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Summary 

There have been striking advances in the technology of  ambient  tem- 
perature rechargeable lithium cells during the middle and late 1970s. Discov- 
eries of  new and attractive cathode systems, along with developmental  
efforts on some, have contr ibuted significantly to this. A survey of  the status 
of the positive electrodes is presented. Insoluble solid cathodes which under- 
go intercalation or topochemical  electrode reactions appear to be the most  
promising for immediate application in practical cells. There are presently 
available several such materials suitable for fabricating cells with high energy 
density, rate capability, and rechargeability. It is hoped that this account  
will direct the at tention of  investigators in this area to promising systems 
with the result that  research and developmental  efforts on practical recharge- 
able Li batteries will be accelerated. 

A. Introduct ion 

A most  important  aspect in developing high energy Li cells concerns the 
behavior of  cathode materials. During the past two decades a large variety of  
materials has been discovered and evaluated as reversible cathodes for Li 
cells. However,  the degree of  understanding of  these materials varies consid- 
erably. Some major considerations in the development  of  high energy 
cathodes for secondary Li cells are [1] : 

high energy density; 
electrochemical reversibility; 
stability in the electrolyte;  
electrical conductivity.  

Virtually all the cathode materials investigated so far have been inorganic 
compounds.  These materials may be classified according to different criteria, 
but  here we will distinguish between soluble/partially soluble cathodes 
(Section B) and insoluble, solid cathodes (Section C). 



The discussion will concentrate  primarily on three aspects of  the perfor- 
mance of  each cathode material: (1) energy density; (2) rate capability; and 
(3) rechargeability. Other relevant aspects, such as ease of  material synthesis, 
relative costs of  materials and processes for cathode fabrication, and cathode 
storageability in complete  cells, especially at elevated temperatures,  will also 
be discussed, where information is available. 

1. Energy density 
Lithium is the most  electropositive element and is very light in weight 

(equivalent weight = 6.94). Hence, electrochemical cells based on Li anodes 
and moderately light cathodes, potentially have good energy densities. The 
attractiveness of  a given secondary cell will, however, depend on the energy 
that  can actually be delivered at the rate required in a particular application 
and the availability c f  this energy over a large number  of  cycles. Vehicle 
applications make the highest demands for high energy density at high rates. 
For  example, a minimum specific energy of  200 W h/kg with a power  capa- 
bility of  200 W h/kg is required for an electric vehicle with performance 
characteristics comparable with small, gasoline-powered family vehicles [ 2]. 

In a practical cell one can expect  to obtain between 25 and 33 percent.  
of  the energy density predicted from the observed (i.e., not  the theoretical) 
equivalent weights of  the materials. 

2. Rate capability 
The rate requirements for secondary Li cells depend on the particular 

application. For electric automobiles,  an average discharge rate is perhaps 
4 h, but  there are many occasions where the peak power  requirements are 
much higher. It is then most  appropriate to ask what is it that  limits the rate 
of  specific non-aqueous Li secondary cells. Rate limitations may be imposed 
by slow electrode kinetics and poor  transport  phenomena either in the elec- 
t rode material or in the electrolyte. With soluble cathodes, the electrode 
reactions of ten proceed at high rates, especially if the product  is also soluble 
in the electrolyte.  If the product  is insoluble, any limitations caused by pre- 
cipitation on the cathode current collector may be improved by increasing 
the electrode porosity.  With insoluble cathodes,  poor  transport  within an 
electrode may result from intrinsically low Li ÷ diffusion in the solid mate- 
rial, as could be encountered in cathodes involving topochemical  reactions 
or, more frequently,  from low electrode porosity. In the former case, very 
little improvement  is possible, but  usually this is not  the main rate-limiting 
factor and improvements are usually possible by  increasing the electrode's 
porosity.  

The aforementioned effects notwithstanding, the rate in a nonaqueous 
Li cell can become limited by transport  in the electrolyte and separator. A 
recent report  by  Atlung [3] gives some insight into the extent  of  this type  
of  limitation. A reasonable starting point  for a quantitative evaluation of  the 
rate behavior in a Li cell is to  consider a cathode having a capacity density of  
15 mA h/cm 2 and 20 mil (0.5 mm) thick. For  a 4 h average discharge rate, 



one would have to employ a current density of  3.75 mA/cm 2. Assuming that  
the rate limitation is due to transport in the electrolyte and separator, the 
steady state limiting current density*, according to Atlung [3] ,  is given by 

4FCoD+ 
i - - -  

d 

Here, Co is the concentration of the electrolyte, D÷ is the diffusion coeffi- 
cient of  Li ÷ ion, and d is the path length between the electrodes. A preferred 
electrolyte in secondary Li cells is 1.5M LiAsFe in 2Me-THF. A reasonable 
estimate for D+ is ~ 1 - 5 × 10 -8 cm 2 s -1 . A typical thickness for the separa- 
tor is 0.05 mm. For a partially discharged cell, the cathodic reaction is dis- 
placed into the porous cathode. The tor tuosi ty of  the separator causes an 
increase in the real path length between the electrodes. We will assume a 
factor of  2. A reasonable estimate for d is then 0.6 mm (i.e., 2 × 0.05 + 0.5). 
The value of i, then, is 

4 F ×  1 .5× 10 -3 ×D+ 
i = ampere. 

0.06 

The actual current will be reduced by a factor determined by the porosity of  
the separator. For a separator with a volume porosity P, the free area is 
1 - - V ~  - - P  [3].  F o r P  = 0.5, this gives a factor, 0.3. Thus i is 

4 F × 1 . 5 × 1 0  - 3 × D +  
i = 0 . 3 -  ampere. 

0.06 

ForD+ equal to 10 -e cm2/s, i = 3 mA/cm 2. ForD+ equal to 5 × 10 -e cm2/s, 
i = 15 mA/cm 2. 

This limiting current would be reached in a period of  t, the time con- 
stant for diffusive transport, given by 

d 2 (0.06) 2 3.6 × 1 0  - 3  
t - - - 15 minutes. 

4D+ 4 X I0 -s 4 × 10 -6 

Thus, higher current densities than these should be possible for shorter 
periods [3]. In these situations, the limiting factor is ohmic resistance. 
System optimization through proper choices of solute-solvent combinations 
and separator materials is the answer to improving rate limitations. 

3. Rechargeability 
A good starting point  for the present discussion of  rechargeability is 

that  a system must  still deliver the required energy and power densities (e.g., 
200 W h/kg and 200 W/kg) at the rated cycle life. As we show in Section 1.1.2 
(p. 13), laboratory pro to type  Li/TiS2 cells will deliver between 100 and 
200 cycles. 

*The mode l  of  At lung  deals w i th  the  cat ion (Li +) concentrat ion  profiles at the  
s teady state s i tuat ion for t w o  plane e lectrodes at a distance,  d,  apart. A 1:1 e lectrolyte  
and single ion mobi l i t ies  are assumed.  
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This is an interesting performance, to be considered as an unoptimized base- 
line for comparison with new materials. 

In achieving such cycle life, it is imperative that  the cathode reaction 
shows microscopic reversibility. But that  is only the first of  a number  of  fac- 
tors to be taken into account.  For example, adverse physical changes in the 
cathode,  such as swelling during discharge, may impose limitations on 
rechargeability. In this case, improvements may be made through proper 
electrode engineering. Other factors, such as a lowered electronic conduc- 
tivity of  the discharged state from that of  the charged state, may restrict 
rechargeability, especially with the high cathode loadings of  practical cells. 
For  improved electronic conductivi ty,  additives such as carbon are of ten 
incorporated into the cathode matrix. In evaluating the performance of  
cathodes,  as reported in the literature, it is not  always possible to separate 
the effects of  possible irreversibility of  the electrode reaction per  se from 
electrode structural effects .  Our main emphasis is on the electrode reaction. 
Where appropriate, we draw attention to uncertainties in the data base be- 
cause of  electrode structural effects. 

B. Soluble cathodes 

Cells with soluble cathodes have a number  of  substantial potential 
advantages over cells with insoluble cathodes: 

high rate capability; 
an inherent overcharge mechanism; 
little sensitivity to overdischarge; 
the soluble cathode can help control  dendrites at the negative electrode 
and maintain the Li active mass. 
The major disadvantage of  these cells is self-discharge. Often,  the rate of  

self-discharge is too  high (as in Li/Br2) and/or  the self-discharge product  is 
undesirable, as for the Li/Cu halides. At tempts  to limit self-discharge with 
ion-exchange membranes have not  been successful. One difficulty is that  
solution conductivities are typically too  low to permit the use of  thick, 
highly nonpermeable membranes.  

1. Halogens and meta l  halides 
The highly electronegative halogens all show high voltages vs. Li. 

Table I shows that cells based on Li/halogen couples would exhibit  very 
favorable theoret ical  energy densities. The use of  F 2 as cathodic depolarizer 
seems t o  be impossible because of  the very high corrosivity of  this element. 
Gaseous C12 is also difficult to handle and its solubility in organic solvents is 
not  appreciable. 

An approach involving the use of  inorganic oxychlorides as solvents 
for C12 has been suggested by  Auborn et  al. [5 - 8] .  The OCV of  the Li/C12 
cell in POCL8 is approximately 4.0 V. In the presence of  a Lewis acid, e.g., 



TABLE 1 
Theoretical energy density and open cell voltages (OCV) of 
Li/halogen couples [ 4 ] 

Reaction OCV Specific energy 
(V) (W h/kg) 

2 Li + F 2 ---* 2LiF 6.0 6200 
2 Li + C I  2 - ~  2LiC1 4.0 2522 
2 Li + B r  2 - - *  2LiBr 3.4 1047 
2 Li + I s --* 2LiI 2.8 590 

A1Cls, the OCV increases to 4.3 V, since the formation of  LiA1C14 from LiCI 
and A1C13 has a negative free energy. The Li reaction with CI 2 is apparently 
reversible, eqns. (1) and (2). 

Li + 1/2C12(POC13) ----* LiCl (1) 

Li + V2C12(POCIs) + A1C1 s ~ LiAIC14. (2) 

Other oxychlorides such as SOC12 and SO2C12 are also possible solvents. The 
major present interest in oxyhalide solvents is, however, centered on their 
own irreversible "cata lyt ic"  reduct ion  at solid electrodes, e.g. ,  carbon. The 
oxychlorides show high voltages vs. Li and primary Li/SOC12 [9, 10],  and 
Li/SO2C12 cells [11] are actively being developed as high energy density 
power sources. Because of  the ready reduction of  the oxychlorides them- 
selves, they are not  suitable as solvents for secondary Li-halogen cells. 

Bromine can be dissolved in organic solvents, e.g., propylene carbonate 
(PC). Contact  between Br2 and Li must be avoided to prevent direct chemi- 
cal reaction, i.e., self-discharge. The discharge product,  LiBr, is soluble in 
most organic solvents and the Li electrode is not  protected. In the investi- 
gation by Weininger e t  al. [ 12],  the self-discharge was mostly eliminated by 
the use of  an ultmfine porous polyethylene separator (ion exchange 
membranes were not  favorable because of  their high resistivity). The cell 
consisted of  LiBr, LiC104/PC at the anodic side, and Br2, LiBr/PC at the 
cathodic side. The cathodic cell reactions supposedly are: 

3/2Br2 + e- ~ Br3 (3) 

Br 3 + 2e- -+ 3Br-. (4) 

The cell allegedly exhibited good cycling behavior. Table 2 summarizes the 
cycling results given as the percentage of charge recovered on discharge as a 
function of  cycle life. 

Rates of  up to 1.1 mA/cm 2 have been achieved. Self-discharge was not  
completely eliminated in this cell by porous membranes. Self-discharge 
became evident after standing on open circuit for periods up to several days. 
It was reported that  the cell does subsequently accept a fresh charge with 
good performance. A self-discharge rate within reasonable limits is possible 
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TABLE 2 

Utilization (current efficiency) of lithium-bromine cell on 
continuous cycling 

Cycle number 0 - 100 100 - 300 300 - 1785 

Approximate 90 70 30 
utilization (%) 

on ly  wi th  b e t t e r  separa tors ,  p o r o u s  or  ion-exchange  t ype .  No b r e a k t h r o u g h  
has been  r e p o r t e d  ye t .  

