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A B S T R A C T  

A m o r p h o u s  polysu l f ides  of  iron,  n ickel ,  a n d  coba l t  were  p r e p a r e d  a n d  charac te r i zed .  The  r e su l t i ng  c o m p o u n d s ,  Co2S7, 
Co2S9, Ni2ST, a n d  Fe3Ss were  e v a l u a t e d  as c a t h o d e  ma te r i a l s  in  o rgan ic  e lec t ro ly te  l i t h i u m  bat ter ies .  The  coba l t  c o m p o u n d s  
in  pa r t i cu l a r  de l ive red  ve ry  h i g h  capac i t i e s  of  1-1.2 A-h/g at  vo l tages  a r o u n d  1.SV. T h e  r e su l t i ng  cells  p o s s e s s e d  h i g h  gravi-  
me t r i c  a n d  v o l u m e t r i c  ene rgy  dens i t ies .  

S u l f u r  is a v e r y  h i g h  e n e r g y  d e n s i t y  c a t h o d e  for  a l i th-  
i u m  b a t t e r y .  S i n c e  e l e m e n t a l  s u l f u r  is a n  e x t r e m e l y  g o o d  
i n s u l a t o r ,  i t  h a s  p o o r  p r o p e r t i e s  as a n  e l ec t rode .  S u l f u r  is 
a lso  s o l u b l e  in  s o m e  o r g a n i c  s o l v e n t s ,  a n d  t e n d s  to f o r m  
p o l y s u l f i d e s  w h i c h  a re  e v e n  m o r e  s o l u b l e  in  t h e  p r e s e n c e  
of  a n  a lka l i  m e t a l  sulf ide.  T h u s ,  s u l f u r  does  n o t  a p p e a r  to  
b e  a n  a t t r a c t i v e  c a n d i d a t e  m a t e r i a l  for  u s e  in  a n  o rgan i c  
e l e c t r o l y t e  a m b i e n t  t e m p e r a t u r e  l i t h i u m  b a t t e r y .  M e t a l  
su l f ides  w i t h  a fu l ly  r e d u c e d  su l fu r ,  s u c h  as FeS ,  do n o t  
u t i l i ze  t h e  h i g h  e n e r g y  d e n s i t y  of  su l fu r ,  s i nce  t h e  s u l f u r  
d o e s  n o t  p a r t i c i p a t e  in  t h e  overa l l  r e a c t i o n  [1] 

2 L i +  F e S  -~ Li2S + Fe  [1] 

E a r l i e r  w o r k e r s  h a v e  t r i e d  to u t i l i ze  t h e  h i g h  e n e r g y  
d e n s i t i e s  of  s u l f u r  b y  u s i n g  a lka l i  m e t a l  po lysu l f ides .  In  
o n e  case ,  t h e  l i t h i u m  p o l y s u l f i d e s  w e r e  d i s s o l v e d  in  a 
T H F  b a s e d  o r g a n i c  e l e c t r o l y t e  a n d  d i s c h a r g e d  a t  a po-  
r o u s  c a r b o n  e l ec t rode ,  g i v i n g  a r e c h a r g e a b l e  c a t h o d e  (1). 
S i n c e  b o t h  p o l y s u l f i d e  s p e c i e s  w e r e  s o l u b l e ,  b o t h  h i g h  
r a t e  d i s c h a r g e  a n d  r e c h a r g e  we re  e x p e c t e d  [2] 

Li2S4 + 2Li  ~ 2Li~S~ [2] 

I n  a n o t h e r ,  m o r e  r e c e n t  a p p r o a c h ,  t h e  a lka l i  m e t a l  poly-  
s u l f i d e s  w e r e  u s e d  in  e l e c t r o l y t e s  in  w h i c h  t h e  p o l y s u l -  
t i de s  w e r e  i n s o l u b l e .  T h e  r e s u l t i n g  ce l l s  h a d  a m u c h  
l o n g e r  s t o r a g e  life, b u t  h i g h  c u r r e n t  c a p a b i l i t i e s  of  t h e  
ce l l s  w e r e  l i m i t e d  (2). B o t h  p r e v i o u s  e x a m p l e s  of  po ly-  
s u l f i d e  e l e c t r o c h e m i s t r y  p r o m i s e d  h i g h  g r a v i m e t r i c  en-  
e r g y  d e n s i t i e s ,  b u t  l i m i t a t i o n s  o n  p o w e r  c a p a b i l i t y  
a n d / o r  s t o r a g e  have ,  t h u s  far, p r e v e n t e d  c o m m e r c i a l  de-  
v e l o p m e n t  of  t h e  s y s t e m s .  

A c o m p o s i t e  a p p r o a c h  is to c o m b i n e  t h e  v e r y  h i g h  en-  
e r g y  d e n s i t y  o f  s u l f u r  w i t h  t h e  i n s o l u b i l i t y  a n d  g o o d  
e l e c t r o c h e m i c a l  b e h a v i o r  o f  a t r a n s i t i o n  m e t a l  su l f ide .  
A n  e x c e l l e n t  e x a m p l e  of  s u c h  a c o m p o u n d ,  w h i c h  com-  
b i n e s  b o t h  s u l f u r  c a p a c i t y  a n d  su l f ide  c a t h o d e  c h a r a c t e r -  
i s t i c s ,  is  i r o n  p y r i t e ,  FeS2. T h e  e l e c t r o c h e m i s t r y  of  i r o n  
p y r i t e  h a s  b e e n  s t u d i e d  a n d  v e r y  h i g h  g r a v i m e t r i c  a n d  
v o l u m e t r i c  e n e r g y  d e n s i t i e s  h a v e  b e e n  s h o w n  to  b e  at-  
t a i n a b l e  (3). T h e  d i s c h a r g e  of  FeS2 is a c o m p l e x  p roces s ,  
u n l i k e  t h e  s i m p l i f i e d  f o r m  [3] s h o w n  b e l o w ,  a l t h o u g h  
t h i s  a p p e a r s  to a p p r o x i m a t e  t h e  f inal  p r o d u c t s  a n d  stoi-  
c h i o m e t r y  

FeS2 + 4Li  --> F e §  2Li2S [3] 

T h e r e  a r e  n u m e r o u s  e x a m p l e s  of  t r a n s i t i o n  m e t a l  di- 
su l f ides  to  c h o o s e  f rom,  s u c h  as COS2, NiS2, a n d  MnS2, as 
w e l l  as  FeS2. M e t a l  t r i s u l f i d e s  a n d  h i g h e r  s u l f i d e s  a re  
m u c h  less  wel l  k n o w n ,  w i t h  TiS3 a n d  VS4 b e i n g  t h e  on ly  
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w e l l - k n o w n  f irs t  r ow  p o l y s u l f i d e s  a n d  MoS3 a n d  NbS3 in 
t h e  s e c o n d  t r a n s i t i o n  se r ies .  T h i s  is in  s u b s t a n t i a l  con -  
t r a s t  to  t h e  a lka l i  me ta l s ,  w h e r e  spec i e s  s u c h  as Cs2S~ a n d  
Na2S5 are  c o m p a r a t i v e l y  s t a b l e  a n d  wel l  k n o w n .  In  v i e w  
of  t h e  g r o w i n g  c h e m i s t r y  of  po lysu l f i de  c o m p l e x e s  f r o m  
1901 to t h e  p r e s e n t ,  i t  a p p e a r e d  l i k e l y  t h a t  o t h e r  m e t a l  
su l f ides  of  h i g h e r  c o n t e n t ,  a n a l o g o u s  to [Mo2S,2 2] a n d  i ts  
c o n g e n e r s ,  m i g h t  e x i s t  (4, 5). T h e  p o s s i b l e  e x i s t e n c e  of  
s t a b l e  or  m e t a s t a b l e  p o l y s u l f i d e s  of  i r o n  g r o u p  m e t a l s  
w a s  p a r t i c u l a r l y  i n t e r e s t i n g ,  b e c a u s e  of  t h e  f a m i l i a r i t y  
a n d  s t a b i l i t y  of  FeS2, COS2, a n d  NiS2. We, t h e r e f o r e ,  at-  
t e m p t e d  to  p r e p a r e  a n d  c h a r a c t e r i z e  p o l y s u l f i d e s  o f  t h e  
i r o n  t r i a d  ( G r o u p  VI I IA)  me ta l s .  T h e  r e s u l t s  of  t h i s  inves -  
t i g a t i o n  are  r e p o r t e d  be low.  

