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TRANSITION t.~~TAL CO?~~OUNDS AS CATHODIC MATERIALS
fl~ RECHARG EABLE LITHIUM C~~J LS

INTROWG’rIOU

The objective 01’ -this study is to comDare the theoretical and practical
coulombic capacities , eoer~’,y densities , rate capabilities , and kinetics of
cathodes composed 01 t ransition m etal oxides or chalccgenides . The ‘~ltirnate
obj ective is a hi~;h rat e , low overvoltage positive electrode for necondary
lithium nonaqueous electrolyte r’~ri,t~ ories with opt imum reversibility and hign

• cycle li fe.  This report covers only the initial phase of the study .

SUI~V~’Y OF POTENTIAL CATHODI C MATERIALS

3e1’ore any selection of’ potential , rechargeable cathodi c materials cou,ld
be ra nie, a survey of materials was made on the basis of the following premise:
“materials are to be considered which intercalate lithium reversibly without
breakdown of the crystal structure of the cathodic material and maint enance
of the chalcogenide and oxide bonds during the charge-discharge processes .”
It appeared that numerous transition metal chalcogenides and oxides would
fulfill thi s requirement .

General Structure

There is sufficient evidence that transition metal chalcogenides witrL a
layer type structure can intercalat e inorganic or organic molecules or alkali
metal ions . The basic form of these Layer comnoounds comprises a sandwich of
anion and cation sheets separated by a Van der Waals gap . A result of the

V 
weak Van der Waals binding is that the sandwich gap will open up to accept
alkali metal ions . The coordi nation units are either trigonal prismatic or
octahedral . Several stacking poly-t ypes exist . Looking at the IV through
VIII B groups of the periodic system , two thirds of the dichalcogenides
assume layer structure. They are mostly diamagnetic semiconductors, but
some are metallic and show superconductivity.1’2

- ‘  The group V B and VI B transition metal oxides are known to form
alkali metal intercalation or interstitial compounds (vanadium and tungsten
bronzes). While some of the compounds show ~erovskite structures ,
m olybdenum trioxide has a layer structure.3’

1’ •
1
J. A. Wilson and A. D. Yoffee, “The Transition Metal Dichalcogenides,”

Phys. l~ , l~ 3 (1969).
C. Jorgensen, J. B. Neilands, R. S. Nyholmn , D. Rethen , and n.J.?.
Williams , Structure and Bonding (Springer Verlag, Berlin 1968), Vol. ~~~~

pp. 83-229.
p 3M. 3. Sienko , Advances in Chemistry Series No. 39 ( Academic Press l~V~6l4 )

Jhapter 21, p. 2214.
4A. F. Wells, Structural Inorgani c Chemistry (Oxford At The Clarendon
Press 1962), p. 14ôb.
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g Nonstoichiom~~~ 1~: H~w-

Table 1. ; r ’ ~~~ the - ~ )o~ itior 1s o~ l i thium intercalates of group IV B
through VI B t ransi tion  ~:etaJ chaleo~euIdes and oxj r l r ’~; with Th.Xi:;! lithi’w.
content as ~ t~~