In pr inciple ,  a Li/I2 cell work ing  in an ana logous  m a n n e r  cou ld  be  
made .  The re  appea r s  to  be  one  r e p o r t e d  d e m o n s t r a t i o n  o f  such a cell 
[13,  1 4 ] .  

In  the  ear ly  days  o f  Li b a t t e r y  d e v e l o p m e n t ,  cons iderab le  e f f o r t  was 
m a d e  to  use  var ious  me ta l  hal ides  as c a t h o d e  mater ia ls .  The  mate r ia l s  ch ief ly  
inves t igated were  AgC1 by  Chi l ton  e t  al. [ 1 5 ] ,  AgF,  AgF 2 by  Shaw e t  al. 
[ 1 6 ] ,  CuC12 by  H e r b e r t  e t  al. [ 1 3 ] ,  CuC1 b y  G a b a n o  e t  al. [17,  1 8 ] ,  and  
CuF  2 b y  Boden  e t  al. [19 ,  2 0 ] .  O t h e r  mate r ia l s  such as NiF 2 and  NiCl u b y  
Sieger e t  al. [ 2 1 ] ,  were  also e x a m i n e d  as poss ible  candida tes .  

The  overal l  r eac t ion  in these  sys t ems  dur ing  cyc l ing  is 

n L i + M X n  -* n L i X + M .  (5) 

The  cell vol tages  and  theore t i ca l  energy  densi t ies  o f  m a n y  L i /me t a l  hal ide 
coup les  are s h o w n  in Tab le  3. The  mater ia l s  all p rov ide  cells wi th  re la t ively 
high vol tages  and  theo re t i ca l  ene rgy  densit ies.  Revers ib i l i ty  o f  the  c a t h o d e  
r eac t ion  in each  case is also good .  

TABLE 3 

Theoretical energy density and open cell voltages (OCV) of 
some Li/metal halide couples 

Reaction OCV Specific energy 
(V) (W h/kg) 

Li + AgC1 --* LiC1 + Ag 2.85 507 
Li + AgF - - ,  LiF + Ag 3.30 660 
Li + CuC1 - ~  LiC1 + Cu 2.80 697 
2Li + C u C 1 2  ---* 2LiC1 + Cu 3.10 1096 
2Li + CuF 2 - ~  2LiF + Cu 3.60 1645 

F o r  e x a m p l e ,  the  Li/CuC12 s y s t e m  can  be  d ischarged a t  qui te  high rates,  
and  the  da t a  o f  Eisenberg  [22]  ind ica te  a 2.3 V p la t eau  a t  the  2 h ra te  wi th  a 
capac i ty  o f  ~ 60 - 70 W h/ lb .  A t  the  5 h ra te ,  m o r e  t h a n  140 W h / lb  are 
ob ta ined .  More  t h a n  50 cycles  have  been  achieved.  



According to Gabano et  al. [17, 18] ,  the Li/CuCI system can be dis- 
charged at the C/4 rate wi thout  damage to the reversible CuC1 electrode. The 
charge rate could not  exceed C/20, however, and the limit on the number  of  
cycles was apparently due to  the positive electrode. 

Although metal fluorides are preferred as cathode materials because of  
their low equivalent weights, the discharge product ,  LiF, is insoluble in most  
organic solvents and this poses rate problems. High rate discharges have been 
demonstrated with metal chloride cathodes,  as indicated above. 

The major problem with the metal halide cathode cells results from self- 
discharge due to excessive solubilities of  the cathode materials in the electro- 
lyte. The problem may be explained in respect of  the Li/AgCI system [4] .  
The solubility of  AgC1 in DMF is about  1 × 10 -4 mol/liter. To this solubility 
the following equilibria may contribute:  

AgC1 ~- AgC1 log K = --2.38 (6) 
(solid) (solution) 

AgC1 ~ Ag + + CI- log K = --14.49.  (7) 

From the above equilibria, the self-solubility of  silver halides would appear 
to be sufficiently low. However,  the ability of  Ag halides to form soluble 
complexes with the excess halide produced in discharge reactions (eqns. (8) 
and (9)) may result in a serious self-discharge problem. 

AgC1 + CI- --~ AgCI2 (8) 

AgCI~ + CI- --~ AgCla 2-. (9) 

In organic solvents, reactions (7) and (8) may be writ ten as shown in eqns. 
(10) and (11). 

AgC1 + n(OX) --~ Ag(OX)~ + C1- (10) 

Ag(OX) + + 2C1- --* Ag(OX)+_2CI~ + 2OX. (11) 

Here, OX is an organic solvent having donating atoms such as O, N, and S. 
Because C1- shows a stronger Lewis basicity than organic solvents, complex 
formation is preferred. Silver fluorides, bromides, and iodides also form 
soluble complexes. The fluorides NiF 2 [23] ,  CuF2 [19] ,  HgF 2 [24] ,  and 
CdF2 [25] ,  which do no t  form complexes exhibit  much poorer  discharge be- 
havior. The reversibility of  the cathode reaction in these cases is also poor.  
An approach to  solubilize the discharge product  LiF and, hence, to improve 
the rate characteristics has been to use a Lewis acid such as BFa or PF5 so 
that  the reversible cathode reaction is: 

NiF 2 + 2Li + + 2BF s + 2e-  ~ Ni + 2LiBF4. (12) 

Evidently, self-discharge is excessive in this case. 
It is clear that  except  for the high self-discharge rate due to excessive 

cathode solubility, Li secondary cells with metal halide cathodes should be 
quite attractive. An approach to avoid problems arising from formation of  
soluble complex species has involved the use of  ion exchange membranes as 



separators between the anode and cathode compar tment  of  a cell [26 - 29] .  
However, the actual resistance of  the ion exchange membranes is in the order 
of  magnitude of  10 s - 105 ~2 (specific resistance: 105 - 10 v ~2 cm). These 
values are substantially higher than the electrolyte resistance (in contrast  to  
the results obtained in aqueous solutions). This high resistance might be 
reduced by: (1) increasing the ion exchange capacity and/or (2) decreasing 
the thickness of  the membranes. Both of  these approaches should be 
feasible, bu t  this approach seems to have been abandoned.  

A research group led by Armand [30] in France has apparently devel- 
oped some new membrane materials exhibiting superior performance. How- 
ever, to our knowledge, nothing has been published yet  on their performance 
in Li cells. 

2. Soluble S cathode 
Because of  its high abundance at low cost, S would be an extremely 

attractive positive electrode. The cell voltage is ~ 2.2 and the system has 
excellent specific energy (2570 W h/kg for the reaction 2Li + S ~ Li2S). 
The feasibility of  a secondary Li/S cell utilizing organic electrolytes has been 
extensively investigated, particularly at EIC [31, 32] .  Studies of  the redox 
chemistry of  S in organic solvents have shown that  S reduction proceeds via 
a series of, in general, soluble polysulfide species prior to the formation of  
the ult imate reduction product ,  insoluble Li2S [33] .  Both S and Li2S are 
electronic insulators and they are insoluble in most  relevant organic solvents. 
Thus, in the absence of  an electronic conductor  on the cathode,  the Li/S cell 
would behave poorly.  The rather low solubilities o f  S and Li2S could also 
limit rate capabilities of  the system [34 - 36] .  A considerable research effort  
has thus been focussed on solubilizing the S [32] .  

The best success to date has been achieved with an approach in which 
the S has been initially incorporated in the cell as dissolved Li2S, [31, 32] .  
Hence, the theoretical cell reaction is. 

_ ) m m -- 1 Li ÷. (13) 

Organic solvents such as tetrahydrofuran (THF) and dimethyl sulfoxide 
(DMSO) have been found to dissolve greater than 10M S as Li2S10. These 
solvents also dissolve appreciable amounts  of  lower order polysulfides, Li2Sn, 
n/> 2. However,  the solubility of  Li2S in these solvents is extremely low. 
Reasonable good cathode utilization at moderate  rates has been achieved 
with the use of a porous catalytic cathode comprising Teflon-bonded carbon 
of  the type  used in Li/SOC12 cells [10] .  The insoluble Li2S discharge product  is 
stored in the porous carbon electrode and, presumably, rate-capacity 
behavior is determined by the carbon electrode. 

What has been achieved to date are: cathode utilizations of  1.5 e- /S 
for 5M S as Li2S12 in THF/LiAsFs at 0.5 mA/cm 2 (~ C/30 rate) at room 
temperature;  1.83 e- /S for the same solution at the same rate at 50 °C, 



l e - / S  for the same solution at 4 mA/cm 2 at room temperature.  A cathode 
utilization of  1.5 e- /S for 5M S as Li2S12 and a cell voltage of  2.0 could pro- 
duce practical cells with specific energies of  ~ 110 W h/kg [31] .  

To date, only moderate  rechargeability has been achieved. Greater than 
100 low capacity (0.1 e-/S) cycles have been demonstrated,  with average 
efficiency approaching 100% at room temperature and 95% at 50 °C. At a 
depth of  0.5 e-/S,  efficiencies are about  95% at 25 °C and 90% at 50 °C, 
although these efficiencies tend to deteriorate after 10 - 20 cycles. The Li 
cycling efficiency in these cells has been determined to be, within experi- 
mental error, the same as that  of  the total cell. Therefore, no Li dendrites are 
isolated on the Li electrode during cycling. All of  the Li electrodeposited 
during charge is either stripped during discharge or redissolved v/a self- 
discharge. This maintains the material balance in the cell, a major require- 
ment  for its practical success. It.appears that  cathode rechargeability is limited 
by a self-discharge mechanism whereby the S accumulates on the negative as 
Li2S. The rechargeability, and probably the rate capability, would be 
improved by  dissolution of  Li2S. A possible approach would involve the use 
of  complexing agents.such as BFs which form soluble complexes with Li2 S. 
However, this may reduce the shelf life of  the cell as the protect ion afforded 
to the Li electrode by  insoluble Li2S would be eliminated. 

C. Insoluble solid cathodes 

It is clear from the discussions in the previous section that  soluble 
cathodes have not, to  date, achieved their promise, and that  the most  fruitful 
approach to practical Li secondary cells in the near future would be to use 
insoluble cathodes. Cathodes in which the Li reaction involves a displace- 
ment  process, resulting in extensive bond breakage and atomic reorganiza- 
tion, are generally not  reversible near room temperature.  The most  extensively 
studied and promising materials are those which undergo intercalation or 
topochemical  reactions with Li and we shall confine our  discussion to  this 
class of  materials. 

An ideal intercalation reaction involves the interstitial introduct ion of  a 
guest species into a host  lattice wi thout  structural modification of  the host. 
Such a reaction is reversible because similar transition states are readily 
achieved for both  the forward and reverse reactions, leading to close 
compliance with the thermodynamic principle of microscopic reversibility 
[39] .  In an actual intercalation reaction, the bonding within the host  lattice 
may be slightly per turbed (e.g., a slight expansion of  the host  lattice may 
occur). The inherent reversibility of  intercalation suggests its utility as a 
mechanism for reversible electrode reactions (eqn. (14)). 

xLi ÷ + xe -  + MYn ~ LixMY.. (14) 

Similar reactions which depend on the structure of  the host  but  result in 
somewhat  larger structural modifications, such as cleavage of  certain bonds, 
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are termed topotact ic  or  topochemical .  These reactions may be either revers- 
ible or irreversible depending upon the specific nature of  the structural 
changes. 

A number  of  authors, (Steele [38] ,  Heyne [39] ,  Whittingham [40] ,  and 
Woreli et al. [41] ,  have proposed the following basic requirements for such 
solid state ca thode materials: 

(i) large free energy of  reaction ~ G  (affording a high cell voltage); 
(ii) wide composit ional  range, i.e., x in eqn. (14) (resulting in high cell 
capacities); 
(iii) high dfffusivity of  the guest species (Li) in the host  (allowing high 
power  densities); 
(iv) minimal structural change as a function of  composit ion,  resulting in 
a reversible reaction and long cycle life; 
(v) good electronic conductivity.  