Experimental 
T h e r e  w e r e  n o  r e c e n t  r e f e r e n c e s  in  t h e  l i t e r a t u r e  to  

c l e a r l y  c h a r a c t e r i z e d  p o l y s u l f i d e s  o f  i ron ,  n i c k e l ,  or  co- 
ba l t ,  a l t h o u g h  n u m e r o u s  r e f e r e n c e s  to d i su l f i de s  of  t he  
i r o n  t r i a d  ( G r o u p  V I I I A )  a n d  to c o m p l e x e s  i n v o l v i n g  
t h e s e  m e t a l s  a n d  s u l f u r  or  s u l f i d e s  w e r e  f o u n d .  A c o m -  
p u t e r  s e a r c h  of  t h e  e a r l i e r  l i t e r a t u r e  was  n o t  s u c c e s s f u l  
in  c l e a r l y  d e f i n i n g  t h e  e a r l i e r  e x p e r i e n c e  in  t h e  f ie ld 
e i the r .  A few r e f e r e n c e s  we re  f o u n d  by  a m a n u a l  s e a r c h  
of  C.A., b u t  m o s t  o f  t h e  a p p l i c a b l e  w o r k  p r e d a t e d  1900. 
T h e  m o s t  r e l e v a n t  p a p e r s  r e l a t i n g  to o u r  o w n  i n t e r e s t  
w e r e  t h o s e  of  C h e s n e a u  a n d  M a g r i n i  (6, 7) to t h e  po lysu l -  
t i de s  of  c o b a l t  a n d  n i c k e l ,  r e s p e c t i v e l y .  T h e  o l d e r  w o r k  
w a s  c o n s i d e r e d  to b e  u n r e l i a b l e  in  t h e  a b s e n c e  of  a n y  
c h a r a c t e r i z a t i o n ,  o t h e r  t h a n  by  e l e m e n t a l  a n a l y s i s  of  t he  
p r o d u c t s .  I t  w a s  t h e r e f o r e  d e c i d e d  to b e g i n  w i t h  a 
s c r e e n i n g  p r o c e d u r e  to d e t e r m i n e  w h e t h e r  a n y  i r o n  
g r o u p  p o l y s u l f i d e s  w e r e  s t a b l e  a t  r o o m  t e m p e r a t u r e .  T h e  
f o l l o w i n g  p r e p a r a t i o n s  w e r e  d e v e l o p e d  f r o m  th i s  s c reen -  
i ng  p r o c e d u r e .  I n  t h e  s c r e e n i n g  p r o c e d u r e ,  a w e i g h e d  
s a m p l e  of  a s o l u b l e  m e t a l  sa l t  was  d i s s o l v e d  in d e g a s s e d  
d i s t i l l e d  w a t e r  a n d  a s t o c k  s o d i u m  t e t r a s u l f i d e  s o l u t i o n  
w a s  a d d e d .  I t  was  f o u n d  t h a t  s e p a r a t i o n  of  p r o d u c t  was  
m u c h  eas i e r  w h e n  a m o d e s t  e x c e s s  (ca. 10%) of  t h e  m e t a l  
ion  was  p r e s e n t .  W h e n  t h e  po ly su l f i de  was  in  exces s ,  a n  
i n f i l t r a b l e  b l a c k  s l u d g e  w a s  p r o d u c e d .  T h e  b l a c k  p r o d -  
uc t s  w e r e  s t i r r ed  in s o l u t i o n  o v e r n i g h t  u n d e r  a r g o n  a n d  
t h e n  v a c u u m  f i l t e red  u n d e r  a r g o n  to g ive  a h i g h l y  h y d r a -  
t e d  b l a c k  so l id .  T h i s  b l a c k  so l id  was  v a c u u m  d r i e d  a t  
60~ to r e m o v e  w a t e r  a n d  was  t h e n  a n a l y z e d  b y  e l e m e n -  
t a l  a n a l y s i s  a n d  DSC.  T h e  s a m p l e s  w e r e  t h e n  h e a t e d  a t  
160~ u n d e r  v a c u u m  u n t i l  s u l f u r  e v o l u t i o n  h a d  c e a s e d .  
T h e  r e s u l t i n g  b l a c k  f ine p o w d e r  s a m p l e s  w e r e  t h e n  ana-  
l y z e d  for  s u l f u r  a n d  m e t a l  a n d  s u b j e c t e d  to p o w d e r  dif-  
f r a c t i o n  a n d  D S C  m e a s u r e m e n t s .  F r o m  t h i s  i n i t i a l  
s c r e e n i n g  t h e  f o l l o w i n g  p r e p a r a t i o n s  w e r e  d e v e l o p e d .  
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C o S ~ . - - C o b a l t o u s  s u l f a t e  h y d r a t e  (COSO4 7H~O) (1M) 
was  d i s s o l v e d  in  d e a e r a t e d ,  d i s t i l l ed  w a t e r  (1 l i ter)  in  a 3 
l i te r ,  3 - n e c k e d  r .b.  f lask  e q u i p p e d  w i t h  a n  a r g o n  p u r g e  
a n d  a good  m e c h a n i c a l  s t i r re r .  To t h e  c o b a l t  s o l u t i o n  was  
a d d e d  0.9 too l  of  c o m m e r c i a l  40% Na2S4 s o l u t i o n  w h i c h  
h a d  b e e n  s a t u r a t e d  w i t h  s u l f u r  a n d  d i l u t e d  w i t h  d i s t i l l ed  
d e a e r a t e d  w a t e r  to  1 l i te r .  T h e  40% Na2S4 s o l u t i o n  is 
a b o u t  3M in  c o n c e n t r a t i o n  as r ece ived .  T h e  Na2S~ (x = 
a p p r o x .  4.5 b y  ou r  ana lys i s )  s o l u t i o n  w as  s lowly  a d d e d  to 
t h e  c o b a l t  s u l f a t e  s o l u t i o n  t h r o u g h  a d r o p p i n g  f u n n e l  
o v e r  a b o u t  a 2-3h per iod .  I t  is u s e f u l  to  i n t r o d u c e  t he  ar- 
g o n  b l a n k e t  t h r o u g h  t h e  f u n n e l  d u r i n g  t h i s  p e r i o d .  T h e  
s o l u t i o n  b e c o m e s  a t h i c k  b l a c k  s lu r ry  a n d  t h e  m e c h a n i -  
cal  s t i r r e r  m u s t  ~ b e  u s e d  to p r o v i d e  good  m i x i n g .  T he  re- 
s u l t i n g  s l u r r y  is s t i r r ed  for  a t  l e a s t  48h u n d e r  a rgon .  Dur -  
i ng  t h i s  t i m e  t h e  s l u r r y  b r e a k s  u p  in to  a f ine p a r t i c u l a t e  
p o w d e r  and ,  i f  s t i r r i n g  ceases ,  wi l l  se t t l e  o u t  s lowly.  T h e  
so l id  p r o d u c t  is c o l l e c t e d  e i t h e r  b y  v a c u u m  f i l t r a t ion ,  
u s i n g  a f ine  p o r o s i t y  f r i t t e d  g l a s s  f i l ter ,  or  b y  
c e n t r i f u g a t i o n .  T h e  c r u d e  p r o d u c t  is t h e n  w a s h e d  f ree  of  
s o l u b l e  Co 2+, Na  § a n d  SO4 -2 w i t h  d i s t i l l e d  w a t e r .  I f  
f i l t r a t i o n  is u s e d  to i s o l a t e  t h e  p r o d u c t ,  t h e  m a x i m u m  
p o s s i b l e  a m o u n t  of  w a t e r  is r e m o v e d  u n d e r  a n  a r g o n  
b l a n k e t  b y  u s e  of  t h e  v a c u u m  fi l ter  ( c o m m e r c i a l  t e s t  pa-  
pe r s  for  c o b a l t  a n d  su l f a t e  are  v e r y  u s e f u l  in  d e t e r m i n i n g  
t h e  p r o g r e s s  of  t h e  w a s h i n g  opera t ion) .  T h e  c r u d e  p rod -  
u c t  is t h e n  p l a c e d  in  a v a c u u m  o v e n  a n d  d r i e d  at  60~ un-  
t i l  n o  m o r e  w a t e r  e v o l v e s .  T h e  r e s u l t  is a n  a m o r p h o u s  
b l a c k  so l id  of  c o m p o s i t i o n  CoS~. Th i s  m a t e r i a l  is a i r  sen-  
s i t ive ,  e s p e c i a l l y  a b o v e  r o o m  t e m p e r a t u r e  a n d  d e c o m -  
p o s e s  to  f o r m  c o b a l t  s u l f a t e  a n d  a n  ac id  p r o d u c t ,  p re -  
s u m a b l y  e i t h e r  s u l f u r o u s  or  s u l f u r i c  ac id .  A s a m p l e  of  
m a t e r i a l  p r e p a r e d  in t h e  s a m e  way,  w i t h  c o b a l t  a c e t a t e  as 
c o b a l t  s o u r c e ,  c o n t a i n e d  s m a l l  p e r c e n t a g e s  of  s u l f a t e  
and ,  t h e r e f o r e ,  s u l f a t e  is t h e  e x p e c t e d  ac id  p r o d u c t .  
F o u n d :  Co 25.47; S 68.67; H20  2.93; Na  1.04. T h e o r e t i c a l  
Co 26.8; S 73.2. 