~~ble 1. U~ u~~~; L u~; of ~i t h i urn iriterealatcu ot ~L~j an!;it ion MetaLs*

Group_I V B  Gro V 3 Group VI B

LiT1S2 LiVI 2 LiCrG-,

LiTiS~ Li0 VV 19 5 S2 
LIMoS2

LiTiSe0 ~V J ’ ) Li ,3Mo03

LIZ rS r 
~~~~ o Li A~ )

2 V~~~~9 5 0.)~T

LiZrSe2 ~~
- ;

LIHf S2 I
~~0; VV ~~~ L .u  ~~

LiHf ~3e2

L VL :ThjcV .
_) j

Jii NbSe 14

L1TaS2
LiTaSe

2

*These compounds have maximum l i thium content.

‘ V  _ V ~~V _ _ ~ V — -

With respec to t~~ prepa ration ~~ V these compounds . Whi tt lnghazn et al.
i’ have found that r ct ~~nri c i .  t ransit ion metal compounds with n-butyl lithium ,

dissolved in a non-polar solvent such as hexane, leads to lithium intercala-
tion compounds. In peneral, the group IV B metal disulfides and diselenides
react within two ‘iai~; with n-butyl lithium to LiMeS2 or LiMeSe2.

6

5M. S. ~ ilt~ i ~ r i- ~~ - i , R . ~~~. Chianel li , and 14. B. Dines , “A Non-Electr ’~--
chemical T,~ V ; t .  1 ’ r  Cath~ i’~ Activity in Lithium Cells,” Abstract ,
E1ectroch~

V ,ni ca i ~
‘ -~~ C 1et v Meetin iz , Dallas , Texas . 5-10 October l~~ )( Extended A t- ~ ract, ~-i o. ~5

~½.i. s. Whittingham and F. Gamble, jr., “The Lithium Intercalates of
the Transition Metal Dichalcogenides.” Mat. Res. Bull . 10, 363 (19’T~ ).

2
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From the V B group , V 5S8 reacts slower with n-butyl lithium than the
IV B compounds to form Li0 7V1 25.~2. 1Th109 32 reacts slowly with n-butyl
lithium (15 days). Transition metal in the Van der Waals gap is apparently V

impeding lithium diffusion. In general, V B compounds show about one order
V 

of magnitude slower intercalat ion than the IV B group compounds . Group VI B
compounds , with the exception of molybdenum clisulfide, react much more slowly
with n-butyl lithium than the other layered dichalcogenides.

In ~articu1ar, titanium trisulfide is reversible for less than one
lithium. I The amount of structural disruption in titanium trisuluide makes
it less reversible. Further , the polysulfide bonds must be broken and
reformed for reversibility. Titanium trisulfide contains one sulfide sulfur
and one poiLysulfide group, T 1V S (s-~;). 

V

Zirconium disutfide and diselenide are expected to behave simi1a~ to thetitanium compounds . The structure of zirconium triselenide is known ,0 but no
lithium intercalation compounds are reported in the literature.

Hafnium disulfide and diselenide are known to form lithium intercalates.
Vanadi um disulfide per se has not been found to be stable , bu~ the structure
is stabi Lized by lithium so that the compound LiVS2 is known .’ Vanadium
diseLenide shows instability due to crystallographic distortion.~-° L1VSe2
can react with excess n-b~ tyl lithium causing a degradation of the lattice.

Vanadi um pentoxide forms a stable phase L1V2O5.
11 The vanadium is in a

highly ~isto~-t ed octahedron of oxygen. For small amounts of lithium (X�O.l3 )
in LixV’~~xVrOs, this structure is maintained. These are the a alkali
vanadium bronze phases . For the bronzes , the distorted square pyramids have
a different orientation to that found in vanadium pentoxide itself. In the V

reaction of lithium with vanadium pentoxide, the vanadium is reduced fran the
plus five valent state to the plus i’our valent state and the vanadium oxygen
bond is presumably b roken.

Niobium triselenide and tetraselenide are reversible for three and four
lithium atoms, respectively.~

-2 The reversibility involves only an expansion

7R. B. Chianelli , M. B. Dines , and M. S. Whittingham , “The Reversibility
Question of the Transition Metal Trichalcogenides , ” Abstract, Electro-
chemical Soc. Meeting , Dallas , Texas , 5-10 October 1975 ( Extended
Abstract No. 31).

V ~Von W. Kroenert and K. Plieth , “Di e Struktur des Zirkontriselenide , ”
V Ailgem. Chem. 336, 207 (1965).

~13. Van L.aar and D. J. W. Ijdo , “Preparation , Crystal Structure , and
Magnetic Structure of LiCrS2 and L1VS2, ” 3. Solid State Chem., 3,
590 ( 1911).

V 10?4. S. Whi ttinp ,ham and F. Gamble , Jr.,  Mat. Res. Bull. 10, op. cit.,  p.2 .

~
-1P. Hager~nu1Ier , J. Galy ,  M. Pouchard , and A. Casalot , “Becherehes