Much of  the recent research and development  activities on reversible 
cathodes for secondary Li cells has involved these types of  solid state ma- 
terials. Materials which have been found to undergo topochemical  or inter- 
calation Li reaction are: transition metal sulfides, selenides or oxides with 
layered structures, and transition metal sulfides or  oxides with three-dimen- 
sional network structures. Several reviews dealing with the structural 
chemistry of  these compounds  and its relationship to electrochemical reac- 
tions have already appeared [37, 40, 42 - 44] .  We review the data on these 
classes of  materials in the sections that  follow. 

1. Layered sulfides, selenides, and oxides o f  transition metals 
The most  extensively studied materials are the layered transition metal 

disulfides and diselenides. They generally undergo a i e- reaction with Li. 
Several trisulfides and triselenides with layered structures are known and 
have been investigated as rechargeable cathodes. The layered NbSe4 [78] 
was evaluated briefly. Among the oxides, the layered oxychlorides, FeOC1, 
VOC1, and CrOCIhave structures somewhat  similar to the dichalcogenides. 
Their possible suitability as cathodes for  secondary Li cells has received brief 
attention. Another  layered oxyhalide studied is UOs F 2. 

1.1. Transition metal dichalcogenides, 1~1X2, X -- S or Se 
The transition metal dichalcogenides, MX2, where X = S or Se and M = 

Ti, Zr, Hf, V, Nb, Ta, Mo, and W have been investigated as cathode materials 
to varying degrees [40] .  Pttre CrS2 has no t  been reported,  bu t  LiCrS2 has 
been studied briefly. In addition, a series of  mixed metal disulfides represen- 
ted by  MXNI_xS2,  where N = Cr or  V and M = Fe, Ni, Co or Cr has been 
evaluated [45 - 47] .  From an energy density s tandpoint  the  most  preferred 
materials are the disulfides of  the first row transition metals. These compounds  
are also the most  extensively studied. The diselenides of  the first row transi- 
t ion metals and disulfides and diselenides of  the 2nd and 3rd row transition 
metals, when they  meet  the criteria o f  reversibility, rate capability, and other  
relevant bat tery requirements,  may find special applications. We discuss the 
latter group of  compounds  first. 
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1. I. 1. The dichalcogenides o f  the second and third row transition 
elements 

ZrS2. Reaction with n-BuLi* resulted in an uptake of  one Li per mole 
of  ZrS2 to form LiZrS2 (Whittingham and Gamble [49] ). In the lithiated 
product ,  however, a tripling of  the C lattice occurs to form a 3-block struc- 
ture rather than the one-block structure observed for ZrSs itself. Cyclic volt- 
ammetry data showed the presence of  both  reduction and oxidation peaks, 
indicating intrinsic reversibility of  the sulfide. Reversibility characteristics in 
actual Li cells have no t  been demonstrated,  however. The structural data, 
which show more than modest  crystallographic changes during Li intercala- 
tion, suggest that  cathode rechargeability would be poor.  The theoretical 
specific energy of  this cathode with 1 e-/ZrS2 utilization at 2.0 V would be 
330 W h/kg. 

ZrSe 2. Reaction with n-BuLi suggests a capacity of  1 e- /ZrSe 2 [49] .  
Structural data indicate a simple expansion of  the C lattice by ~ 0.5 A with 
no rearrangement of  the anion lattice. One would expect  fairly good reversi- 
bility for  this cathode.  However, no electrochemical data are available. An 
estimated theoretical specific energy is 190 W h/kg. 

HfS2. No electrochemical data are available. Structural studies of 
Whittingham and Gamble [49] on the lithiated product  obtained from the 
n-BuLi reaction indicate behavior similar to that  o f  ZrS2. An estimated 
theoretical specific energy would be 215 W h/kg. 

HfSe2. No electrochemical s tudy has been reported.  Structural studies 
by Whittingharn and Gamble [49] on the n-BuLi reaction product  indicate 
behavior similar to that  o f  ZrSe 2. The estimated theoretical specific energy is 
140 W h/kg. 

NbS2. Whittingham and Gamble [49] found that  Nbl.09S2 reacted with 
n-BuLl to form L i 0 . T s N b l . o 9 S  2 after 15 days'  reaction. Apparently the indif- 
fusion of  Li here is very slow. Both the parent and the lithiated disulfide 
have the 3R rhombohedral  structure. Electrochemical studies of  this material 
have been carried ou t  by  Holleck et al. [50 - 52] .  They obtained a cathode 
utilization of  0.9 e-/NbS2 in the first discharge. However,  this capacity 
decreasd to  ~ 0.6 e-/NbS2 in the second cycle and remained steady at this 
value during subsequent  cycles. Only low rate cycling has been carried out.  
At 0.33 m A / c m  2, the capacity in the 30th cycle was ~ 0.6 e - / N b S  2. Based 

*The n-BuLi react ion mimics cell discharge [37, 48 ] and provides a convenient way 
of  screening potential cathode materials. In general, a material which does not react with 
n-BuLi would not be expected to show electrochemical activity, although the converse is 
not true. 
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on this cathode utilization and an average cell potential  of  2.0 V, the specific 
energy of  the cathode would be 199 W h/kg. 

N b S e  2. Reaction with n-BuLi leads to the formation of  LiNbSe2, indi- 
cating a maximum capacity of  one Li/mole of  NbSe2 [49] .  Electrochemical 
studies of  Whittingham et  al. [40] indicated that  the discharge capabilities 
were strongly dependent  on the method  of  preparation of  the selenide. Some 
commercial samples apparently showed less than 5% utilization even at 
current densities o f  50/~A/cm 2. The best cycling results o f  Whittingham et  
al. showed a capacity of  80% utilization in the first discharge at 0.5 mA/cm 2 
and 55% utilization at 2 mA/cm 2. However,  this capacity fell of f  rapidly, 
diminishing, for example, to 25% on the third discharge. This low reversibility, 
coupled with its high equivalent weight, make this material o f  little practical 
interest. 

TaS2. Two polytypes  of  this disulfide, namely the 1T and 2H modifica- 
tions, have been investigated. Both forms take up a maximum of  1 Li/TaS2 
by reaction with n-BuLl. Lithium intercalation of  the 2H form occurs with 
simple expansion of  the lattice, while in the 1T modification the structure 
switches over to a mult iblock modification upon Li intercalation. N.m.r. 
studies of  Li~TaS2 revealed a lower Li diffusivity, i.e., ~ 2 orders of  magni- 
tude less than in TiS2 [53] .  The actual cathode utilization found in Li cells is 
only about  0.6 Li/TaS 2 at 1 mA/cm 2 in the first discharge [40, 54] .  Appar- 
ently, the cathode has good reversibility with an average of  ~ 40% utilization. 
The lower utilization may be related to low diffusion coefficients at the 
extremes of  litl~ium content.  The specific energy, based on an average utiliza- 
tion of  60% (the first discharge) and an average cell potential  of  2.0 V, is 
only 130 W h/kg. 

MoS2.  This material is o f  interest because of  its relatively low cost. 
Crystalline MoS2 (Besenhard et  al. [55] ; Whittingham [40] ) and amor- 
phous* MoS2 (Jacobson et  al. [ 56] ) have been evaluated as cathodes for 
secondary Li cells. Reaction of  n-BuLl with crystalline MoS2 led to the 
formation of  Li2S [49] .  Electrochemically, only 0.1 Li/MoS2 were utilized, 
suggesting that  the crystalline material has little practical interest. 

Considerably improved electrochemical performance was shown by a 
material described as amorphous MoS 2 [56] .  This material is prepared from 
the normal temperature reaction of  Li2S with molybdenum chloride. Appar- 
ently, MoS 2 with varying degrees of  amorphous character can be prepared by 
appropriate heat t reatment  o f  the material prepared at normal temperature. 
Using a material which had been heat-treated at 150 °C, Jacobson et  al. 

*Amorphous materials are those which lack the long range order found in crystalline 
compounds. Consequently, amorphous materials do not exhibit sharp Bragg peaks in their 
X-ray spectra as shown by crystalline compounds. 
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obtained a capacity of  0.83 e-/MoS2 in the first discharge. This is a remark- 
able improvement  over the crystalline material. In the second discharge the 
capacity decreased to  ~ 0.7 e-/MoS2. However,  according to the authors, the 
material has good rechargeabflity. Thus, even after 244 discharge/charge 
cycles, the capacity exceeded 50% of  that  of  the 2nd discharge. To date only 
low-rate, i.e., 0.5 mA/cm 2, cycling has been demonstrated.  Reasons for the 
superior performance of  the amorphous material are no t  clearly understood. 
Nevertheless, the electrochemical behavior of  amorphous MoS 2 suggests that  
amorphous materials in general (see later) should merit  considerable future 
research and development  interest. The specific energy of  M o S  2 with 
0.8 e- /mole  utilization at 2.0 V is 255 W h/kg. 

M o S e  2 . No data on the electrochemical behavior of  M o S e  2 in Li cells 
have been reported.  Reaction with n-BuLi consumed 0.5 Li/mole of  MoSe 2 
[48] .  However, this reaction apparently leads to the destruction of  the MoSe2 
lattice, forming Li2Se. 

W S  2 and W S e  2 . No electrochemical data on the behavior of  these com- 
pounds in Li cells are reported.  Reaction of  WS2 with n-BuLi consumed 0.3 
Li/mole of  WS2, and reaction of  W S e  2 with n-BuLi consumed 1.5 Li/mole of  
WSe 2. In both cases, however,  the chalcogenide lattice was destroyed [48] .  

1.1.2. Dichalcogenides o f  the first row transition metals 

TiS2. TiS2 is the most  extensively studied of  all the dichalcogenides. It 
is also the material on which the most  extensive development  work as a 
cathode material for secondary Li cells has been carried out. This interest has 
been due to the fact that  the physical and chemical properties of  TiS2 more 
or less ideally satisfy the various criteria required by secondary cathodes. 
Whittingham has discussed this recently [40] ,  quote:  

"The reaction Li + TiS2 takes place with a high free energy of  reaction, 
206 kJ/mole,  and with little change in free energy over the composi t ion 
range. There is a single phase over theen t i r e  composi t ion range, so that  
no energy is expended in nucleating a new phase; in addition the lattice 
expands by ~)nly I0%, which should not cause substantial mechanical 
degradation problems, and as will be shown shortly, the entire range of 
x in Lix TiSs, 0 <: x < I values is accessible to electrochemical cycling. 
The diffusivity of the lithium ions is high, sufficient to permit high cur- 
rent densities and hence good power densities. TiS2 is a good electronic 
conductor, showing semimetallic behavior, and so in principle there is 
no need to add conductive diluents, such as carbon, to the cathode 
structure. No solubility of TiS2 was found in the organic solvents com- 
monly used in lithium batteries. The reversibility of the reaction with 
Li was shown by constructing cells and cycling them." 
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Electrochemical studies with T i S  2 w e r e  done in cells of  the 
configuration, 

Li/Organic Solvent, Li ÷ ion/TiS2. 

Most of  the work* on this system was done by research groups at EIC Cor- 
poration [50 - 52, 57] and Exxon Corporation [40, 58 - 61] .  Researchers at 
Exxon used as organic solvents dioxolane or dimethoxyethane (DME) with 
LiC104 or LiB(Cells)4 as the solute. In most  of  the early work at EIC the 
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Fig. 1. Discharge and cycling curves for Li/TiS2 cell. (a) First  discharge at  10 mA/cm 2, (b) 
76th cycle at  10 mA/cm 2, (c) 121st cycle at 2 mA/cm 2. (Whittingham, ref. 40.) 