Co2ST.--The p r e p a r a t i o n  for  CoS5 is r e p e a t e d ,  e x c e p t  
t h a t  t h e  s t o c k  Na2S4 s o l u t i o n  is u s e d  in  p l ace  of  t h e  s u l f u r  
s a t u r a t e d  Na2S4. T h e  c r u d e  b l a c k  p r o d u c t  f r o m  t h e  vac-  
u u m  d r y i n g  is h e a t e d  in  t h e  v a c u u m  o v e n  at  165~ u n t i l  
n o  f u r t h e r  s u l f u r  is e v o l v e d .  T h i s  g ives  a l u m p y  b l a c k  
p o w d e r  w h i c h  is e x t r a c t e d  w i t h  t o l u e n e  to r e m o v e  a n y  
r e s i d u a l  su l fu r ,  l e a v i n g  t h e  f ine ly  d i v i d e d  b l a c k  p o w d e r  
of  Co2S7. I f  t h e  h e a t i n g  p r o c e s s  is c a r r i e d  ou t  to c o m p l e -  
t i o n  in  a g o o d  v a c u u m  o v e n ,  t h e r e  wi l l  b e  no  s u l f u r  re- 
m a i n i n g  a n d  v e r y  l i t t l e  o x i d a t i o n  to s u l f a t e  wi l l  occu r .  
T h i s  m a t e r i a l  is s o m e w h a t  a i r s e n s i t i v e ,  e s p e c i a l l y  w i t h  
m o i s t u r e  a n d  is k e p t  in  a s ea l ed ,  a r g o n  f i l led c o n t a i n e r .  
F o u n d  Co 34.23; S 64.14. T h e o r e t i c a l  Co 34.46; S 65.54. 

Co2Sg.--"CoS.j' is p r e p a r e d  b y  t h e  p r o c e d u r e  o u t l i n e d  
a b o v e ,  e x c e p t  t h a t  t h e  r e a c t i o n  m i x t u r e  is s t o r e d  for  a t  
l e a s t  o n e  w e e k  u n d e r  a r g o n  b e f o r e  t h e  f i l t e r i n g  a n d  ini-  
t ia l  d ry ing .  T h e  c r u d e  p r o d u c t  is v a c u u m  d r i ed  at  165~ 
to g ive  a f ine b l a c k  p o w d e r  w h i c h  a n a l y z e s  as Co2S9 a f t e r  
t o l u e n e  e x t r a c t i o n .  T h i s  m a t e r i a l  a p p e a r s  s l i g h t l y  m o r e  
r e a c t i v e  t h a n  t h e  Co2S7 a n d  wil l  g ive  a s m e l l  of  SOs espe-  
c i a l l y  w h e n  e x p o s e d  to  a i r  a t  s l i g h t l y  a b o v e  r o o m  t e m -  
p e r a t u r e .  F o u n d :  Co 28.50; S 70.63. T h e o r e t i c a l  Co 29.01; 
S 70.99. 

Ni2ST.--Nickel s u l f a t e  h y d r a t e  (1M) is d i s s o l v e d  in  1 li- 
t e r  of  d i s t i l l e d  w a t e r  in  a 3 l i t e r  flask, e q u i p p e d  w i t h  a 
m e c h a n i c a l  s t i r r e r  a n d  a n  a r g o n  purge .  To t h i s  is a d d e d  
0.5 mol  Na2S4 s o l u t i o n  in  0.5 l i t e r  wa te r .  T h e  s o l u t i o n  is 
a d d e d  t h r o u g h  a d r o p p i n g  f u n n e l  a n d  s t i r r e d  o v e r n i g h t  
u n d e r  argon.  The  r e s u l t i n g  b l a c k  p r e c i p i t a t e  is c o l l e c t e d  
u n d e r  a rgon,  w a s h e d  f r e sh  of  t he  n i c k e l  exces s  wi th  dis-  
t i l l e d  w a t e r ,  a n d  t h e n  v a c u u m  d r i e d  a t  60~ u n t i l  a l l  
w a t e r  is r e m o v e d .  T h e  o v e n  t e m p e r a t u r e  is t h e n  in- 
c r e a s e d  to 150~ a n d  t he  vo la t i l e  s u l f u r  is r e m o v e d ,  leav-  
ing  b e h i n d  a b l a c k  so l id  of  Ni~ST. T he  n i c k e l  po lysu l f ide  is 
m o r e  a i r  s e n s i t i v e  t h a n  e i t h e r  of  t he  c o b a l t  po lysul f ides .  
F o u n d  Ni 32.63; S 69.01. T h e o r e t i c a l  Ni  34.3; S 65.7. 