Recentes an Les Bronzes de Vanadium , ” Mat . Res . Bull . 1, 145 (1966).

R. Chiarielli . M. B. Dines, and M. S. Whittinghflzn , E~ctended P.1,stract
N~ . 31, op. c i t . ;  D. ~~~. Mu~~hy, F. A. Trumbore , and J. N. Carides
“ New N i c t i u m  Selenide Cathode for Nonaqueous Lithium Batteries,”
Electrochemical ,oc~~ety Meeting, Las Vegas, Nevada , 17-22 October 1976
(Extend ed Abstract No. 70).
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component cost exoresseci in  :~~/ A -h .  ncglect infb cost ol li th4 um , were consid-
ered; iimtcn pr~. ces ci’ compounds were taken from commercial products
catalogs .22 ,

~
1 I. 2 ’LV  V t  The computation ol’ data for nickel-cadmi um batteries

was based on the prices o: nickel .,.a roJol 10 ~~~:;.‘ cadmi um hydroxide. Table 2
V shows data for corrpat’ i ccl lithium irit orealat iori compound cells with nickel-

cadmium cells.

In order to select cathodi c materiaLs pot ent i al ly suitable for recharge-
able l i t h i u m  o l- fanic  e t a c ’ ‘i i ’ i . r’ t tt.Leri cr; . cc s V ’-re c:a’d i’irct for higher
A -h/ i -, ar -iti. i-ef .c , ‘ A .h t a n  r i r C o _ V”aft: i on .  . h i ; C t O  i t - i t  I ’ L l  cOlor and most
selenides are at a call : ;  I - io r ’a ; l e di car ta ll :’ , only a j O t s  ar- c included in the
table. Li th i u m _ _, OVL I V f derluc: ‘-r ” ioY to - t i  oath :i,’r: t o  Ic- i i i  10 . molybdenum d.isulfide.

V niobium t a t  cot an-H ty - i s ej , c : i i  I i , n ioci rn, - - t .~~uCt ’ ide . ::ir ’:ort ium clisulfide, t i ta—
ni:cn: Jj S I i i I’ ,LOi’:’ . and n iobi-om t :’i:’ 1- .tU coo’.: 41. a A ! , T h V r A .h / ; ratio than
nic tk ot—ca di,ri’o-c . Li tIh on— cu - 2-coo: t r ’ i ’o a I .L  - - 

-
- a - a i i r o ’ n  ;en: toxiae .  and molyb—

rienum disulfiotc’ showed a L. ,j V 0 •I. - ’A - h  oat io than nicl:~ l cadmium .

The cno,’npar !cr c’n:  l ;etoc. ,: r - : i : a o ° - t oj n ic 141 V ,i :  ni I a n t o n  us and n-oi ckel—cadmi uin
batteries ;-rau •o n rioi t i t lC ’h  in ’ ~t ’ oh  n~ I. ; - ’ V c - u t .  r o o t t m t i u a l . data si:o~ra in Table 3.
Table 1 ;. shows a cnnnma r son 01 La- ~. V V ~ A 1c i V : 1 aU1C~ l i thium :-attor ies with the
nick el— cadfn i l’r - l  a tt ’cH ’Is  or: a 1.1. V , ac’I .~n / U . h  basis.

h-lol’i’clentt om t. riin:’: i in a”o c -c an ’: .’ none prooci n ;  is o a t  HO ho  material , con—
si-icr.: n;~ I’-oth r .’-:cra” ca r t t o . t ’. rio 1 ; a t : : - ’  l o s  uat e cana. ‘. 1 i t ; .~ appears
adequ ate. it:; c~icle c~’f h c i ’ u n c~~, ~~.~co-er . c S  r ’- ;p i t a l  to decrease continu-
ously duririh 30 c:-,~cies in 2i ,U,th~ —H r . c Lr . e c r o , te .  h l i o f t i um  tetra and. t n —
selenide should he excluded , in o r o  u n i n i on i ,  t V r (.cV,; t l ; r thac  consideration
because of high toxicity. ~ir coni -cn  d i n ; r 1. t ’ide has not been investigated so
far as our knowledge. Ce Or ’- i mat e  that  it sho i - i  be about equa1 in energy
density to t itani. -jm t r i a i ; t fh i I c . t i o : i u i n n  t o t  sa t i Jo and t i tanium disulfide
are also promi sin a . consider -ia , ~ eric - c’ :~ c unto ’- ;.. The Latter also shows good
cycle life; however , most d iaL ;.22’i Let ; at ’s hi : :;or in ini t ial  component cost
than the oxides or t h e  n ick c1_ c a do - itV Jc ’,  t n o i , L . lithium-molybdenum disulfide
should e~~ial the nickel-cadrni ’ rin clp ; t. vn i n  ao ’t . b :rt would be inferior in

- - energy cont ent due to i nst a b iLIty  of the i ’: tcrcdiaoe, causing also poor cycle
life. The poor reversibility, exoressed in the coulombic eff iciency . of the
lithium ti tanium t r i s u i i i c I l e  syst.etn is -d ie to ‘r :akln-l of’ polysulfide bonds

— duri ng lithium intercalation. If the intercalate T ,iV 20~ could be obtained
electrochemically . the lithium-vanadium pentoxi de system would be superior
to ni ckel-cadmium both in  enorg:o dens i ty  (abou t 280 W - l r / k r ~) and cost.

tn accordance with t i i~ conc-i sions derived from Tables 1 through I~, i t