*Broadhead et al. in 1972 conceived the idea of  holding electrochemically active ma- 
teriais such as iodine and S in a host  matr ix of  a dichalcogenide such as TiS2 and in parti- 
cular, NbSe 2. He believed the dichalcogenides to  be inactive by  themselves. (J. Broadhead, 
in D. H. Collins (ed.), Power Sources 4, Oriel Pre~, Newcastle Upon Tyne, England, 
1973; U.S. Patent 3,791,867; F. A. Trumbore,  J. Broadhead and T. M. Putvinski, Ab- 
stract 61, Fall Meeting of  the Electrochemical Society,  Boston, MA, 1973). 
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organic solvent was either propylene carbonate (PC) or  methylacetate  (MA) 
with LiC104 as the solute. The recent development  work at EIC (Holleck e t  
al., 1979) on practical Li/TiS2 cells was carried out  using 2Me-THF/LiAsF6 
electrolyte [62, 63 ] .  

The excellent reversibility of  the cathode reaction is shown by  the data 
for two cells in Fig. 1, one discharging at 2 mA/cm 2 on its 121st  cycle and 
the other  at 10 mA/cm 2 on its 76th cycle (Whittingham [40] ). The high rate 
capacity of  the cathode is indicated by the fact that  almost complete  
cathode utilization ( le- /TiS2)  was found even at 10 mA/cm 2. These studies 
of  Whittingham and coworkers apparently were carried out  with very low 
cathode loadings. 

In the recent studies at EIC, (Holleck e t  al. [57] ), tests were carried out  
with Li/TiS2 cells having cathode capacities of  ~ 15 mA h/cm 2. The electro- 
lyte was 2Me-THF/1.5M LiAsFs. Discharge and charge were carried out  at 
constant  current  between preset voltage limits of  1.6 V and 3.0 V at the 6 - 
10 h rate (1.5 - 2.5 mA/cm2). Although this represented an unusually severe 
test regime not  commonly  used in evaluating cycle life o f  conventional 
rechargeable cells, the Li/TiS2 cells exhibited very good performance 
characteristics. Cathode capacities ranged from 0.8 e-/TiS2 to 1 . 0  e-/TiS2 in 
the first discharge. The vol tage- t ime behavior showed practically no change 
upon cycling (Fig. 2). Cell capacity as a function of  cycle number  for a 
typical cell is shown in Fig. 3. The capacity, which was limited by the cathode, 
declined slowly. However, it was found that  by reducing the discharge 
current  the capacity loss could be recovered. This work showed that  the ma- 
jor cause for declining cathode performance in "practical Li/TiS2 cells" 
would be changes in electrode structure with cycling. Thus, although both  
TiS2 and LiTiS2 are electronic conductors,  cathodes incorporating carbon 
exhibited performance superior to those containing no carbon. The TiS2 
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Fig. 2. Cycling curves o f  an LiITiS 2 cell utilizing 2Me-THF/1.5M LiAsF 6 at cycles 1,50 
and 100. Theoretical capacity ~ 15 mA h/cm 2. (EIC Data.) 



16 

0.6 

0.5 

.~" 0,(4 

0,3 

0,2 

0,1 

0 _ _ l  I I i I / / I 
20 6O 60 80 16O 120 I ~  160 

No. of Cycles 

Fig. 3. Cathode utilization of an Li/TiS 2 cell during extended cycle testing. Current 
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crystallites show a largely reversible expansion and contraction upon inter- 
calation and expulsion of  Li. Thus an initially optimized electrode structure 
changes even after  the first discharge-charge cycle, since bonded powder  
electrodes used in most  o f  these studies do no t  show ideal elastic behavior. 
In the absence of  C in the electrode matrix, a loss of  particl~to-particle con- 
tact occurs, leading to diminished performance. This effect  is responsible for 
the high cathode utilization during the early discharges and the capacity 
decline on later cycling of  the cell, shown in Fig. 3. Reducing the current 
minimizes these effects. Evidently, a major area of  research for developing 
practical TiS2 cathodes would involve electrode engineering. Initial studies 
on the shelf-life of  EIC LiTiS2 cells show very little capacity losses after 
storage for  2 weeks at 90 °C. The cells did exhibit  some voltage delays, 
however  [64] .  

In practical configuration, although Li ÷ ion transport  in the separator 
and in the electrolyte is the ult imate rate-limiting factor, several factors 
relating to  both  chemical and physical properties of  TiS2 are also important  
for good rate performance. For  example, the best performance is exhibited 
by materials having the composi t ion,  Ti 1.oS2. Compositions between Til.0- 
$2 and Tix.:S2 can be obtained, and may be present together, depending 
upon  the synthetic technique [65, 66] .  The higher Ti content  samples exhib- 
it inferior rate and reversibility characteristics. A reason for this is that  the 
excess t i tanium causes a pinning of  the sulfide layers, which will reduce the 
diffusion rate of  the Li ÷ ions, and at the same time occupies some of  the 
sites where the Li ÷ would otherwise reside. Thus, the composi t ion Til . :  $2 
shows much poorer  rate behavior than Til.0S2, even though they are of  
comparable particle sizes. In general, the effect  o f  s toichiometry on rate per- 
formance is significant in most  Li intercalating cathodes. 

A major concern with TiS2 cathodes is cost. Titanium is expensive and 
the processing cost  for  "bat tery  grade" TiS2 is relatively high. The relatively 
less expensive synthesis procedures presently available for "non-bat tery  
grade" TiS 2 [67] may be upgraded to meet  bat tery specifications. Apparent- 
ly, some progress has been made at Exxon in this regard. 
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The specific energy of  TiSu based on 1 e-/TiS2 and 2.1 V is 480 W h/kg. 
Projected energy densities for practical Li/TiS2 cells based on the recent 
EIC data are given in Fig. 4(a) and (b). 
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Fig. 4. (a) Projected gravimetric energy densities for practical rechargeable Li cells (100 
cycles, ~ D-size). (EIC Data, ref. 57.) (b) Projected volumetric energy densities for practi- 
cal rechargeable Li cells (100 cycles, "~ D-size). (EIC Data, ref. 57.) 

Recently,  Murphy [68] has shown that TiS2 intercalates a second Li at 
0.50 V vs. Li÷/Li. This Li is rechargeable, although rechargeability 

decreased with cycling. The low potential  of  the second discharge is not  
practically attractive. However,  Murphy has suggested that  the low potential 
of the LiTiS2/Li2TiS2 vs. Li÷/Li might make it an attractive anode in cells 
of the type  Li2TiS2/Li+/TiS2, yielding ~ 1.5 - 1.9 V, and possibly circum- 
venting the Li anode plating inefficiency. 

A similar concept  was used by Lazzari e t  al. [69] in the construct ion 
and cycling of  a Li cell, LiWO2/LiC104, PC/TiS2. The cell had an OCV of  
2.0 V at 25 °C. In low rate cycling (0.10 mA/cm2),  more than 68 cycles have 
been achieved. The data were presented as preliminary with no details of  
cathode utilization. Although this concept  is an interesting one, the major 
disadvantages would be lower cell voltages and lower energy densities than 
are possible with Li metal anodes. 

TiSe2 .  A limited amount  of  work has been done on TiSe2 [40] .  
Reaction with n-BuLi led to the uptake of  0.97 Li/TiSe2 [49] .  Electro- 
chemical studies in Li cells showed cathode utilizations of  0.95 e-/TiSe 2 at 
0.5 mA/cm 2, 0.75 e-/TiSe2 at 1 mA/cm 2, and 0.5 e-/TiSe2 at 2 mA/cm 2 in 
the first discharge. The cathode apparently exhibits good reversibility. A 
potentially high rate capability of  this cathode is suggested by  the high self- 
diffusion of  Li ÷, similar to that  found in TiS2 [53] .  Nevertheless, because of  
the relatively lower energy density of  TiSe2, it does not  offer any advantage 
over TiS2. At 95% cathode utilization, with an average cell voltage of  1.9 V, 
the specific energy of  the cathode is 227 W h/kg which is only half that  of  
TiS2. 
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VS2. Unlike TiS2, VS 2 does no t  show acceptable electrochemical per- 
formance at room temperature (Murphy et al. [45, 70] ). Up to 1 Li/VS2 can 
be incorporated by  reaction with n-BuLi. However,  in a Li  ce l l  a maximum 
of only 0.4 Li/VS2 could be incorPorated even at very low current densities. 
The Li reaction is reversible but  the capacity decreases with cycling, even at 
the very low level of  cathode loading and the low rates employed in Murphy's 
experiments. The poor  performance of  VS2 results from the presence of  two 
slightly distorted phases in LixVS2 near x = 0.33 (a-phase) and x = 0.5 (~- 
phase). Murphy's  preliminary results seemed to indicate that  above 85 °C, 
LixVS2 is a single phase for 0 < x < 1, with the result that  bet ter  cycling 
occurs above this temperature.  Because of  the higher voltage of  Li/VS2 cells 
(i.e., 0.2 V more than in Li/TiS2 cells), this material may find special appli- 
cations in high temperature batteries. 

VSe 2. The suitability of  this cathode material was investigated by 
Whittingham, at Exxon [40, 71] .  Reaction with n-BuLi resulted in an 
uptake of  more than 1.5 Li/VSe2, suggesting the possibility of  high Li capa- 
city for this cathode. Cycling studies in Li cells showed exceptionally high 
cathode utilizations at rates between 1 and 10 mA/cm 2 {Fig. 5). The reversi- 

• bility of  this ca thode is also very good, being very similar to that  o f  TiS2. 
The 22nd cycle for a cell discharging at 2 mA/cm 2 is shown in Fig. 6. It was 
also found that  at potentials between 1.4 V and 1.0 V a second Li could be 
incorporated with apparent ready reversibility [68, 71] .  
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Fig. 5. First discharge curves o f  l i thium/vanadium diselenide cells as a function of  current 
density. (Whittingham, ref. 71.) 

Fig. 6. Cycling behavior o f  a l i thium/vanadium diselenide cell. (Whittingham, ref. 71 .) 

The specific energy of  the VSe 2 cathode with 1 Li/VSe2 capacity at 
2.0 V is 248 W h/kg. Although this energy density is fairly low in com- 
parison with TiS2, this material may be of  special interest because of  the flat 
cell voltage and the high Li reversibility at high rates. 

V2S5. Recently,  Jacobson and coworkers [72] from Exxon Corpora- 
tion have reported that  amorphous V2S5, obtained by the controlled thermal 
decomposi t ion of  (NH4)3VS4, exhibited rather superior performance in 
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secondary Li cells. The first discharge at 0.5 mA/cm 2, of cells containing 
dioxolane/LiC104 electrolyte, resulted in a capacity of 2.4 e-/V. The mean 
discharge voltage was 1.96 V which, together with the high capacity, gives a 
gravimetric energy density of 950 W h/kg. Increasing the current density to 
2.5 mA/cm 2 reduced the capacity in the first discharge only to 2.12 e-/V, 
showing the high rate capability of the cathode. On recharge to 2.8 V, 80% 
of the discharge capacity was recovered in the first charge {Fig. 7). With 
repeated cycling performed at 0.5 mA/cm 2, however, the capacity decreased 
gradually. Thus on cycles 10, 20, and 30 the capacities were 41, 35, and 33% 
of the initial capacity. However, it was found that the fall in capacity was 
accompanied by pronounced changes in the voltage/composition profiles. 
Thus, the mean cell voltage increased from 1.98 V in the first discharge to 
2.28 V in the 30th discharge. Apparently the initial V2S5 was converted 
into another phase, probably to amorphous VS2. A series of polarization 
curves at current densities from 0.5 to 8 mA/cm 2 obtained after the 30th 
cycle, indicated good reversibility for the cathode. The specific energy at 
the 30th cycle corresponds to 300 W h/kg; still quite attractive. Another 
attractive feature of this material is that its synthesis is accomplished rather 
easily. 

It is apparent that amorphous metal sulfides constitute an interesting 
class of compounds which merits further research and developments to fully 
explore their potential as cathodes for secondary Li cells. 
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Fig. 7. Cycle data for a Li/LiClO4-dioxolane/V2S 5 cell. (Jacobson et  al., ref 72.) 