Fe3Ss: (Fe2S7 " FeS) . - -Ferrous  s u l f a t e  (1M) is d i s s o l v e d  
in  1 l i t e r  of  d e g a s s e d  d i s t i l l ed  wate r .  T h e  f e r r ous  s o l u t i o n  
is p l a c e d  in  a 3 n e c k ,  3 l i t e r  r o u n d  b o t t o m  f lask e q u i p p e d  
w i t h  a m e c h a n i c a l  s t i r r e r  a n d  a n  a r g o n  pu rge .  To t h i s  is 

a d d e d  0.5 m o l  Na2S4 s t o c k  s o l u t i o n  d i l u t e d  to  0.5 l i te r .  
T h e  b l a c k  s l u r r y  is s t i r r e d  o v e r n i g h t  a n d  f i l t e r ed  u n d e r  
a rgon .  T h e  b l a c k  so l id  is t h e n  w a s h e d  w i t h  d e a e r a t e d  dis-  
t i l l ed  w a t e r  a n d  v a c u u m  dr ied ,  f irst  a t  60~ t h e n  at  160~ 
to  f o r m  a b l a c k ,  a i r - s e n s i t i v e  so l i d  w h i c h  a n a l y z e s  as 
Fe3Ss (Fe  38.86, S 59.44; t h e o r y  F e  39.52, S 60.48). Cau- 
tion, the f inely  d iv ided  Fe3S~ may  be pyrophoric.  T h e  
c r u d e  p o l y s u l f i d e  d e s c r i b e d  a b o v e  m a y  t h e n  b e  l e a c h e d  
w i t h  1M HC1 to g ive  Fe2ST. F o u n d  Fe  33.44; S 66.5. T h e o r y  
Fe  3.25; S 66.75. 

E l e c t r o c h e m i c a l  m e a s u r e m e n t s  w e r e  t a k e n  e i t h e r  w i t h  
a P A R  173 P o t e n t i o s t a t  e q u i p p e d  w i t h  a d i g i t a l  
c o u l o m e t e r ,  or  w i t h  a c o m p u t e r  c o n t r o l l e d  b a t t e r y  t e s t  
s y s t e m .  T h e r m a l  m e a s u r e m e n t s  w e r e  t a k e n  w i t h  a d u  
P o n t  D i f f e r e n t i a l  S c a n n i n g  Ca lo r ime t e r .  E l e m e n t a l  ana l -  
y se s  w e r e  p e r f o r m e d  in -house .  

A v a r i e t y  o f  t e s t  ce l l s  w e r e  u s e d  for  e l e c t r o c h e m i c a l  
m e a s u r e m e n t s  o n  t h e  m e t a l  p o l y s u l f i d e  c a t h o d e s .  E m -  
p h a s i s  was  p l a c e d  o n  p r a c t i c a l  cel l  c o n f i g u r a t i o n s  w h i c h  
w o u l d  p e r m i t  t e s t i n g  in  a n  e l e c t r o l y t e  s t a r v e d  conf ig-  
u r a t i o n  a n d  t h e  u s e  of  ce l l s  w i t h  s a t i s f a c t o r y  s e a l i n g  ar- 
r a n g e m e n t s  to  p e r m i t  r e a l - t i m e  a n d  a c c e l e r a t e d  s t o r a g e  
t e s t s  o n  t h e  po ly su l f i de  cells.  A w i d e l y  u s e d  p a c k a g e  for  
i n i t i a l  t e s t i n g  w a s  t h e  foi l  l a m i n a t e  p a c k a g e .  T h i s  is a 
p r i s m a t i c  cel l  of  4 to 2.5 cm r e c t a n g u l a r  e l e c t r o d e s  s ea l ed  
in  a n  a l u m i n i z e d  Myla r  b a g  w i t h  f r o m  2 to 4 c m  3 of  elec- 
t r o l y t e .  T h i s  ce l l  was  ea s i ly  a d a p t e d  for  r e f e r e n c e  e lec-  
t r o d e  m e a s u r e m e n t s  b y  i n s e r t i n g  a l i t h i u m  r e f e r e n c e  
e l e c t r o d e  in  t h e  p a c k a g e  as well .  S u c h  a cel l  was  f o u n d  to 
b e  s u i t a b l e  for  e l e v a t e d  t e m p e r a t u r e  s t o r a g e  t e s t s ,  as 
w e l l  as  i n i t i a l  t e s t i n g .  F o r  foi l  l a m i n a t e  ce l l s  g r a p h i t e  
30%, P T F E  10%, a n d  c a t h o d e  m a t e r i a l  w e r e  c a r e f u l l y  
d r i e d ,  t h e n  m i x e d  w i t h  a b l e n d e r  i n s i d e  a n  a r g o n - f i l l e d  
g l o v e  box .  T h e  m i x  w a s  t h e n  p r e s s e d  o n t o  a t i t a n i u m  
g r i d  to  w h i c h  a t i t a n i u m  t a b  h a d  b e e n  s p o t  w e l d e d .  A 
t y p i c a l  cel l  h a s  a c a t h o d e  w e i g h t  of  2g a n d  a n  a rea  (1 s ide)  
of  10 c m  2. S u c h  a c a t h o d e  is t h e n  a s s e m b l e d  b y  h e a t  seal-  
ing  in  a foil  l a m i n a t e  p a c k a g e  w i t h  a Li  r e f e r e n c e  a n d  Li  
a n o d e ,  f i l led w i t h  a n  o r g a n i c  e l e c t r o l y t e  ( t y p i c a l l y  
70V/oPC;  30V/oDME;  1M LiC104), a n d  t h e n  sea led .  Typi -  
ca l ly  a n o n w o v e n  p o l y p r o p y l e n e  s e p a r a t o r  w o u l d  b e  
u s e d  to p r e v e n t  s h o r t i n g .  A d d i t i o n a l  p r o t o t y p e  ce l l s  
w e r e  m a d e  u s i n g  t h e  ML950  c o i n  ce l l  a n d  D L  2/3A 
w o u n d  ce l l  c o n f i g u r a t i o n s .  T h e  ML950  is a c o i n  ce l l  of  
0.95 in.  od  a n d  a c a p a c i t y  as a Li/MnO2 cell  of  a b o u t  220 
m A h ,  w h i l e  t h e  2/3A is a s p i r a l l y  w o u n d  c y l i n d r i c a l  ce l l  
e q u i v a l e n t  in  v o l u m e  to a n  A A  cel l  a n d  h a v i n g  a c a p a c i t y  
of  a b o u t  1.2 A h  in  t h e  Li/MnO2 c h e m i s t r y .  B o t h  of  t h e s e  
t e s t  v e h i c l e s  u s e d  p r o d u c t i o n  cel l  t o o l i n g  a n d  were ,  t hus ,  
e x t e r n a l l y  i d e n t i c a l  to  p r o d u c t i o n  l i t h i u m  cells.  

Results 
T h e  e l e m e n t a l  a n a l y s e s  of  t h e  p o l y s u l f i d e s  a re  in  n o t  in  

t h e m s e l v e s  c o n v i n c i n g  e v i d e n c e  for  t h e  e x i s t e n c e  of  n e w  
p h a s e s ,  s i n c e  t h e  h i g h  s u l f u r  c o m p o s i t i o n s  c o u l d  b e  as- 
c r i b e d  to  p o o r  s u l f u r  e x t r a c t i o n  in  e i t h e r  t h e  d r y i n g  or  
w a s h i n g  s tages .  

