t e  
C - 

very r e v e r s i b l y  through in t ' c r ca l a t i on  o f  l i t h i u m  i o n s  on d i e  

charge  and t h e i r  r e l e a s e  upon charge.  

C . . The* chromium- compound, t h e  one w i t h  2 5  mole %, was f a r  s u p e r i o r  . - .  
-1 - to the  on6  w i t h  5 mole X end a l s o  t o  TIS;; from which it was 

o r i g i n a l l y  prepared,  both i n '  terms o f  h i g h e r  ou tpu t  v o l t a g a s  . 
on dibcharge and lower r equ i r ed  vo l tages .  

D. For  molybdenum s u b s t i t u t e d  compounds of t h e  type MoxT\-xS2, 

on t h e  o t h e r  hand, t h e  3 mole % m a t e r i a l  was t h e  on ly  

homogeneous one obtained.  Attempts t o  prepare  the 2 and a , 

mole X r e s u l t e d  i n  mix tures  o f  TiS2 end MoSi accord ing  t o  

x-ray a n d y s i s .  

E. An a t t k W t  t o  p repa re  'the r e s u l t e d  i n  a . , 
'. 

predominently s u l f o s p i n e l  s t r u c t u r e  o f  CoTi2Sq, and consequent ly .  

e lec t rochemica l  behavior  was s i m i l a r  t o  t h a t  of the l a t t e r .  

F. The vanadium compodd V.25Ti.75S2, which is known t o  e x h i b i t  ' 

m e t a l l i c  conduc t iv i ty  (11) , 'gave i n  i n i t i a l  1 imited s tudy ,  

s i g n i f i c a n t l y  l a r g e r  d i scha rge  vol teges  than TiS2 and r equ i r ed  
1 

up t o  L O  mA more charg ing  vol tages .  

From t h e  s t u d i e s  s o  f a r  performed, it emerges t h a t  t h e  3 mole % 
vanadium end chromium s u b s t i t u t e d  c ~ ? .  f ?$s~M?g@& a r e  s u p e r i o r  to  TiS2. 

Thc N B u t y l  l i t h i u m  t i t r a t i o n  technique w h s  found va luable  a s  a 

s c reen ing  method for p o t e n t i a l l y  va luable  cathode m a t e r i a l s .  I t  ' s 
one disadvantage is, of cour se ,  t h a t  it cannot  d i s t i n g u i s h  between 

i n t e r c a l a t i o n  and compound reduc t ion .  

R e s u l t s  i n  l$@htemperature cells (Sec t ion  4.2.5) o f  the m a t e r i a l  

submit ted by Electrochimica Corporat ion t o  Argonoe Nat iona l  Laboratory 

w e r e  most encouraging and g e n e r a l l y  p a r a l l e l i n g  t h e  f i n d h g e  i n  t h e  

l i t h i u m  o rgan ic  cells.  O f  cou r se ,  i n  t he  h igh  temperature  cells, much 



higher current d e n s i t i ~ s  could  be demonstrated than i n  the ambient 
2 temperature ceLls, Indeed, the iange employed \!as =32 mA/qni . 

The following- conclus ions  can be reached f r o m  t h i s  work (See Table 11):  
The substituted compounds S2, N0 05Ti. 95S2, and CC. 25Ti. 75S4 

were superior to  the 'XIS:, from which they were made i n  

i g g t b n  efficiency and i n  current e f f i c i e n c y .  

CuTilSq em=ed a s  one of the b e s t  materials  capable 
2 at 2 6  W/CA of an 88% ukClizatfon e f f i c i e n c y  and a current e 

Ac?fficirncy up *to 100%. Compounds with nominal composition Cr .05  

and qf.fli HD. 2S Y C ~  e i t h e r  f a i r  or poor i n  p a r a l l e l  findings 

ambient temperature organic cells. 

t h a t  the "tests of high temperature cel ls  are not 
l i m i t e d  by the cyc l inf  a b ~ l i t y  of t& l i t h i m  anode and, ;!%re ; . - C 

*.+ --/ there ere lesser 1 imi atinns 0s th; cell eltaluof i in  t h r o w  cycling. t\ f 

The high temperature ce i l  v ~ t S  w e r e ,  therefore, an important corrobo- 

ra t ion  i n  e s t a b l i s h i n g  the of substituted TiS2 a s  a p o t e n t i a l l y  
important future cathode 

In nurmary, the work of the p ~ s t * ~ ~ r  has resu l t ed  i n  the d e t e n i n ~  

, - t i o n  o f  SPMC.~  ~ O r n p ~ m d *  of the p d d l o s p i n e l  type and of the layered  . 
. , . . * .. 

0 - 7 -  - -- 
h i s u l f i d e  type wa6K.x~ promising for recharppeble ambient temperatire 
organic e l e c t r o l y t e  battery system6 and a s  w e l l  a s  f o r  high temperature 

molten s a l t  lithium anode bat ter ie s .  
Future work i x j  t h i s  area should go in several direct ions:  

A. A crystalogrephic  study of tho structure of the new subs t i tu ted  

d i s u l f i d e s  which have ,given i n i t i e l  promising results i n  order 
to  evolve gu ide l ines  for directLnrr future synthet ic  e f for t s  

and for understandbng of the redction .mechanism. 
< 

B. Furthex? investigatLon of 6ptWurn methods for preparing of . 

des irable  compounds. * 

C, Development o f  a mechanically des l rah le  and reproducible 

a cathode structure a s  a necessary base f o r  comparison of  
cslthodlc materials In respect to po lar i za t ion  .on charge and 
dlscha;$ga and o f  efficiency a s  cyc l ing  pmceeds. 

D. , W v e l o p e n t  of a relisbly sedled cell  design t o  undertake 
c e l l  parameter performance s t u d i e s  i n  a systematic  mahner. 

\ 3 '  

- -28- 



Further development work on the oi?ganic d l e c t r o ~ ~ t c s  
fm the point  of view of. the following considerations: 

1. Safety.  - 
2. don-participatfon on the 'cathodic and anodic 

process at both electrodes. 
I -. 

3. Chamical s tbb i l i t y  towards clac t rode materia ls  
and goods. ' I 

i 

4. ~ r o v i d i n ~  e good bnf128 for lZthium ariodo 

rechargeability or electro- crystalfzation. 



. , . *  
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