CrS2 and CrSe  2. CrS2 is thermally unstable and must be prepared as Li- 
CrS2 (Van Laar et al. [73] ). Although Li can be removed from LiCrS2 
electrochemically, only about 20 - 30% is removed at significant current 
densities, i.e.,/> 1 mA/cm 2 (Whittingham [40] ). Part of the problem is the 
higher potentials required for Li removal causing oxidation of the organic 
solvents. Apparently detailed investigations of this cathode have been limited 
by the lack of suitable electrolyte systems. 

No electrochemical study of CrSe 2 had been reported. 

1.1.3. Mixed metal disulfides 
A series of disulfides having the nominal atom composition MxNI-xS2, 

where M is selected from the group consisting of Mn, Fe, Ni, and Co and 
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mixtures thereof,  and N is selected from the group consisting of  V and Cr 
and mixtures thereof,  was investigated by Murphy and Disalvo at Bell Labora- 
tories [45, 46 ] .  Compounds  on which electrochemical data have been 
reported are discussed below. 

Feo.~5 Vo. 75S2. Cycling studies were carried ou t  with cathodes of  very 
low loading. At current  densities less than 0.5 mA/cm 2, 100% cathode utiliz- 
ation (1 Li/host) with a mid-discharge potential of  2.2 V was possible in the 
first discharge. Utilization on the fifteenth cycle was 90%. This cell has a 
slightly higher theoretical specific energy (i.e., 510 W h/kg than the Li/TiS2 
cell. However, rate-capacity behavior and rechargeability in practical cells 
have yet  to be demonstrated.  

Feo. 5 Vo. 5S2. The performance of  this cathode was much poorer  than 
that of  Feo.25Vo.75S 2. Apparently,  this material does not  merit further 
consideration. 

Vo.25Cro. 75S~. At current densities < 0.4 mA/cm 2, utilization in the 
first discharge was 0.65 Li/host  at  very low cathode loadings. This utilization 
fell with cycling, diminishing to ~ 0.57 Li/host  at the fifth cycle. Although 
ra te-capaci ty  behavior and rechargeability have not  been demonstrated in 
practical cells, the system may merit further at tent ion because o f  the very 
fiat discharge at the relatively high voltage of  2.6. This is particularly attrac- 
tive technologically. At a 0.65 Li/host  utilization the specific energy would 
be 375 W h/kg. 

ego. 5 Yo. 5S2 • Although this material const i tuted one of  the members of  
the mixed metal disulfides discovered by Murphy and coworkers [46] ,  its 
electrochemical performance has been evaluated only recently at EIC Cor- 
poration by  HoUeck et al. [74] .  

Cells were cycled with cathodes having capacity densities of  17.5 
mA h/cm 2 {based on 1 Li/MS2) so that  the data represent the cycling of  
practical cathodes.  Cells were cycled at C/10 rates {1.75 mA/cm2). A plot o f  
cathode utilization vs. cycle number  is shown in Fig. 8. The capacity in the 
first discharge corresponded to 0.63 e- /hos t  with a mid-discharge potential  
of  2.44 V. Usually in Li/TiS2 cells having similar cathode loadings, the capa- 
city in the first discharge would be ~ 0.8 e-/TiS2, suggesting that the lower 
utilization of  Cr0.5V0.5S2 in these cells may involve cathode structural fac- 
tors. Indeed, capacities close to 1 e-/Cr0.sV0.sS2 can be obtained at very low 
cathode loadings. 

The cathode u t i l i za t ionshowed a slowly declining trend with cycle 
number.  At the 5th discharge it was ~ 62%. At the 10th discharge it was 
54%. At the 20th discharge it was 47%. At the 104th discharge, the capacity 
was 23%, bu t  when the current  was reduced to  30 mA(0.75 mA/cm2),  the 
rechargeability increased substantially in that  the cathode utilization increased 
to 46% at the 105th discharge. The latter utilization is the same as that  in 
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the 20th discharge, suggesting that  much of  the loss in capacity with cycling 
results from cathode structural factors. 

If the average 0.6 e- capacity obtained in the first five cycles can be 
maintained in extended cycling, the Cr0.5V0.5 $2 cathode with its relatively 
higher cell voltage would be quite attractive. The specific energy of  the 
Li/Cr0.sV0.sS 2 system with 60% cathode utilization at 2.4 V would be 315 
W h/kg. The synthesis of  Cro. 5V0.5S2 is relatively easy. Preliminary studies at 
EIC show that  the disulfide has potentially high storage capability at 
elevated temperatures. 

Cro.33Vo.33Feo.33S 2. Only studies utilizing low levels of cathode 
loadings are available. At current densities < 0.25 mA/cm 2, its initial capa- 
city corresponded to 0.75 Li/host  with a mid-discharge potential of  2.45 V. 
The capacity on the 4th cycle was 0.55 Li/host. Specific energy correspon- 
ding to the first discharge is 400 W h/kg. The material may be of  interest for 
further development, particularly in view of  the higher cell voltage. 

Vo. 67Mno. 3 3 S 2  • This material does not  appear to be particularly attrac- 
tive. At low levels of  cathode loadings, the initial capacity at < 0.25 
mA/cm 2 was 0.5 Li/host  with a mid-discharge potential of  2.25 V. The capa- 
city in the 8th cycle was 0.45 Li/host. 

1.2. Transi t ion meta l  trichalcogenides, M X  3 
The trichalocogenides which have been investigated as cathode 

materials for secondary Li cells are; TiS3, NbS3, NbSe3 and MoS3. 
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TiS3. The structure of  TiS3 bears some resemblance to those of  layered 
dichalcogenides, showing layer-like characteristics. However, there are two 
types of  sulfur species, a polysulfide radical, S~ 2 - and a sulfide group, S 2 -, so 
that  the metal is tetravalent. In the crystal, the van der Waals layer is lined 
with polysulfide groups [60] .  Electrochemical evaluation of  TiSa in Li cells 
has been carried out  by Holleck et al. at EIC [51] and Whittingham et  al. at 
Exxon [40, 60l. 

In the first discharge, up to 3 Li per mole of  TiS3 can be incorporated. 
The open circuit potential of  the cell remains at 2.17 V, almost independent 
of Li content  up to 2 Li, with a gradual fall-off to 1.87 V as a third Li is 
added. It appears that  in the former, the polysulfide bond is broken and a 
ternary phase is formed. The third Li interacts with the structure in a 
manner more reminiscent of  TiS2. Only one Li is reversible. Holleck et al. 
have reported more than 100 cycles for a Li/TiS3 cell with a PC/1M LiC104 
electrolyte. The cathode utilization in the second discharge was 0.76 e-/TiS3 
and in the 100th discharge it was 0.64 e /TiS3. In the light of these results, 
it appears that  the only likely application for TiS3 would be in primary Li 
cells, or cells used a limited number of  times. 

NbS3 .  Niobium trisulfide has a structure analogous to that  of  TiS3. Eva- 
luation of  the material in Li cells was carried out  by Holleck et  al. at EIC. 
The electrolyte used was either PC/1M LiAIC14, or PC/1M LiC104. 

The initial discharge showed an extremely flat discharge plateau at 1.8 
V. Typically, initial capacities of  2.4 e-/NbS3 were obtained. Only about 
55% of this capacity was rechargeable in the first charge, so that  in the 
second discharge the capacity was about  1.4/NbS3. The second and sub- 
sequent discharges proceeded at higher potentials {i.e., a sloping discharge 
between 2.5 and 1.5 V), indicating cathode structural changes. After 50 
cycles, the cathode utilization was still about  1.3 e-/NbS3. With a cathode 
utilization of  ~ 1.3 e-/NbS3 and a mid-discharge potential of  2.0 V, the 
specific energy of  the Li/NbS3 couple would be 370 W h/kg. This is a rather 
attractive energy density. However, the cell performance at high cathode 
loadings, the rate-capaci ty behavior, low temperature performance, and 
storageability at high temperature are yet  to be assessed. 

NbSe3 .  The NbSe3 structure is basically the same as the TiS3 structure 
but lacks the simple Se-Se bonding and has a more complex interchain bon- 
ding. There is still a van der Waals gap, so that  Li intercalation and deinter- 
calation occur during discharge and charge. Electrochemical evaluation of  
NbSe 3 in Li cells was carried out  by Murphy and coworkers at Bell Labs. 
[75].  The first discharge of  NbSe 3 in a Li cell utilizing PC/LiC104 at low cur- 
rent densities results in a capacity equivalent to 3 Li/NbSe3. The first dis- 
charge proceeds in 2 distinct steps: a flat plateau region at 1.6 V up to 2 Li/- 
NbSe 3 and a sloping region to 1.0 V for the third Li. Subsequent cycling of 
the cathode results in structural changes, so that  the discharges occur at 
higher potentials with a mid-discharge voltage of  1.8 V. The cathode has ex- 
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hibited very good reversibility. Rates of  up to  0.8 mA/cm 2 at cathode 
loadings of  5.6 mA h/cm 2 (3 Li/NbSe3) have been at tempted.  Some typical 
discharge curves according to Murphy et al. [75] are shown in Fig. 9. The 
capacity after > 200 cycles (equivalent to  > 100 deep "3 Li" cycles) is still 
nearly 2 Li per NbSe3 and 75% of  the initial capacity. The specific energy of  
the Li/NbSe3 couple based on the experimental data (2 Li/NbSe3 at 1.8 V) is 
280 W h/kg. More significantly, the volumetric energy density for the same 
cathode utilization would be ~ 1.0 W h/cm 3 (Trumbore,  1979) whereas for 
TiS2 with 1 e-/TiS2 utilization it would only be 1.2 W h/cm 3. There is no 
reason to believe that  cathode utilizations higher than that  already achieved, 
i.e., the maximum 3 Li/NbSe3 [76] ,  are not  possible. 

1,0  Li 2.0 Li 

1 " " " 210 90 1 

0 I I I I [ 
2 4 

HBS 

5 

Fig. 9. Discharge behavior of Li/NbSe 3 cells (Murphy et al., ref. 75). 

Further  evaluation with respect to rate/capacity behavior, low tempera- 
ture performance,  cycling characteristics at cathode loadings comparable 
with practical cells, and cathode storageability at higher temperatures,  is ye t  
to be carried out. The synthesis procedure for NbSea is comparable in diffi- 
culty with that  of  TiS 2. Both NbSea and its lithiated products  are electroni- 
cally conducting, as in the case of  TiSu. Because of  these many attractive fea- 
tures, especially the volumetric energy density, Li/NbSe3 secondary cells 
may find special practical applications [ 76] .  

MoS3.  Recently,  an amorphous composi t ion of  MoSs was prepared at 
Exxon by Jacobson et aL [ 77] .  Preliminary electrochemical data are pro- 
mising. Cells were cycled at 0.5 mA/cm u, utilizing cathodes with and with- 
out  a graphite conductive diluent. The electrolyte was dioxolane/LiC104. 
Cells with, and without ,  graphite diluent performed similarly. Initial dis- 
charge corresponded to capacities of  3.5 to 3.8 e-/MoSa. The discharge 
shows a flat voltage profile at ~ 1.9 V. After the first discharge, there was a 
loss in capacity corresponding to 10 - 20% of the initial discharge capacity. 
On subsequent  cycling this capacity was maintained for several cycles. 

Although only preliminary data are available to  date, the material is 
promising enough to warrant further investigation. The specific energy 
calculated from the experimental data (3 e-/MoS3 at 1.9 V) is 715 W h/kg, a 
very high value indeed. 
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1.3. Transi t ion meta l  tetrachalcogenides 

NbSe4 + x. Murphy and coworkers [78] investigated NbSe4 and NbSe4.5 
as reversible cathodes for Li cells. 

The first discharge of  NbSe4 results in a capacity of  3.8 e-/mole.  The 
discharge shows a flat voltage profile at ~ 1.8 V. At relatively low current 
densitieS, over 96% of  the capacity is recharged in the first charge. However, 
the capacity declined with repeated cycling falling to ~ 50% in the 10th 
cycle and ~ 35% in the 25th cycle. Niobium tetraselenide is a poor  electronic 
conductor  and the cathode additive of  either graphite or the electronic 
conductor  NbSe3 was necessary to fabricate workable cathodes. 