was decided to explore , at fi r s t - , the lithium-molybdenum trioxi d,e system and
then the lithium-z,irconiuo disu.ii ido s , ’stem . t relimi nary experimental work
with lithi ,um-molyhclenunt trioxi d.e cells is reported in the following section.
No optimization of electrodes or ‘2L -cctro t trt es has been attempted so far.

22Alfa catalog ( (0-75 & if- ’Tb t , ‘Jeo tro:t Corporat ion , Alfa Products.
23lnorgani c Chemicals 12_l’O , Research Lroar~ie norgariic Chemi cal Corp .
2~ Catalog G-2 , over-Thor 1970 . P -C , j f l C .
25Apache Chemi cals , In c .  
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ia: ~ 2. ‘~ Lts :oc n ; a i c y  L i t hi u m  ~~~~~~, V a ! a ’ ion u ’rrposnd Cells
v: th dickel — - a rmor ” ; Cc’! Is

°nte ot ;c ; ; ;t V ! -  Initial Component
atheua . L r : ; ’~~; Ho riar -  CV nuound F Cost

- , , ,  ,, theor.ya t _ -r ‘it I at e  c’,”a at. t o ,  ui’oitOri ‘ c  ‘t ’ l O : i  A ri i g 
~/ A~ n

TiJ , 11 .i .. o:’ 5.32

I 1. - .32

Tide 0 1 u .12b 1-~ .55

i’iTe,~ 1 -o.08 7 ld.13

0.7 1) 29

V oe . I I ~~~. LLa

a 1 - .i ., -~ 0.30

C 1 .ItO~

iir3e
2 

II 1 . .11- ; 21.00

c r - .
~

2 1 u.1fr-~ 11.20

fl’b S
3 

2.Li. -1.192

MbSe2 b-i 1 v.100 5.00 V

NoSe 9 0.229

i i 
- .

-1OS~ I l.o . 2 ~Vo C.21

MoO 2 2 u. 340 ~~.

H 1 0 .0 ’ ) 25.~ -

HfSe2 H I 0.018

TaS2 ~-1 1 0. lou I -

TaSe2 
C 1 c.-JTo- ~ ‘ .lX,)

C .56 ~~~

VI
iT ’I -Cd.  Cell 2 C. L02  0. ° 7
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Table 3. Electrochemical Characterization of Cells With Lithium
intercaiates26 3 6  

_____________________

Average Dis- Discharge dumber
Cathode Open Circuit Fe~~ or charge Voltage Current Density of
Material Voltage (v)  % Discharge (v) (m A/cm2) 

- 
Cycles

TIS2 1.88 - 2.~4 0.6 F 2.2 0.61 - .0
1. 1CC

TiS
3 

2.11 1.0 F 2.0 C.6~ 0.

V205 3.5 — 3.75 25~ 1.5 1.00 E1 70

ZrS2 
- - --

N’bS2 3.11 O.Li F 2.0 0.67 5

NbS
3 

2.95 1.33 F 2.0 o.67

V 
2.6 3~O F

NbSe~,~ 2.0 b.o F 1.75 O,~ O ia

‘ 
MoS2 2.5 0.5 F 1.15 - 1.55 o.6~ 15

MoO
3 

2.85 1.5 F 2.0 2.00

- 
Ni-Cd Cell 1.31 l.2L~ 7.3

Remarks: 1,100 cycles were obtained with TiS2, however, only at shallow
cycles at ‘f percent of its full capacity.
The discharge rate of the nickel-cadmium cell is C/ lI .

26G. L. Holleck, J. R. Driscoll, and F. 3. Shuker, “Sulfur-Based
Lithium-Organic Electrolyte Secondary Batteries,” Final Report .
Contract DA..ABOT-T~-C-OO72 (ECOM), EIC, Inc., February 1916.27M. S. Whittingham, “Electrical Energy Storage and Intercalation

-
, Chemistry,” Science, 192, 1126 (1976).

- 
V 28~~ Broadhead and F. Tr~i~~ore, op. cit., p. L~.

29D. W. Murphy and F. A. Trumbore, op. cit., p. 1~.
30G. L. Holleck and J. R. Dniscoll, “Titanium Sulfides as Cathodes
for Secondary Lithium Batteries.” Abstract . Electrochemn. Society
Meeting, Dallas, Texa s , 5-10 October 1975, (Extended Abstract Jo. 32).

31A. N. Dey, “Lithitun-Metal Oxide Organic Electrolyte Primary Batteries,”
Abstract, Electrochemical Society Meeting, Boston, Mass.,
7-11 October 1973, (F~ctended Abstract No. 5k ) .

I I 32g. R. Walk and J. S. Gore, “Li/V205 Secondary Cells,
” J. Electrochem.

Soc. 122, 68c (1975) .
33G. L. Holleck, S. B. Brumnier , and F. S. Shuker. ‘Sulfur-Based Lithium-

• Organic Electrolyte Secondary Batteries,” 3rd Quarterly Report .
Contract DAABO7-714-C-O072 (ECOM), EIC, Inc., December 1911r .

¼ ~~~ Margalit , op. cit., p. ~~35L. Campanella and G. Pistoia, “MoOs: A New Electrode ‘laterial tor
Non-Aqueous Secondary Battery Applications .” J. Electrochem.

~ society 118, 1905 (1971).
V 36o. Wagner , private communicat ion.
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Table ~~ V V ’~aa~~o t n  a t ’  l~echargeable Lithium Batteries With Nickel-Cadmium
Pattec’ies 

_____ ______ _______

Cell t V . h / k g ~~~~* W.h/kg~~~
_________ 

V 
_____

L i-M oP . 1.020 diP o.05

L4 6 ( )

I i -  bd e-~ 595

d1— T~ S EIy,il 356

7.15

Li-TiJ 0 5i,2 271 14.10

Sum 222

212 200 0.30

Li-Pb S0 2014 111,1 5.60

Li- h-h od 1 720 106 0.27

1i_
~ 2O5 533 71 O.~ 0

*Base.i on 0 . C O V .  and Ftheor.

~~Based on Average Discharge V 2 V
( ExceP t Mi-Cd , Li-NbSe1, , and Li- -4o32)