T h e r m a l  ana ly s i s  of  t h e  d r i ed  c r u d e  p o l y s u l f i d e  s h o w s  
t h e  s u l f u r  m e l t i n g  a t  a r o u n d  100~ a n d  o t h e r ,  n o t  e a s i l y  
a s s i g n a b l e ,  t h e r m a l  a c t i v i t y  i n c l u d i n g  a s u b s t a n t i a l  en-  
d o t h e r m i c  t r a n s i t i o n ,  as s h o w n  in  Fig.  1. C o m p a r i s o n  
w i t h  D S C  c u r v e s  of  t h e  k n o w n  m e t a l  su l f i de  a n d  di- 
s u l f i d e  i n d i c a t e d  t h e  p r e s e n c e  o f  a n  u n c h a r a c t e r i z e d  
phase .  A f t e r  e x h a u s t i v e  h e a t i n g  at  165~ u n d e r  v a c u u m ,  
t h e  p h y s i c a l  a p p e a r a n c e  of  t h e  p r o d u c t  is n o t  g r e a t l y  
c h a n g e d  b u t  t h e  t h e r m o g r a m  s h o w s  t h a t  a p r o f o u n d  
c h a n g e  h a s  occu r r ed .  Th i s  c h a n g e  in t h e r m a l  b e h a v i o r  is 
c o r r e l a t e d  to t h e  loss  in  s u l f u r  d u r i n g  t h e  v a c u u m  d r y i n g  
o p e r a t i o n .  T h e  r e s u l t i n g  p r o d u c t  is a n  e x t r e m e l y  f ine ly  
d i v i d e d  b l a c k  p o w d e r .  X - r a y  d i f f r a c t i o n  i n d i c a t e s  a n  
a m o r p h o u s  m a t e r i a l  w i t h  a d i f f u s e  a b s o r b a n c e  p a t t e r n  
w h i c h  is v a g u e l y  s im i l a r  to  t h e  m e t a l  d isu l f ide .  S E M  pho-  
t o m i c r o g r a p h s ,  as s h o w n  in  Fig. 2, s h o w  a v e r y  f ine ly  di- 
v i d e d  p o w d e r  w i t h  a pa r t i c l e  size of  f r o m  0.1-0.3 ~m. Al- 
t h o u g h  t h e  pa r t i c l e s  t h e m s e l v e s  a p p e a r  to be  c rys ta l l i t e s ,  
i t  is p o s s i b l e  t h a t  t h e  a p p a r e n t l y  a m o r p h o u s  m a t e r i a l  is, 
i n  fac t ,  t oo  f ine  to  g ive  a g o o d  p o w d e r  p a t t e r n .  I t  is  a l so  
p o s s i b l e  t h a t  t h e  a p p a r e n t  c ry s t a l l i t e s  a re  e i t h e r  n o t  crys-  
t a l l i n e  a t  all, or  e l se  a g g r e g a t e s  of  e v e n  f i ne r  p a r t i c l e s .  

) unless CC License in place (see abstract).  ecsdl.org/site/terms_use address. Redistribution subject to ECS terms of use (see 203.64.11.45Downloaded on 2015-01-14 to IP 

http://ecsdl.org/site/terms_use


Vol. 135, No. 1 T R A N S I T I O N  M E T A L  P O L Y S U L F I D E S  3 

S=mp I . ,  COS5  

Sl=e,  1.72 MS OSC 

i i ~ i , , i ~ J 1 i i , i , , , i . . 1 i 

:l / 
3ze 4.c 

3 

E-zT, ~ . c  
1 ?'c / 

1~ 9"C  / /  

z~ l .  e*( :  

TempmP=burw (=C) O u P ~  : l~gg  

Fig. I. Differential scanning calorimetry (DSC) analysis of the 
uncured cobalt polysulfide, COS5. 

While the amorphous  nature  of the p roduc t s  is disap- 
pointing,  it is not  unusual,  since the familiar polysulfide 
MoSs appears to be quite  amorphous.  

The cobalt  polysulfide Co2S9 shows a density of about  
2.8 by p y c n o m e t r y  in ke rosene  and an apparen t  dens i ty  
of  0.7 for the uncompres sed  powder .  The dens i ty  of  
Co2S7 was about  3.1, while the density of the other mate- 
rials was not precisely determined but appeared to be in 
the  same range as the  cobal t  compounds .  The cobal t  
polysulf ide  mater ia ls  show a DSC charac ter ized  by an 
exo the rmic  decompos i t i on  near  280~ as shown in 
Fig. 3. The  absence  of  any e n d o t h e r m  due to e lementa l  
sulfur  mel t ing  demons t ra tes  that  we are deal ing with  a 
t rue  meta l  polysulfide,  ra ther  than  an in t imate  mix  of  
metal  sulfide and sulfur, as might  be argued from the ele- 
men ta l  data alone. On a re turn  scan to cooler  tempera-  
tures,  the sol idif icat ion of  sulfur  is observed,  showing  
that  sulfur  is fo rmed  in the exo the rmic  process  a round 
280~ X-ray dif f ract ion of the decomposed  polysulf ide 
shows that  the metal  disulfide is also formed and the de- 
composi t ion reaction can thus be represented as [4] 

Co2S7--> 2CoS~ + 3S [4] 

While the cobal t  polysulf ides  are nonconduc t ing ,  the 
nickel  equivalent  is a good electrical conductor.  The ap- 
paren t  s tabi l i ty  of  these  mater ia ls  to air varies  f rom 
meta l  to metal,  wi th  Co2S7 appear ing  most  stable, with 
no apparen t  reac t ion  to air, and Fe3S8 mos t  react ive,  
turn ing  orange in moist  air and easily burning in air. It  is 
wor th  not ing  that  the very  early work  of  Chesneau  ap- 
pears essentially correct  with regard to cobalt, a l though 
we cannot  confirm the nickel  results (6). Repeated exper-  
iments  in our laborator ies  by d i f ferent  expe r imen t e r s  

S~mp]e, C02S9 
S ize ,  3 . 37  M DSC 

l ~ J I ~ I I i l I I T ] ( ~ I ~ I I I l L 

Co2Sg 

T~mp l ra~u ra  (~  OuPon~ .  l l21ge 

Fig. 3. DSC curve of vacuum cured cobalt polysulfide (Co2S9) show- 
ing the exothermic decomposition to S and COS2. 

have  shown a good degree  of reproduc ib i l i ty  in these  
preparat ions ,  indica t ing  the format ion  of  metas tab le  
t ransi t ion metal  polysulfide phases. Limited exper imen-  
tal data suggest that  the sulfur content  of the polysulfide 
and the metal/sulfide ratios have only a l imited effect on 
the  p roduc t  composi t ion ,  as does the cat ion in the  
polysulfide source. The crude products,  before the 165~ 
drying process, vary more in sulfur content  with higher  
alkali polysulfides, showing higher sulfur content  in the 
products.  After the vacuum heat-treatment,  however ,  the 
meta l  sulfur  ratios are i ndependen t  of s tar t ing mater ia l  
and sulfur  content ,  p rov ided  there  was sufficient  sulfur  
present.  Cobalt and nickel  sulfates are convenient  start- 
ing materials  al though chlorides, bromides,  nitrates, and 
acetates have also been used successfully. 