Cells employing NbSe4.5 failed sooner than those containing NbSe4. 
Although part of  the problem was attr ibutable to poor  cathode structure, 
the overall performance of  NbSe4.5 was inferior to that  of  NbSe4. Neither of  
these selenides merits further consideration. 

1.4 .  Layered  transit ion metal  phosphorus  trisulfides 
A class of  layered transition metal phosphorus trichalcogenides, 

represented by  the general formula MPX3, where M = Fe or Ni and X = S or 
Se ,  has been synthesized and evaluated as cathodes for secondary Li cells by 
Thompson et  al. at Exxon in the U.S.A. [79, 80] and at Marcoussis in 
France by LeMehaute et  al. [81, 82] .  These compounds  have structures very 
similar to that  of  TiS 2. The transition metal atoms and the P-P pairs occupy 
sites that  Ti would fill in the TiS2 structure. 

Most studies have been carried out  with NiPS3. Reaction of  NiPS3 with 
n-BuLi resulted in an uptake of  4.5 Li per mole o f  NiPS3 [79] .  Electro- 
chemically, however,  only 3.5 Li could be incorporated in the initial 
discharge [79] .  The discharge proceeds with a constant  cell potential of  1.8 
V until three Li have been incorporated and then continues with a sloping 
potential  region to 1.5 V for the remaining 0.5 Li. Thompson et  al. have 
cycled cells 300 times to a depth of  30% of  the initial discharge, i.e., ~ 1 e- / -  
NIPS3. With FePS3 as cathodes,  Thompson et  al. have cycled cells 20 times 
to a depth of  1.5 Li/FePS3. Apparently some structural changes do occur 
after the initial discharge, since the discharge potentials move to higher 
values. 

A different picture of  the electrochemical behavior of  NIPS3 appears 
from the work of  the French group [82] .  They also obtained a capacity 
> 3 e-/NiPS3 in the initial discharge. However, the discharge apparently 
proceeded with voltage steps, indicating phase changes in the cathode after 
lithiations of  0.5 Li and 1.5 Li. Their work suggests that  at Li composit ions 
> 1.5/NIPS3, a heterogeneous phase exists with the formation of  Li2 S. Thus, 
decomposi t ion of  the cathode apparently occurs at high lithiation. This 
s tudy suggests that  the maximum reversible capacity of  NIPS3 would be 
about  1.5 Li/NiPS3, 

At reasonable current densities, i.e., > 1.0 mA/cm 2, one can expect  a 
reversible capacity of  ~ 1 e-/NiPSs with a cell voltage of  ~ 1.8 V. This 
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would translate to  a specific energy for Li/NiPS3 cells of  250 W h/kg. The 
cycling data available to date suggest that  the material may undergo irrever- 
sible changes during deep discharges. The synthesis of  MPSa compounds  
involves tedious high temperature procedures. For  these reasons, MPS3 com- 
pounds do not  appear to  be attractive for high energy density cells. 

1.5. Layered metal oxyhalides 
The layered oxyhalides, FeOC1 [83 - 85] and UO2F 2 [86] ,  have been 

recently evaluated as cathodes for secondary Li cells. 

FeOCl. Although structural considerations would suggest a capacity of  
1 Li/FeOC1, only 0.5 Li could be incorporated electrochemically. The dis- 
charge proceeds with a constant  cell voltage of  ~ 2.0 before a rapid potential 
drop to < 1.5 V at a composi t ion of  ~ 0.5 Li/FeOC1. Reaction of  n-BuLi 
with FeOC1 showed a tendency for the material to  decompose  at Li contents  
> 0.5 in LixFeOC1. According to  Whittingham, the rechargeability of  the 
Li/FeOC1 cell is much. inferior to that  of  the Li/TiS2 cell. The known 
chemistry of  FeOC1 [85] suggests that  the cathode would decompose  in a Li 
cell during prolonged storage to form LiC1 and other products.  The Li reac- 
tions of  the related oxychlorides, VOC1 and CrOC1, are irreversible [87] .  

U O 2 F  2 . This fluoride has a structure superficially similar to that  of  
TiS2, comprising layers made up of  uranium atoms surrounded by  a dis- 
tor ted octaheclron of  fluorine; the oxygen of  the UO2 2+ ions is found in the 
faces of  these octahedra bounding the van der Waals layer [40] .  

Reaction of  UO2F 2 with n-BuLl has resulted in an uptake of  2 Li/UO 2- 
F 2 [86] .  The Li/UO2F 2 cell utilizing THF/PC/LiCIO4 electrolyte has an 
OCV of  3.0 V, bu t  upon  discharging at 0.1 mA/cm 2, the cell rapidly polarized 
to  ~ 1.25 V, at which potential the discharge proceeded. The charge pro- 
ceeded at a constant  voltage of  ~ 3.2 V, showing poor  voltage efficiency for 
cycling. The discharge potential  could be raised to ~ 1.5 V by  starting with a 
cathode in the discharged state as Li2UO2F2 (from n-BuLl reaction) and acti- 
vating the cathode by an initial charge. No data are available on the cycle life 
of  the cathode.  In spite o f  this, the relatively high equivalent weight (eq.wt. 
= 158) coupled with the low cell potentials and the poor  voltage efficiency 
of  cycling make this ca thode very unattractive. 

2. Metal chalcogenides with complex structures 
Several metal chalcogenides having complex crystal structures have 

been investigated as cathode materials for secondary Li cells. The materials 
which are discussed in this section are: (i) channel-type chalcogenides, Mo3- 
X4, X = S or Se; (ii) the  sulfospineis, MIIIM2IIIS4 where Mz = Cu, Fe, Co, Ni, 
Mn, Zn, and M 2 = Ti, V, Cr, Fe, Co, and Ni; (iii) the  iron sulfides, MxFeS2, 
where M = K f o r x  = 1 and M = Sr and Ba f o r x  = 0.5; (iv) the copper  sul- 
tides, CuS, CuFeS2 and related compounds ,  and (v) BisS 8. 
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Mo3 X4;  X ~- S or Se. These compounds were evaluated by Schollhorn 
and coworkers in Germany [88]. These chalcogenides, possessing three- 
dimensional network structures, undergo reversible cathode reactions in Li 
cells in a topochemical fashion. 

Initial discharge of MosS4 in a Li cell utilizing DME/LiC104 results in a 
capacity of 1.8 e-/MosS4. The discharge proceeds in 2 steps; the first step, 
involving 0.5 "Li, occurred at ~ 2V,  and the second step, involving 1.3 Li, 
occurred at ~ 1.8 V. The cell is rechargeable with ~ 75% reoxidation 
efficiency in the initial cycles and close to 100% reoxidation efficiency after 
10 cycles. Only low rate cycling (~ 300 pA/cm 2) has been reported. With a 
cathode utilization of 1.8 e-/MosS4 at 1.8 V, the specific energy of the 
Li/MosS4 couple would be 218 W h/kg. 

According to Schollhorn et al., preliminary galvanostatic experiments 
with Mo3 Se4 indicated a behavior very similar to that of Mos $4 electrodes. 
They have also reported in the same paper that NbsS4 and NbsSe4 undergo 
reactions similar to the molybdenum chalcogenides, with a charge transfer 
value of ~ 0.8 e-/Nb3X4. These materials would not be attractive from an 
energy density standpoint. 

2.1. Sulfospinels, MI I1M2ZHX4 
This class of compounds has been investigated by Eisenberg at the 

Electrochimica Corporation. In a patent [89], several materials have been 
claimed as possible cathode materials. These compounds are CuCo2S4, 
CoTi2S4, CoFe2Sa, CoCr2S4, MoTi2S4, VTi2S4, CosS4, CuCr2S4, and NiCr 2- 
$4. However, the rechargeability behavior of only three materials, namely, 
CoFe2S4, CosS4, and CuCo2S4, is reported. Cycling studies with these mate- 
rials were carried out, apparently with "practical" cathodes [90, 91]. 

THF/DME/LiC104 electrolyte cells with CoFe~S4 and CosS4 exhibited 
high OCVs, in the range of 2.8 - 2.9 V. However, they discharge at rather low 
voltages. For example, at 1.0 mA/cm 2, the discharge of a Li/CoFegS4 cell 
proceeds at 1.5 - 1.2 V and the discharge of Li/CosS4 proceeds at 1.1 - 0.8 V. 
Moreover, charging of these materials involved relatively high voltages in the 
range 3.1 - 3.4 V. The presently avilable data do not suggest practical uses 
for these two materials. 

Better performances have been shown by CuCo2S4. This material 
apparently is capable of cycling 2 Li/mole of CuCozS4 reversibly. However, 
the discharge potentials after a capacity of 0.8 e-/CuCo2S4 occur between 
1.5 and 1.1 V. The material apparently exhibited good rechargeability for 
cycling between 2.4 and 1.1 V, with a cathode utilization of 2 e-/CuCoS4. 
The rate capability of the material is also good. What appears from the 
published data, however, is that reasonably attractive voltages (> 1.5 V) are 
possible only up to a capacity of 0.8/CuCo2S4, which does not make this 
material very attractive. A general disadvantage of low potential cathodes 
would be that repeated cycling of cells to potentials to, or below, 1 V could 
lead to irreversible reduction of the solvents, resulting in poor Li cycling 
efficiency. 
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M x F e S 2 ,  w h e r e  M = K f o r  x = 1 a n d  M = S r  a n d  B a  f o r  x = 0.5 .  Jacob- 
son and coworkers  [92, 93] have shown that  the  compounds,  KFeS2, Sr0.5- 
FeS2, and Ba0.5FeS2 are electrochemically active, reversible cathode mate- 
rials suitable for nonaqueous Li cells. This class of  materials is structurally 
characterized by  infinite chains of  edge-shared iron-sulfur  tetrahedra with 
the large alkali or alkaline earth metal ions in eight coordinate sites between 
the chains. A cell with crystalline KFeS2 and no added graphite was dis- 
charged at 0.5 mA/cm 2 to a lower cu tof f  voltage of  1.3 V and then recharged 
at the same rate to 2.72 V. The total capacity in the first discharge was 
0.6 Li per KFeS2. The initial cell voltage of  close to 2.6 V falls rapidly to 
1.56 V and then slowly to the 1.3 V lower cutoff .  On recharge, the voltage 
rises smoothly  to 2.2 V and then steeply to the upper cutoff .  At this stage, 
the system is not  completely reversible, only about  50% being recovered on 
this first cycle. However,  the behavior on the second and subsequent  dis- 
charges was markedly different. The voltage initially dropped to 2.06 V, but  
this fell smoothly  over the whole range and a greater proport ion of  the dis- 
charge capacity was recovered as cycling continued. Thus, on cycle 14 the 
recharge capacity is 97.5% of the discharge and the overall utilization is 
0.65 Li. The discharge profiles with and wi thout  graphite were similar, 
though with graphite added a greater initial capacity was obtained, probably 
due to increased electronic conductivity.  

The behavior of  both  Bao.sFeS2 and Sr0.5FeS2 was similar to that  of  
KFeS2. The first discharges were flat at voltages close to 1.5. Subsequent  
discharges are smoothly  varying from above 2.0 V to the lower 1.30 V cut- 
off, and the systems show an increase in reversible capacity over the first 
few cycles. The maximum utilizations obtained on cycling were 0.6 Li/Ba0.5- 
FeS 2 and 0.7 Li/Sro.sFeS2 . 

The synthesis o f  these materials is accomplished using high temperature 
(800 - 900 °C) procedures. The cell voltages are relatively low, i .e.,  < 2.0 V. 
High rate cycling was apparently not  possible due to the relatively lower Li 
diffusion in the solid state. The specific energy of  KFeS2 with 0.65 Li 
utilization at 1.9 V is only 213 W h/kg. 