~~~~~~I~~ NTAL INVESTIGATION OF MoO
3 

CATHODES

Electrode Preparation

Two types of molybdenum trioxide cathodes were fabricated , so far . and
studied in IM LiCi CL-PC electrolyte versus lithium working and reference
electrodes. The • V

~~~ r ,,, t  type was a Teflon bonded electrode. A dry cathodic
aix of 75 veipht percent molybdenum trioxide (PCR , Inc.), 1-C- weight percent
yraphite (1651 :-4licrocrystal Graphite , Southwestern Graphite Co.), and
Id weicht  percent Teflon powder was prepared . About 0.28 of that mix .
containing abo:rt 0.215 g molybdenum trioxide (which corresponds to 80 mA •}’
capacity, considering 2F per mole molybdenum trioxide) were dry pressed on
one side into a matrix of foa.metal (square cross-section area 10 cm2) of
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pure nickel. The second type was an electrode without a Teflon binder. Thc
cathodic mix contained ‘(.) percent molybdenum trioxide and 3.0 percent ~rapn ite.
Only one electrolyte. uamely . J.b h L i C tC l~_FC , has been used so I’ar in the
investigation,

Preparation of lithium electrodes - the electrochemicai cell arraro omenn .
and the eleetrochemical inatr’imentatjon have been descri eel ;)reviotshy .

Polarization L -enavlor oC Co0~~ Catrroaeu

The current—cath ode potent ial  curves I or the two electra-des are sh ’-.n
in F i ; .  1. The cathode potential  was tr ,ea .a;r ”d  I roe el an’Y ohm) c Ut
versus a lithium relerence electrode. To a :,au i , ! ’ b h I C 1 - -) . -P C. Mel , , TI c-~Ii
with non-Teflon bonded electrodes , t ;ao open c i m - c u i t  ‘,-olta -e uas at ~irs t
about 2.0 V. Sy stand,ing overnight - the omen circ  it  volta;e increased.
2.97 V. Teflon bonded electrodes showed an open r i r c - .!t voltane n:  2.’5
Thus , the open cir cu i t  volta~ n o h  U ho cells i s  l.ar ’ -

~~
- a 19 nnrc ca ’o

stat o a) charge than the S-hP predicted I ran tnerm,o L . -nam r c data : cr  a cLa n
in oxidation state from MoO.- to Mo(P, (2.2 1)”. The : . r n , a t h n n  a’ , ’ $ n t ~~r r - a I a t
compounds is the exp1anatio~ fo r L,n~’d e~~ crine :’tt aV ~in d in  a..

From Fig~ 1 it can be seen that Teflon bonded electrodes s~ owed :c :er t
activation-concentration polarizatino ;p to a c;:rront Ci’ 5 nV ’ . Tb. h c  -ja.
followed by another electrode reaction at hi.-h~~r molan iza tions .  Pasn i n ’-
at the cathode is obsei~red at about 51) cJ\ . The ox O lat ico  mt C n n t ! a L  of
propylene carbonate lies around 2.56 v.1’8 Thin is al y - f  t o  m o c e n t) a
region where the second el2etrod.e reaction . nro abl.- :ob’enr ;‘adu -~ C b ~~a.
commences . This means that the cathodi c discharge o r o n a c s  at s t e i n  m at n n t i a i .n
would include lithium intercalation in molybdenum t r l ox ide  aid ro-1uc~Jon
propylene carbonate at the sam e time . The shape of the ourae 1cm - cicOt rC~ t O t ;

without Teflon indicates mixed activation - concentration oularinatia:, -
~~~~ to