The  high sulfur  conten t  of these  mater ia ls  sugges ted  
that  they could be usable solid cathode materials. Gravi- 
met r ic  capaci ty  figures range from 1.0 Ah/g for Fe3S~ to 
1.26 Ah/g for Co2S9, figures substantially higher than for 
a lmos t  all o ther  ca thode  materials .  These  number s  are 
based  on comple te  reduc t ion  of the polysulf ide to the 
meta l  and assume reduc t ion  of  any in t e rmed ia t e  di- 
sulfide or sulfide product .  When a vo lumet r i c  basis is 
used, the figure of almost  3.4 Ah/cm 3 of cathode materials 
remains ext remely  high, based on the pycnometr ic  den- 
sity of  the  cobal t  polysulf ide powder .  If  ex t r em e  care is 
not  taken in the preparation, a mixture  of the 7 and 9 sul- 
fur polysulfides is formed and the analysis is intermedi-  
ate be tween  those  l imits.  At this t ime,  we have  no evi- 
dence  of  a s table polysulf ide  or polysulf ides  of  cobal t  
wi th  e i ther  a sulfur  compos i t ion  h igher  than CoS, ~, or 
less than COS3.5, except  for the well-known disulfide. 

Cathode l imited cells were prepared for the materials,  
Fe3Ss, Co2S7, C02S9, and Ni~S7 and d ischarged  at low 

Fig. 2. SEM photomicrographs of cobalt polysulfide Co2Ss 
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Fig. 4.  Discharge curves of Fe3Ss in cathode limited cells at very low 
rates. 
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Fig. 6. Discharge curve of C02S9 in cathode limited cells 

rates.  These  low rate  d i scha rges  are run  at e i the r  a 1 or  2 
k ~  load  us ing  a s t andard  w e i g h t  of  100 m g  of  polysul f ide  
and,  thus ,  t a k e  a b o u t  a w e e k  to d i s cha rge .  F o r  ease  of  
c o n s t r u c t i o n  and handl ing ,  t hese  cells  w e r e  m a d e  in the  
ML950 coin  cel l  ha rdware .  This  gaske t  sea led  coin  cell  is 
a b o u t  0.95 in. ex t e rna l  d i am and has  an e l ec t rode  area  of  
3.16 cm 2. The  resu l t ing  d ischarges ,  s h o w n  in Fig. 4-7, in- 
d i c a t e  t h e  r e a s o n a b l e  d i s c h a r g e  v o l t a g e  of  1.6-1.8V and  
h i g h  d i s c h a r g e  c a p a c i t y  o f  o v e r  1 Ah/g  on the  l ow ra te  
d i s c h a r g e .  The  g r a v i m e t r i c  e n e r g y  d e n s i t i e s  f o u n d  for  
t h e  po lysu l f ides ,  as we l l  as v o l u m e t r i c  e n e r g y  dens i t i e s ,  
a re  l i s t ed  in Tab l e  I. T h e  m o l e c u l a r  we igh t s ,  t h e o r e t i c a l  
f o r m u l a  e q u i v a l e n t s ,  and  t h e o r e t i c a l  spec i f ic  c apac i t i e s  
are  also l isted.  The  coba l t  polysul f ide ,  Co239, d i scharges  
in two  a p p a r e n t  p la teaus ,  as s h o w n  in Fig. 8, to g ive  2 and 
5.5 Wh/cm 3, b o t h  of  wh ich  are  e x t r e m e l y  h igh  values .  Fo r  
c o m p a r i s o n ,  MnO2 in Li/MnO2 ce l l s  g ives  a b o u t  0.9 and  
4.2 Wh/cm 3. These  h igh  e x p e r i m e n t a l  e n e r g y  dens i t i e s  on 
l o w  c u r r e n t  d i s c h a r g e  a p p e a r e d  q u i t e  p r o m i s i n g .  T h e s e  
c a l c u l a t i o n s  are  b a s e d  on c a t h o d e  a lone.  As one  m i g h t  
expec t ,  resu l t s  wi th  l i t h ium i n c l u d e d  do no t  d i f fe ren t i a t e  
b e t w e e n  ca thode  mater ia l s  to the  s a m e  ex ten t .  The  h igh  
e n e r g y  dens i ty  and s o m e w h a t  g rea te r  s tabi l i ty  of  the  co- 
bal t  c o m p o u n d s  lead  us to se lec t  t h e m  for fu r the r  evalua-  
t ion.  We p r e p a r e d  a ser ies  of  foil  l amina t e  cel ls  for h ighe r  
cu r r en t  eva lua t i on  wi th  resul t s  s h o w n  in Fig. 9. The  good  
h igh  cu r r en t  p e r f o r m a n c e  of  t he  Co237 ca thode  is shown,  
e v e n  t h o u g h  the  th i ck  ca thodes  u n d e r  tes t  were  no t  wel l  
s u i t e d  to h i g h  c u r r e n t  d i s cha rge .  Th is  c o n t i n u e d  ra te  
l im i t a t i on  on our  cel ls  was s h o w n  by the  absence  of  a lin- 
ear  r eg ion  at low cu r r en t  in the  p lo t  of  log id v s .  specif ic  
capaci ty .  

With  t h e  v a l i d i t y  o f  ou r  po ly su l f i de  c o n c e p t  es tab-  
l i shed ,  we  re f ined  t h e  p r e p a r a t i o n  of  Co~$7. Co in  ce l l s  
w e r e  m a d e  us ing  ava i lab le  too l ing  for c o m p a r i s o n  wi th  a 
r ea l i s t i c  p a c k a g e  and  for c a p a c i t y  r e t e n t i o n  and  s t o r age  
at e l eva ted  t empe ra tu r e s .  In  Fig. 10, p e r f o r m a n c e  of  a Li/ 
MnO2 co in  ce l l  and  t h e  CoS~ e q u i v a l e n t  a re  s h o w n  on 
e q u i v a l e n t  load, cons i s t ing  of  1000~2 for t he  cobal t  poly-  
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Fig. S. Discharge curve of Co~ST in a cathode limited cell. Indicated 
voltage is the average of three ceffs. 

su l f ide  ce l l  and  2000E~ for  t h e  MnO2 cell ,  a l l o w i n g  b o t h  
ce l l s  to c~ischarge for  a b o u t  t h e  s a m e  t i m e  pe r iod .  One  
year  of  rea l - t ime  s torage  or  up to 1 m o n t h  of  60~ s torage  
appea red  to have  no a p p r e c i a b l e  e f fec t  on the  po lysu l f ide  
cel l  capac i ty  or  vol tage.  