C o p p e r  su l f i de ,  CuS .  A primary Li/CuS battery has been known for some 
time [94, 95] ,  and a specific energy of  110 W h/lb has been achieved for D- 
size cells. Recently,  it has been shown at EIC by Brummer e t  al. [32] that  
Li/CuS cells are rechargeable. One cathode was cycled over 300 times in a cell 
utilizing THF/LiAsF6 electrolyte. The cathode had a theoretical capacity of  
7 mA h/cm 2, based on 2 e - / C u S . A  cathode utilization of  1.6 e-/CuS was ob- 
tained in the first few cycles. This decreased to ~ 0.8 e- /CuS after ~ 40 
cycles. A typical discharge/charge curve is shown in Fig. 10. The average,cell 
voltage is 1.7. With an average cathode utilization of  0.8 e- /CuS at 1.7 V, the 
specific energy of  the Li/CuS couple is 360 W h/cm 3, which is similar to 
the semi-theoretical value for the Li/TiS2 couple. 

Although more work dealing with low temperature performance, rate- 
capacity behavior, and rechargeability in cells with practical cathode loading 
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needs to be done, CuS is a material which deserves further attention because 
of its relatively low cost and its ready availability. A major drawback would 
be the extremely low electronic conductivity of CuS. 
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Fig. 10. Charge/discharge curves of the Li/CuS cell in the first cycle, i d = i c ffi 1.0 
mA/cm 2 (EIC Data, Ref. 32). 

2.2 Chalcopyrites 
These are copper  ores having the nominal composit ion,  CuFeS2. The 

electrochemical activity of  these compounds  was discovered by  Eisenberg at 
the Electrochimica Corporation [ 96] .  

A copper  concentrate  having the composit ion,  27% Cu, 21% Fe, 24% S 
(i.e., Cul.12 Fel $1.97 ), and the remainder silica and other  inert subtrates, 
showed the following performance in a Li cell. The cell utilized as electrolyte 
2M LiC104 in a mixture of  70 vol % THF and 30 vol % DME. A 2.5 cm X 
2.5 cm cathode was fabricated with 15% graphite as a conductive diluent and 
7% Teflon binder. In the  first discharge, the cell delivered a capacity equi- 
valent to 220 mA h per gram of  ore between 2.1 and 1.1 volts. This capacity 
is equivalent to ~ 1.5 e-/Cu1.12FeSi.9~. The cell was charged from 1.5 to 
2.4 V using a 10% excess capacity input. It was cycled 18 times. 

Although these materials are attractive with respect to cost and availa- 
bility, the cell voltages are rather low. Very little data are available on rate/ 
capacity behavior, rechargeability, and low temperature performance. Other 
ore compositions such as Cu I Fe0.esS 1.1 also behaved similarly. 

CoS2 and FeS2. These pyrite sulfides were evaluated by Eisenberg [97] .  
Only preliminary data are available. Cell voltages of  1.5 - 2.0 were obtained 
at current densities o f  0.5 - 1.0 mA/cm 2. In complete  cells of  spiral construc- 
tion, capacities o f  140 - 250 mA h/g of  active material were obtained at 
these current densities. Typical charging efficiencies for  the initial 10 cycles 
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were 70 - 80%. As with the chalcopyrites, the major limitation of  these mate- 
rials is the rather low cell voltages. Apparently,  the cathode rate capabilities 
are also quite limited. 

2. 3. Sulfides o f  main group elements 

Bi2S3. Besenhard [98] investigated the Group V sulfides As~Ss, Sb2Ss, 
and Bi2S 3 as cathode materials for Li cells. They can be discharged according 
to the reaction 

M2S 3 + 6Li ~ 3Li2S + 2M. (15) 

The reaction of  Bi2S 3 with Li was found to be reversible in normal tempera- 
ture cells utilizing PC/LiA1CI4 electrolytes at low rates of  the order o f  
200/~A/cm 2. The discharge proceeded with discrete voltage steps. A capacity 
of 6 e-/Bi2S 3 was obtained between 2.0 and 1.0 V. Further  capacity, 
probably corresponding to alloying of  Li with Bi, is obtained at ~ 0.80 V. 
The recharge efficiency of  the discharge reaction to 1.0 V at low rates was 
only ~ 60%. Usually, discharge reactions involving extensive bond breaking, 
as in the present case, are only poorly reversible at normal temperatures.  The 
recharge efficiency of  only ~ 60%, even at the low current densities o f  
200 pA/cm ~, is probably indicative of  this. 

3. Metal oxides with channel type structures as cathodes 
A large number  of  metal oxides with rutile and perovskite-related struc- 

tures has been investigated as cathodes for secondary Li cells. A review 
describing the structural aspects of  these materials has appeared recently 
[37] .  

Murphy and coworkers [99] evaluated a large number  of  rutile-related 
metal dioxides, in an a t tempt  to correlate crystal and electronic structural 
relationships with electrochemical activity in Li cells. Fairly detailed cycling 
characeristics of  three of  these dioxides, RuO2, WO2, and MoO 2 have been 
reported by these authors. Murphy et al. also investigated the usefulness of  the 
vanadium oxides, V205, VeOla, and VO 2 (B). Other oxides which have 
been evaluated by  various workers are MoO3 and the chromium oxides, 
Cr205, CraOs, and Seloxcette.  The latter is a commercially available CrOx/- 
graphite preparation. 

3.1. The ruffle-related metal dioxides 
Typical cycling curves, according to Murphy et  al. [99 ] ,  for cells utilizing 

RuO2, WO2 and MOO2, are shown in Fig. 11. Iridium dioxide exhibited beha- 
vior apparently similar to that  o f  RuO2. The e.m.f, o f  the Li/Li~MO2 
couples, where M = W, Mo, and Os, was only ~ 1.5 V, as opposed to ~ 2.1 V 
for cells with RuO 2 and IrO 2. 

The discharge of  WO2 and M002 proceeded with distinct breaks in the 
voltage/time curves, indicating rather complex discharge reactions. These 
cells have very poor  cell voltages. The voltages o f  RuO2, and apparently of  
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OsO2 cells, were relatively constant at ~ 2.0 V as a function of  state of  dis- 
charge, suggestive of  a two  phase system. The capacity o f  all the Li/LixMO2 
cells gradually diminished with cycling, even at the low rates employed in 
these studies. It was suggested by Murphy that a slow disproportionation of  
the initial discharge product, Lix MO2, to  thermodynamically more favored 
products occurs with cycling, causing irreversibility in these types of  
cathodes. These data suggest that the futile-related dioxides are probably not  
suitable as cathodes for practical secondary Li cells. 
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Fig. 11. Cycling curves of  rutile related oxides with 1 M LiCIO4 in propylene carbonate. 
Numbers on curves indicate cycle number (Murphy e t  al., ref. 99) .  

3.2. Other three-dimensional oxides 

3.2.1. Vanadium oxides. The vanadium oxides, V205,  VsO13, and VO2 
(B), comprise a class of  framework compounds  consisting of  shear structures 
derived from the ReOa lattice [37 ] .  The parent structure contains an 
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extended network of  channels intersecting in three mutually perpendicular 
directions. These channels may be visualized as rising from the sharing of  
square faces of individual, vacant cavities. 

An idealized V205 structure may be derived from an ReOs lattice by 
removing oxygens from every second (200) plane and closing the structure 
along the shear vector 1/2(100). The resulting shear structure consists of  
distorted VO8 octahedra joined by edge sharing among themselves along 
(001) into single zig-zag chains linked together by corner sharing to form 
single sheets. These sheets are joined by means of  additional corner sharing 
into a three-dimensional lattice. The resulting structure contains asymmetric 
V=O-°V units. 

The VsOzs lattice may be regarded as a shear structure of  V205. This 
structure contains distorted VOs octahedra joined, by extensive edge sharing, 
into both single and double zig-zag chains running parallel to (010). Both 
the single and double sheets are linked by additional edge sharing into single 
and double sheets, respectively, both lying parallel to the (100) plane. The 
sheets are interleaved and joined together by corner sharing to form a three- 
dimensional lattice. This structure contains tricapped cavities joined through 
shared square faces. The asymmetric V=O---V linkages are absent in the 
structure. 

The metastable VO2 (B) has a structure related to those of  V205 and 
VsOz 3. The structure may be visualized simply as that  obtained by removing 
the sheets of  single chains from the Ve Oz s structure. 

V205. This oxide has been extensively studied as a cathode for primary 
Li cells. The rechargeability of the V2Os cathode was shown by Walk and co- 
workers [ 100].  The Li/V205 cell utilizing PC/LiC104 has an OCV of  ~ 3.5. 
The discharge takes place in discrete potential steps and proceeds to a depth 
of more than one Faraday/mole of  V205. If the discharge is limited to one 
Faraday/mole,  the reaction is reversible. In "pro to type  cells" using rates of 
1.0 mA/cm 2 for discharge and 0.5 mA/cm 2 for charge, nearly 400 cycles 
were achieved at a 20% depth of  discharge (0.2 e-/V2Os). 

Although the cells have high cell voltages (> 2.8) and V205 is relatively 
inexpensive and. readily available, the material apparently has two major limi- 
tations: (i) rechargeability is quite sensitive to over-discharge; (ii) cathode 
utilization falls off  quite drastically at rates above 1.0 mA/cm 2. 

Studies by Murphy [37] seem to suggest that  the irreversibflity of the 
V~O5 cathode for Li contents  greater than 1 Li/V205 results from the 
rupture of  the V-O bond in the V205 polyhedra. Other limitations in the 
use of  V20~, even at a cathode utilization limit of  1 Li/V2Os, are: (i) oxi- 
dation of  organic solvents at the high voltages necessary for charging; (ii) the 
finite solubility of  V205 in organic solvents; (iii) its low electronic conduc- 
tivity. 

VsOz 3. Two types of  VeOzs can be prepared depending upon the syn- 
thetic procedure [ 101].  Stoichiometric Vs O1s, (VO2.17 ), can be prepared 
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by the reduction of  V205 with the stoichiometric amount  of  V at 650 °C. 
Non-stoichiometric V6013 (VO2.19 to VO2.21 ) is obtained by the thermal 
decomposi t ion of  NH4VO 3 . The stoichiometric VeO13 usually has particle 
sizes of  10 - 50 ~zm, whereas the non-stoichiometric material is composed of  
1 - 5/~m pi~ticles. The extent  o f  Li uptake by  these materials in the reaction 
with n-BuLi suggests that  they may differ structurally as well: thus, 
stoichiometric V6013 incorporates a maximum of  4 Li/V6013. Non- 
stoichiometric material affords Li s Ve O13. Differences in performance are also 
observed in electrochemical cells. 

Murphy [101] has evaluated the two V6013 materials in Li cells 
utilizing PC/LiAsFe electrolyte with cathodes of  extremely low capacity/  
unit area. Typical cycling curves according to Murphy are shown in Figs. 12 
and 13. 
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Fig. 12. Cycle data for a cell containing 8.5 mg of 10 - 50 /Jm V6Ols. The electrolyte was 
LiAsF 6 in propylene carbonate. The current was 0.2 mA. Cycle numbers are indicated. 
(Murphy et  al., ref. 101.) 
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Fig. 13. Cycle data for a cell containing 19.4 mg of  1 - 5 / a n  76013. The current was 0.2 
mA. The capacity decreases at lower temperatures and recovers when the cell is returned 
to room temperature. Cycle numbers are indicated. (Murphy et  al., ref. 101.) 

Stoichiometric Vs013 exhibits a capacity of  0.65 e- /V in the first dis- 
charge with a mid-discharge potential of  ~ 2.3. The discharge and charge 
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proceed with distinct breaks in cell voltages as a function of  state of  charge, 
suggesting complexities in the Li/Ve O13 phase diagram. The cell exhibited 
virtually no capacity loss with cycling. 

Non-stoichiometric VeOls exhibits a capacity of  1 e- /V in the first dis- 
charge with the additional capacity occurring as a plateau at ~ 2.2 V. Only 
80% of  this capacity is recharged in the first charge. According to Murphy's  
data, the capacity showed only minor losses in subsequent  cycling. The 
average rechargeable capacity appears to be ~ 0.7 e - /V at low cathode 
loadings. 