20 nA~ Ve would expect that high cathode reversibility could e o~ u’r’:n-: no
to 10 ni~A with Teflon bonded electrodes and wi to hi -her cu r r en t s  ‘. f t h  “tc’-
bonded electrodes,

In Fig. 2 the cathodic polarization, 17 of both elect rode t - , nun  in
plotted versus the log of the current density. Soth electrodes ch ow a
similar Tafel beha~~,or up to 5.l0~~A/cm2 with a Tafel slome 1) of al cott

- 
, At higher current densities there are strong deviations i’m- nm T~ el 1i;ooar it ~,- .

probably due to concentration polarization e f f ec t s .  At these cu r r ent  J.ero~
sities, the electrode processes seem to be diffusion l imited. F rcm the
Tafel slope and the open circuit cathode potential E0, estimates Of the
exchange current densities 10 01 the electron transfer reaction can be m a i n .

E0
_ E

1
= b l o g l _ b l oFI0

3
~Ir, F. Hunger and 3M S. Ellisort , V

~Determination of the dtat - cf
Discharge of Li thium/Organic r~iectroiyte/Graphite F’i-:oride PolL~. .”

R&D Techni cal Report PCO’-b- 143)1 . March 1976.
~
8H. F. Hunger and J. S. Ellison, “Rate Capability arid Electroenenical
Stability of Carbon Fluorine Conrpounci s in Organi c Elec t ro lyt es .
3M Electrochem. Soc. 122. 12-33 (l9i~).
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~1~~~O ‘-a ,~ 
‘ ‘ i n’ ’ ’ - ‘ ‘ ‘: ‘ . -a, r n  ‘ - t a O ,  c - t i  ‘ 1  Vi; ’ in U ’ -  ‘F~t a L