At  th is  po in t ,  we  d e c i d e d  to i n v e s t i g a t e  t h e  d i s c h a r g e  
p r o c e s s  fu r the r .  An  x - ray  s t u d y  of  a c o m p l e t e l y  dis- 
cha rged  cel l  r evea l ed  the  p r e s e n c e  of  l i t h ium sulf ide and 
m e t a l l i c  coba l t .  With  i n d i c a t i o n s  of  a s e c o n d  p l a t e a u  in 
t h e  d i s cha rge ,  we  h y p o t h e s i z e d  tha t  t h e  d i s c h a r g e  reac-  
t ions  w e r e  [5] and [6] 

Co,S7 + 10Li --> 5Li2S + 2CoS [5] 

CoS + 2Li --> Li2S + Co [6] 

I t  a p p e a r e d  p o s s i b l e  tha t  a s t e p w i s e  r e d u c t i o n  of  t h e  
po lysu l f ide  was occurr ing ,  as ou t l ined  in [7] 

CoSx + 2Li --> CoSx_l + Li~S [7] 

As s h o w n  in Fig. 11, a plot  of  e q u i v a l e n t s  of  cha rge  v s .  
Co s u g g e s t s  t he  p r e s e n c e  of  s e c o n d  p r o c e s s  at a b o u t  10 
Li/Co2ST. This  o b s e r v a t i o n  s u g g e s t s  t ha t  a c o n t i n u o u s  
p roces s  occurs  up  to tha t  po in t  and  tha t  the  final  r educ-  
t ion  to t he  me ta l  i t se l f  is by  a d i f fe ren t  d i s cha rge  p rocess  
t h a n  the  ma jo r  one  t ak ing  p lace  in t he  cell. 

Th i s  m e c h a n i s m  s u g g e s t e d  t h a t  coba l t  po lysu l f i de /  
l i t h i u m  s h o u l d  no t  be  r e c h a r g e a b l e .  In  con t r a s t ,  a c tua l  
ce l ls  r e c h a r g e d  r e a s o n a b l y  wel l ,  as s h o w n  in Fig.  12, 
w h i c h  shows  the  th i rd  d i s cha rge  cyc le  for a foil  l amina t e  
cell. As w o u l d  be  e x p e c t e d  f rom the  two  s tages  of  t he  dis- 
cha rge  process ,  the  r echa rgeab i l i t y  of  the  ca thode  is bet-  
ter,  i f  no t  d i s cha rged  be low the  first step.  P o o r  b e h a v i o r  
on e x t e n d e d  cyc l ing  is due  to use  of  an u n s u i t a b l e  cath-  
ode  for s e c o n d a r y  cel l  use, as wel l  as l ack  of  a suf f ic ien t  
l i t h ium exces s  and use  of  an unsu i t ab l e  e lec t ro ly te .  How-  
ever ,  the  i n h e r e n t  r echa rgeab i l i t y  of  the  s y s t e m  is estab-  
l ished.  By  ana logy  to NbSe3 and MoS3, as we l l  as Mo6Ses, 
w h i c h  d e m o n s t r a t e  i n s e r t i o n  of  m o r e  t h a n  one  l i t h i u m  
ion  in a h o s t  s t r u c t u r e  w i t h o u t  d e c o m p o s i t i o n  o f  t he  
host ,  we  sugges t  as an ini t ia l  p rocess  [8] (9, 10) 
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Fig. 7. Discharge curve for Ni2S; in a cathode limited cell 
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Table I. Energy densities of Group VI l lA polysulfides 

Material M.W. Density Ah/g (calculated) Ah/g (found) 

Co~S, 405.8 2.8 1.189 1.15 
Co~S~ 341.8 3.1 1.098 1.05 
Ni~S~ 341.4 2.8 1.099 0.95 
Fe~S, 423.55 2.7 1.012 0.95 

Material Ah/cm ~ (calculated) Ah/cm 3 (found) Wh/cm :~ (found) 

Co2S~ 3.33 3122 5{ 8 
Co~S~ 3.40 3.26 5.9 
Ni~S~ 3.08 2.66 4.5 
Fe~Ss 2.73 2.59 4.1 

Co2S7 + 10Li --> LiloCo2S7 [8] 

T h i s  l i t h i u m  i n s e r t i o n  w o u l d  b e  a n  e s s e n t i a l l y  r eve r s i -  
b l e  p r o c e s s  to  g ive  a p a r t l y  l i t h i a t e d  c o b a l t  c o m p o u n d .  
F u r t h e r  l i t h i a t i o n  w o u l d  t h e n  d e s t r o y  t h e  s t r u c t u r e  of  
t h e  c o m p o u n d  to g ive  Li2S a n d  Co. S i n c e  ou r  c o b a l t  com-  
p o u n d s  a p p e a r  a m o r p h o u s  a n d  are  i n s o l u b l e  in  o r d i n a r y  
s o l v e n t s ,  w e  u s e  Co2S~ w i t h  t h e  u n d e r s t a n d i n g  t h a t  t h e  
a c t u a l  f o r m u l a  c o u l d  b e  m u c h  m o r e  c o m p l e x ,  s i m i l a r  
p e r h a p s  to t h e  c o p p e r  a n d  m o l y b d e n u m  c l u s t e r  a n i o n s  
(11, 12). We are  p u r s u i n g  e f fo r t s  to  p r e p a r e  t h e s e  m a te r i -  
a ls  in  c r y s t a l l i n e  f o r m ,  as  we l l  as  o t h e r  m e a s u r e m e n t  
t e c h n i q u e s ,  to  b e t t e r  c h a r a c t e r i z e  t h e s e  c o m p o u n d s .  

T h e  c r u d e  p o l y s u l f i d e  p r o d u c t  is n o t  p a r t i c u l a r l y  s ta-  
b l e  a n d  s lowly  ox id i zes  in  m o i s t  a i r  to f o r m  COSO4, SO2, 
a n d  H2SO 4. In  c o n t r a s t ,  t h e  c u r e d  c o b a l t  p o l y s u l f i d e s  ap-  
p e a r  m o r e  a i r - s t ab l e  a n d  are  n o n h y g r o s c o p i c .  T h e  c o b a l t  
p o l y s u l f i d e s  a re  s l i g h t l y  s o l u b l e  in  HC1 a n d  d i s s o l v e  in  
a q u a  r e g i a  f o r m i n g  s o m e  s u l f u r .  S t r o n g  b a s e  a l so  de-  
s t r o y s  t h e  p o l y s u l f i d e ,  w h i l e  w e a k  or  d i l u t e  a c i d s  a n d  
b a s e s  h a v e  n o  v i s i b l e  e f fec t .  A h y d r a t e d  c o b a l t  po ly-  
su l f ide  h a s  b e e n  r e p o r t e d  ea r l i e r  in  t h e  l i t e r a t u r e  (6). Th i s  
m a t e r i a l  was  p r e p a r e d  b y  a g e n e r a l l y  s i m i l a r  m e t h o d ,  re- 
a c t i o n  of  p o l y s u l f i d e  w i t h  a n  e x c e s s  of  a c o b a l t  salt .  T h e  
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Fig. 8. Discharge of a cobalt polysulfide cell showing the second volt- 
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Fig. 10. Comparative discharge of cobalt polysulfide and manganese 
dioxide coin cells showing the increased energy of COS.,-. 