The electrochemical performance of  both types of  VeO13 has been 
studied at EIC by  Abraham e t a l .  [102] with cathodes having theoretical 
capacities o f  ~> 10 mA h/cm 2. The cells utilized 2Me-THF/LiAsFe (1.5M) 
electrolyte. The pressed cathodes contained 20 wt.% C and 10 wt.% Teflon 
binder. A plot  o:F cathode utilization vs. cycle number  for a typical cell uti- 
lizing stoichiometric VeO13 is shown in Fig. 14. At a discharge rate of  1.0 
mA/cm 2, initial cathode utilization was ~ 0.55 e-/V. With current densities 
of 1.0 mA/cm 2 for both discharge and charge, the cathode utilization 
remained practically constant.  The stoichiometric Ve O13 cathode was cycled 
110 times with an average capacity of  0.52 e-/V. Based on our experimental 
data, the specific energy of  Li/V6013 cells utilizing the stoichiometric oxide 
is 350 W h/kg. 
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Fig. 14. Plot o f  cathode utilization (electrons per vanadium, e - /V)  vs .  cycle no. for 
Li/VsO13 cell utilizing stoichiometric V6013. The electrolyte was 2 Me-THF/1.5 LiAsF 6. 
Current density = 1 m A / c m  2. Voltage limits were 1.9 for discharge and 3.0 for charge. 
(EIC Data.) 

A Preliminary evaluation of  the rate/capacity behavior of  the stoichio- 
metric oxide was carried out  at EIC [102] .  For a cathode having a theoreti- 
cal capacity density of  21 mA h/cm 2 (based on 1 e-/V),  the utilization was 
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~ 0.55 e-/V at current densities of 0.5, 1.0, and 2.0 mA/cm z. At 4 mA/cm 2, 
the utilization was 0.45 e-/V. 

A plot of cathode utilization v s .  cycle number for a high capacity 
Li/V6Ols cell, utilizing the non-stoichiometric oxide at 0.5 mA/cm 2, is 
shown in Fig. 15. The pressed cathode contained 20 wt.% carbon, and 10 
wt.% Teflon binder. The capacity in the first discharge to a cutof f  of  1.9 V 
was ~ 1.0 e-/V, in agreement with Murphy's results. Typically this 
material, about  15 - 20% of the discharge capacity could not  be recharged in 
the first charge. Also, the cathode utilization declined with cycling, espe- 
cially in the early cycles. In the cell shown in Fig. 15, the capacity declined 
to 0.65 e-/V by the 16th cycle. From cycles 17 - 40, the cathode utilization 
was maintained at 0.65 e-/V. Rechargeability of  these cells was found to be 
extremely sensitive to discharge voltage limits. This is shown in Fig. 16. In 
this cell, the voltage limits of  cycling were 3.0 and 1.9 for the first 15 cycles. 
The performance of the cell is similar to that  shown in Fig. 15. At the 16th 
discharge, the lower voltage limit was changed to 1.4 and cell performance 
subsequently declined drastically. 
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Fig. 15. Cathode utilization (e-/V) vs.  cycle number for an Li/V6013 cell utilizing non-stoichic 
metric V6013. Current density = 0.5 mA/cm 2 for both discharge and charge. Voltage 
limits were 3.0 for charge and 1.9 for discharge. (EIC Data.) 

Our data suggest that  the sensitivity to overdischarge may be a major 
deterrent to practical use of these materials. Preliminary data suggest that  the 
performance of  the stoichiometric V~O18 may also be sensitive to deep dis- 
charge. We have also found that, in high capacity cells utilizing both types of  
oxide, the cathode utilization, even in the first discharge, would be 
extremely low (< 0.2 e-/V) if there is no carbon present in the cathode. 
Thus, our data imply serious limitations to the use of these oxides in practi- 
cal secondary Li cells. 
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Fig. 16.  Cathode  ut i l i zat ion  vs .  c y c l e  number  for an L i / V 6 0 1 3  cell  ut i l iz ing non-s to ich io -  
metr ic  o x i d e  (0 .5  m A / c m 2 ) .  For  c y c l e s  1 - 15  vol tage  l imits  were 3 .0  and 1.9.  For c y c l e s  
16 - 26  vol tage  l imits  were 3 .0  and 1.4.  (EIC Data.)  

Other vanadium oxides. The metastable VO2 (B) incorporated ~ 0.5 Li 
both electrochemically and from n-BuLi [37, 101].  Apparently < 0.5 Li/- 
VO2 (B) could be cycled in low capacity cells. V304 reversibly incorporates 
0.33 Li/V above 2.5 V and also exhibits substantial irreversible capacity above 
2.0 V. Appreciable capacity was obtained with V409, i.e., 0.75 Li/V, 
although these cells exhibited poor rechargeability. 

3.2.2. Chromium oxides. Besenhard and Schollhorn [ 103 ] investigated 
the chromium oxides, Cr205, Cr3Os, and CrOx-graphite, known com- 
mercially as Seloxcette. 

All the three oxides show fairly identical reduction/oxidation behavior. 
Figure 17 shows the galvanostatic reduction and reoxidation of  Seloxcette, 
corresponding to a formal Cr/O ratio of  CRO2.46 in DME (1,2-dimethoxy- 
ethane)/LiC104. The first discharge corresponds to a charge transfer of  1.24 
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Fig. 17.  Charge/discharge c y c l e  o f  S e l o x c e t t e  in DME/LiCIO4,  i = 2 0 0 / ~ A / c m  2. 
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e-/Cr to 2.0 V. The discharge proceeds from 3.5 V, in a downward sloping 
fashion, with a mid-discharge potential of  ~ 2.8 V. In the current density 
range 0.1 < i < 1.0 mA/cm 2, the discharge utilization depended only slightly 
on current  density. However, the reoxidation efficiency was only ~ 75 - 80%, 
even in low rate galvanostatic cycling. Extended cycling data, or per- 
formance of  high capacity cells, are no t  available. The higher charging poten- 
tials required may lead to solvent degradation, and thereby limit the use of  
these cathodes with most  electrolyte systems. 

The maximum utilization of  Cr206 and Cr3Os pressed powder  
electrodes containing 35 wt.% graphite was close to 1.4 e-/Cr. The shape of  
the Cr3Os discharge characteristics nearly coincided with that  of  Seloxcette,  
with a plateau at ~ 3.0 V. This voltage plateau was slightly lower in the case 
of  Cr205. 

These cathodes,  potentially, have extremely attractive energy densities. 
The calculated theoretical specific energy of  the Li/CrsOs couple is 1080 
W h/kg, based on the experimental values of  1.4 e-/Cr utilization and average 
cell voltage of  3.0. Practical applications would be contingent upon 
further developmental  work. Such work would be justffied by  the fact that  
these cells are potentially capable of  high capacities at high voltages. 

3.2.3. Molybdenum oxide 

MoO 3. The usefulness of  MoO3 as a reversible cathode was first dis- 
covered by  CampaneUa and Pistoia [ 104] .  Further  work on this material as 
a secondary cathode was performed by  Hunger and coworkers [ 105] .  

Campanella and coworkers  studied cells of  the type  Li/LiAICI4-BL/- 
MoO3,C, where BL = butyrolactone.  The cell had an OCV of 2.8. Pressed 
cathodes were prepared using 70 wt.% MoO3 and 30 wt.% graphite. Typi- 
cal cathodes of  4.3 cm2/side contained ~ 0.3 g MoO3. First discharge at 0.5 
mA/cm 2 (C/23) or at 1.0 mA/cm 2, resulted in a capacity of  1.32 e-/MoO3. 
At 2 mA/cm 2 the capacity was 1.1 e-/MoO3. One cell was cycled 30 times 
at 1.0 mA/cm 2 between voltage limits of  3.6 and 1.0. The cell capacity de- 
creased with cycling and an average cycling efficiency of  ~ 61% was 
obtained in the 30 cycles. 

Hunger and coworkers [105] studied the rechargeability behavior of  
MoO3 in more detail. They found that  the initial discharge, involving the 
reaction 2MoO 3 + Li ÷ + e- --* LiMO206, is not  rechargeable. Further dis- 
charge of  LiM206, to form Li2MoO3, is rechargeable. They have also found 
that the cathode was extremely sensitive to discharges below ~ 1.5 V. During 
such discharges irreversible damage of the cathode apparently occurred with 
subsequent  poor  rechargeability. This behavior is similar to that  which we 
have observed for VeO13. 

Although MoO3 potentially has high energy density capabilities, its 
extreme sensitivity to deep discharge, and the high potentials required for 
recharging (> 3.0 V) may impose limitations on its use in practical cells. 

Recently,  Icovi and coworkers  reported [106] that Mo oxides of  
general formula Mo, O3, -1  could be used as rechargeable cathodes. The 
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oxides investigated were M04011 , MosO23 and M09026. A major problem 
observed in these oxides was also the structural breakdown upon  deep dis- 
charge. The e- /Mo values which allow structure retention in the Lix Mon O3n -1 
ternary phases are lower than that found with MoO 3 . The immediate applica- 
tions of  these oxides may be in high capacity primary cells. 

These molybdenum oxides, along with two other  oxides, M017047 and 
(Mo0.92 Vo.0s )5014, were investigated also by Christian and coworkers [ 107 ]. 
Their results were in general agreement with those of  Icovi et  al. The molyb- 
denum oxides, in general, show irreversible structural changes upon deep 
discharge. 

3.2.4. L i x C o O  2. This new cathode system has recently been reported by  
Mizushima and coworkers  [ 108] .  Lithium cells were constructed with Li- 
CoO2 as the cathode and PC/LiBF4 as the electrolyte.  The cell exhibited 
very high voltages with OCV's lying in the range 3.9 - 4.7 for 0.07 < x ~< 1 in 
LixCoO 2. Although virtually all the Li in LiCoO2 could be removed electro- 
chemically, reversibility tests were carried ou t  only in the range of  composi- 
tions between LiCoO 2 and Lio.sCoO 2. The extremely high cell voltages 
would preclude the use of  most  organic electrolytes. A possible application 
of  this material would be in the construct ion of  cells with Li intercalates, for 
example, LiTiS2, as anodes. The layered rock salt structure of  LiCoO 2 is 
adopted by several transition-metal-l i thium oxides, LiMO2, including M = V, 
Cr, Co, Ni, and Fe, and the possibility of  obtaining new and useful cathode 
materials for rechargeable Li cells is indicated. 

D. Conclusions 

Several soluble cathode materials, notably CuC12, Br2, and soluble S, 
potentially have high energy density, rate, and good rechargeability charac- 
teristics. However,  a major deterrent  to their practical use is the unacceptably. 
high self-discharge rate. One solution to the problem would be to use Li + 
ion-exchange membrane separators. 

For the immediate future, the most  fruitful approach for the develop- 
ment  of  practical rechargeable Li cells appears to be the use of  insoluble 
cathodes. Table 4 lists various Li/cathode couples which exhibited semi- 
theoretical specific energy of  about  300 W h/kg or greater, in laboratory 
cells. In practice one can expect  to obtain ~ 25 - 30 percent, of  this energy 
density. Most of  these materials have no t  been investigated beyond the 
laboratory scale. The most  actively pursued material has been TiS2, partic- 
ularly by research groups at EIC and Exxon.  A few other disulfides, particu- 
larly the mixed metal disulfides, are wor thy  of  further development.  Copper 
sulfide appears to be another  attractive material. 

The amorphous sulfides, notably MoS3 and V2S5, are promising enough 
to warrant considerable further consideration. 
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The vanad ium oxide  VeO13 appears  at  first sight to  be a par t icular ly  
a t t ract ive  material.  Its major  d rawback  is t ha t  it shows irreversible changes on 
over-discharge. The k n o w n  behavior  o f  o the r  oxides suggests this to  be a 
possible d r awback  with oxides in general. Research a imed at  a general under-  
s tanding o f  this p rob lem would  be useful  for  fu r ther  deve lopmen t  o f  oxide  
cathodes .  
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