C i-ni na ;- V -a “-  a’ ’n ;cp u — -n

‘, ‘ -‘ ~~~~~~ . - -a }on’~ ’s ~~~~~~~ 
‘ V - . -y ’ ’  V V V

,.r f , h i ~~ ) m - S i ‘ t o_ i -  —

‘rij .:’-’ :i,  j~~tj C ’ t  it  wat t  :ics-i ,,; :c- ’i Ci a:. t h e  - - a ’,- ‘ ‘ ‘a ’ , ,aa  :i : .~ ol
- t t - r o h - - : ; t v  ‘

~~~~~~~~~
‘. ~~~ i t ’  to ~ ‘a a ’ , ~~~~ . — r u n ’ i e . i  ei’:;ct ‘- , t n ; . ‘I~ ,O ‘atba

tad i,’ . 5 ~~ ~~~~~ - t i- i OX :- V t
~~

- a:. : a :-~ t ,t i c r ’’t  - ‘ L . :-~ ; ’  S I. ,‘ of
-b .  Ti c - , . - :Larae ’m .r m - ’ ’uo  cL~ nen wa:; l0c~A , w:,’ch i..cl ,’)e~~. a - c

‘-h e  ra~-: a ’ s ; , , Le ~ ar - O a: ’ O t ”  t: : ; r - a ~ ‘.‘ol i  -~ ‘:r;’’ . t ’ i ’ in it i al

ci:” : P a  ‘a: n - c  - ‘a :  3.0 V. l: ’t et ’  s i x  no rat c: -in : : - , ‘ i i : ; - aar, i ( ‘ a)’
- -~- : - uo. L ’ O ’ ~ N,~r ) ,  U . :  -~‘at no- mi’ et a. : ial Vlra : ;u, : to l. L ,, ‘-.M ?I~~~~- V m - i  ~~~,

n: , ;, ,, t i c l i r i~~i~~L di. :-’a,c r - e  -curve ( f  h O C)  ‘- , ‘ -;re are t~.’ c
- a t - ’a c; ‘‘00 ) ’ 1,  .‘tc - ’ ’ i n  -ue  t m - S C  -L i s a t t a r g o  aapve.  ~~ , t e r  L i  no-ir s  ol  rest ,

‘ - “ o p en -~~~-a i l  c i ’  a ’ ’  0I t h e  o”1 diso nr,.,,, d cell Via:’ 2.05 V. TL’u:. we
‘-ar: . -c c  that : h - ’ : e n :i:’ -cad C o a f  t a l O  o t he  cell and C - n  ca tac ’- t ’ ;  po t entt e2
are st rn ’ .a 1 . :  c t ) o r : ; of i -n e  s a te  of cuat -g :- o ; t rio aat : . - I f ’  C’ . O  -: o :1-9  ;-e
‘ or . V ~~~~~~ V~~ V t ~~~~~~~0JV j c i t  t0e - ‘ at e  or  ::hiir . ;n 01’ n ’:ai ,  c o L, ; .  . ,:‘t’’r O ne :~~rst

- . t o e  ta l c - in  -t an u a r  , -u: ’ !-” -’n 2’ , nerce:ot to 1. -V T’ p er o e nt  ol tr~e
r- ’-t -i :ad :‘a a ’ .ty  i t c i r t g ‘, : o’c’n at 1-1) mA (T ~

- 00 — 220 0) .  The cathode
- -. ‘ : : ~~~ c t - ne  f r  2 .  .. V to i. .30 V.  Mu - an s i : 4 ’ “?a,, ( V~ ; 5 ~~~~~~ V

,
V .~~ V) ~~ ~~~~~~ - oar” e

- ‘ - - -ac is s t  5. j ,’t F igat”e  3. - :  .~rve 2. ~‘~~tor c:iarr ’irig and after  10 hours of
“cnn , ‘. . . ‘? . - ; ‘en - - :- .c’ ,o t :ot ,~’ot al at the cathode was , ‘.a-~ C’, wrj -c r ,  is con—

- ‘rat T ‘ ac t  - to :Lt at apart n ir ori t f ’ t e n t i a i  (3 .~ ‘i). The
:~o-anort : , ’u- t a d  could be tha t  ~~

‘: did not - a n ’ , der h n  J i s, -: :ar . -i rig and cnarai ‘~~~
-

,

0s5 ble ~f~ m-~ ’~; •~t , ’ ri ,’~- :.m~i - , n j V  1 r’ ;‘aaa ’ t i  -o, suc-~ a;; c- - .: ‘ ion a’ , ]  - t x )  dat I c ; ,  of

- 

. ‘ 

~~~~~~ ~~~~~~~~~~~~~ 0’ .~~~~~
V V~~ T I~~V I:’;n :,.’u- ;y- ( F ! ,- ; aro 3, -:rn’~’ ’ j,  at i— o mA for

- i -c l to a ‘au,  - notential  - P  0 .5; 7 ( 2  23 — ~L° g ) .  This ~~~~
- - :. ftr~’a -V- ,,r-,- o ia fa r  “V ; ’ ~~;’ i t t  the s — l 7 ~ r”:~-Jo ; ,  c: tneur  roical cacac;t ,’ ‘ha:
‘n-c Ic: t, or;c an] . I -a: o’. erare d.i n , ’naa-~e ;‘:‘,nectiai of 1 .5 V. The attain—

V nest  ~ ;V ‘.:o-: - ip e r i  e l m - c I t  voltage (re t patr iCIa,:) after i n t a r~~;D t i a n  of the
‘at - - -‘an s i rri la” C-” th a t  after  the i ’ i r n t  ~i~~c::ar~~e. The second charge