r e s u l t i n g  p r o d u c t  was  a h y d r a t e  a n d  it  is u n c l e a r  w h e t h e r  
i t  c o r r e s p o n d s  e x a c t l y  to ou r  p r o d u c t  or not .  T h e  p r e p a r -  
a t i v e  r e a c t i o n  for  c o b a l t  p o l y s u l f i d e  is n o t  s t r a i g h t f o r -  
w a r d ,  a l t h o u g h  a v e r y  s i m p l e  r e a c t i o n  s c h e m e  c a n  b e  
W r i t t e n  (9). A n a l y s i s  of  t h e  s u p e r n a t a n t  l i q u i d  g ives  
s o m e w h a t  m o r e  s u l f a t e  t h a n  t h e  e q u i v a l e n t  a m o u n t  o f  
s o d i u m  a n d  Co s+, w h i l e  t h e  p H  b e c o m e s  m o r e  ac id ic ,  
s u g g e s t i n g  f o r m a t i o n  of  HSO~ . T h e  k n o w n  t e n d e n c y  for  
p o l y s u l f i d e s  to  f o r m  b o t h  t h i o s u l f a t e s  a n d  s u l f a t e s ,  as 
we l l  as t h e  s u l f u r  l i ab i l i ty  b e t w e e n  t h e  d i f f e r e n t  po lysu l -  
t ides ,  s u g g e s t s  t h e  s t a b i l i t y  of  t h e  p o l y s u l f i d e  is con-  
t r o l l e d  b y  t h e  m e t a l ,  r a t h e r  t h a n  t h e  s u l f u r  s o u r c e  u s e d .  
I t  is a t  l e a s t  p o s s i b l e  t h a t  t h e  i n i t i a l l y  f o r m e d  p o l y s u l -  
t i de s  a re  c h a i n  p o l y m e r s  s i m i l a r  to  a l k a l i  m e t a l  p o l y s u l -  
t i de s  a n d  t h a t  h e a t i n g  c a u s e s  a c o n d e n s a t i o n  to  a r i n g  
t y p e  of  c o m p o u n d  w i t h  t h e  p o l y s u l f i d e  a c t i n g  as a 
c h e l a t i n g  l i g a n d  

Co 2§ (SO(2)  + Na2S~ --~ CoS.~ + Na2SO4 

CoS~ ~ Co2S7 + 3S [9] 

We h a v e  a l so  p r e p a r e d  s i m i l a r  p o l y s u l f i d e s  in  n o n -  
a q u e o u s  s o l u t i o n  b y  t r e a t i n g  COC12 w i t h  [N(C4Hg)412S4 in  
CH3CN, f o r m i n g  a n  i n s o l u b l e ,  as  we l l  as  a s o l u b l e  po ly-  
su l f ide  spec ies .  Th i s  s o l u b l e  spec i e s  a n a l y z e s  as ( a p p r o x -  
i m a t e l y )  N(C4Hg)4CoS8 a n d  g ives  a n  N M R  s i g n a l  w h i c h  
s u g g e s t s  t h a t  a t  l eas t  s o m e  of  t h e  c o b a l t  is p r e s e n t  as Co 
(III) .  I t  is t oo  e a r l y  in  t h e  i n v e s t i g a t i o n  to d e t e r m i n e  
w h e t h e r  t h e  b e h a v i o r  is s i m i l a r  to t h a t  o b s e r v e d  b y  H o l m  
in  c o b a l t  e t h a n e d i t h i o l a t e s  (11). 

B o t h  i r on  (II) a n d  n i c k e l  (II) sa l t s  w e r e  t r e a t e d  in  a s im-  
i l a r  m a n n e r ,  g i v i n g  p r o d u c t s  r o u g h l y  c o r r e s p o n d i n g  to 
t h e  a n a l y s e s  Fe3S8 a n d  Ni2ST. S i n c e  t h e  i r on  p r o d u c t  was  
s o m e w h a t  s o l u b l e  in  1M HC1, we  p r e f e r  to  f o r m u l a t e  t h e  
p r o d u c t s  as FeS :  Fe2ST, a n d  Ni2ST. B o t h  m a n g a n e s e ,  cop-  
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Fig. 1 1. Discharge of a cathode limited cobalt polysulfide cell 

(Co2ST), plotted to show the number of equivalents of charge trans- 
ferred per cobalt at low rate. 
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per, and zinc show somewhat  different behavior with Mn 
and Zn giving orange b rown products ,  whi le  copper  
forms a copper  (I) complex  similar  to NH4CuS4. In con- 
trast to alkali metal  polysulfides, the discharge potential  
varies with metal  center  and is below the 2+V for sulfur 
reduct ion  alone. At the same time, the current  capabili ty 
is h igher  (10+ mA/cm 2 vs. 0.1 mA/cm2), than has been  
shown for alkali metal  polysulfides, leading us to suspect  
that  initial reduct ion takes place at the metal  center. The 
meta l  cen te red  reduc t ion  could then  be fol lowed by an 
in t r amolecu la r  redox  process  in which  the polysulf ide 
would  reoxidize the cobalt center  [10] 

Co~(III)S7 + 2Li-~ [Li2Co2(II)ST] 

-* Li2Co2(III)S7 [10] 

Conclusion 
A m o r p h o u s  polysulf ides of iron, cobalt,  and nickel  

were  prepared  by prec ip i ta t ion  from aqueous  solut ion 
fol lowed by heating to remove water  and pyrolyze the in- 
i t ial ly fo rmed  uns tab le  p roduc t  to a metas tab le  species.  
The cobal t  polysulf ides  were  subs tant ia l ly  less react ive  
than ei ther iron or nickel and were evaluated as cathode 
mater ia ls  in a l i th ium battery.  The cobal t  compounds  
proved to be high energy density cathode materials, de- 
l iver ing 1.1 Ah/g and 3.1 Ah/cm 3 with  2 Wh/g and 5.5 
Wh/cm 3 on a theoretical  and exper imenta l  basis. In prac- 

t ical  cells the l i th ium CoS~ system del ivers  225 Ah/kg 
and 400 Wh/kg on a gravimetric  basis and 375 Ah/dm 3 or 
625 Wh/dm 3 on a volumetr ic  basis. On a theoret ical  basis, 
the cells should give very high energy densi t ies  of 900 
Ah/kg or 1270 Ah/dm 3. When l i th ium weights  and 
vo lumes  are inc luded  in t_his calculat ion,  the values  are 
0.86 Ah/g or 1.54 Wh/g and on a vo lumet r i c  basis 1.29 
Ah/cm 3 and 2.8 Wh/cm 3. These  energy  densi t ies  are 
higher  than many l i thium battery systems. 

Manuscr ip t  submi t t ed  Jan. 12, 1987; rev ised  manu- 
script  received June  29, 1987. 
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Performance Models for Zirconia Electrolyte Cells at Low Current 
Density 

N. J. Maskal ick*  and D. K. McLain 
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ABSTRACT 

This preliminary design study compares high temperature electrolysis, having H20(g) flow delivered parallel to the 
tube (model I), with H20(g) reactant cross-fed, perpendicular to the axes of series-connected tubes (model 2). Calculations 
for model 1 correlate with relevant experimental data. Model 2 calculations predict higher energy efficiencies than model 
i. If model 2 design philosophy is employed, hydrogen production is estimated, at 99.9% purity, and at i00 mA/cm ~, to re- 
quire 1.017V at 0.902 energy efficiency, using tubular cells employing the present design. Tube design optimization, with 
normalized cell resistance, p lowered to 0.35 ~ cm 2, is estimated to result in 99.9% pure hydrogen product at 0.952V and 
0.963 energy efficiency for the same i00 mAJcm 2 design point. Hydrogen purity, cell current density, and resistance are key 
modeling parameters. 

An electrical generator employing a low temperature trolyte (e.g., 1000~ will provide a net power output (Pnet) 
hydrogen-oxygen fuel cell in closed cycle with a high if sustaining solar thermal energy is available and cell 
temperature H20 electrolysis cell with solid oxide elec- current effieiencies, ~'f and ~'e are high. If V~ and Ve are, 

respectively, fuel cell and electrolysis cell driving volt- 
*Electrochemical Society Active Member. ages, then, at a current, I 
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