(r ’ , a m - -  ~~ , I a-’.-’: J ‘:9 ta a cathode u c - t a u t i a l  of 3 . la  V. 1)o ,~an si rp  war
- - a ’ the  :athc- J.e .r - .,- t b :  :har’,’in~’ ;) t’oce:; c- • “Oc- ca t i c-J i ~~n a’,’ -

cot; c - a r  ‘ci ‘ o lu( :;ar :nr t, a -uti no . 1 - a: tn I; t u r s  • a re~;t , pC ’tent ’: a. of
CM T.e th i rd . ‘Ja ; ,’nn:’- -e (~ ‘i -t ;r a  3, I n r v :  5) wan ao;~ te m . i m i t a r  ~ o

t fl o e- ‘tr ~ge.  i a  if t a - , a.’ t~~~:’ € bourn - to a caChed - p o t e n tial  of 1.25 V
~~~ ) Pu; rlk - ‘ ‘ a  LiP r I  r u n ; - - ‘ ( C M~ re 3. °‘,s rv-: 6) , the  ca t  1:-ni ’ - p o t ent  Ca]

- “ ‘  ut.n’l , after 6 c urs . 3.05 -,‘ ( 1 :: i~ . c O at -n e ) .  Ai’~-er I nears  of :) ia r FPn- ’
‘ - -e’ rntical overcharge), the cathode potential was essent ially t i .

-ri o , i~~’ a m , ’ ‘.-as o o n or v a - f  at tee - :aC ; . - . ’~~ . nu r - tr :  Ii sc am-ic e
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(Figure 3, Curve 7) showed extensive loss of cathode caPacity. After 4 hours 
-

of discharge at 10 mA, only 50 percent of the theoretical capacity was
obtained, while the cathode potential dropped to 0.3 V (23°c) .  Gassing at
the cathode was observed already alter 2 hours, starting visibly at 0.9 V.
The reasons for this dramatic capacity loss are not known at present , but
could tie connected with the deep discharges during the first 3 cycles or
the overcharge at the  end of the third cycle.

The open circuit voltage 01’ the cell and the open circuit cathode
potential showed a steady decrease from the lirst to the fourth discharge:
3.0. 2.66, 2.6, and 2.5 V, respectively, indicating perhaps some change in
the capability of the electrodes to intercalate lithium. An accumulation
of solvent oxidation products during charge or solvent reduction products
(e.g., Li2c03) during discharge could also account for the loss lii capacity.
Cycling at lower depth of discharge, with control measurements of the
current-potential relationship in between, should shed some light on this
problem. Also, the influence of electrolytes and solvents would have to
be studied closer in this respect.

From these charge-discharge experiments (c/8 rate) with preset coulombic
efficiencies of 75 percent, the energy efficiency of non-optimized cathodes
is 50.1~.%. This value was derived from the second and third charge-discharge
cycles. Since the average discharge voltage is about 1.5 V at the c/8 rate,
382 W.h/kg of active cell components (MoO 3 + Li) can be obtained from a
non-optimized system.

SUMMARY AND CONCLUSIONS

A survey of potentially rechargeable cathodic materials for lithium
batteries was made , Some t ransition metal chalcogenides and oxides show
promise since they intercalate lithium on discharge and release lithium
ions on charge. The rate of lithium intercalation is highest for the IV B
group compounds . Most of the VI B group intercalates are chemically
instable . Bond. breaking during intercalation occurs with t risulfides ,
vanadium pentoxide, and tungsten trioxid.e. However, several compounds
appear suitable as cathodic materials; namely, molybdenum trioxide , niobium
tetra and triselenide, titanium trisulfide, zirconium d,isulfide, titanium
disulLfide, and niobium trisulfide. They show , in combination with lithium,
a theoretically higher A•h/g ratio than nickel-cadmium cells. Further ,
molybdenum trioxid.e, vanadium pentoxide, and molybdenum disulfide have a
lower , initial material cost ratio , expressed in $/A.h , than nickel-cadmium.
The W .h/kg ratios are especially high for the lithium-molybdenum trioxide ,

V niobium tetra end triselenide , zirconium disulfide , and titanium trisulfide
and disultide systems. The initial material cost for the disulfides .
however , are high. The rate capabilities of the systems seem to be adequate
for at least C/la discharge rates and cycling capability has been demon-
strated in all cases. Since the open circuit voltages of these systems
range from 1.88 to 3.75 V , electrode side reactions involving the organic
electrolyte systems have to be expected during both charge and discharge.
To what degree they are influencing reversibility and cycle life cannot be
predicted at the present . Preliminary experimental work was done with the
lithium-molybdenum trioxide system using two types of molybdenum trioxide
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