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Annual Report' - '

SYNTHESIS AND EVALUATION OF NEW
CATHODE MATERIALS FOR RECHARGEABLE
LITHIUM BATTERIES

‘Contract No. EY=76-C-03-1253

1.0 ABSIRACT |

"The objective of the first &ear of this study was the investigation
of two new classes of complexISulfide materials of potential value for
ambient. and high temperature, high energy rechargeable batteries with
lithium anodes. The two new classes were the sulfospinels and simple
and mixed layered disulfides of transition:. metals of groups IVB and
VB. In addition, three simple sulfides, CoS, CoS ‘and FeS were also
investigated. Studies of the synthesis methods have resulted in the
development of the two-zone quartz furnace capable of firing tempera-
tures up to 1000°C. with controliable'sulfur-vapor pressures. Optimum
synthesis methods for preparation of TiSz'and substituted disulfides
of the type M Til (M = Co, Cr., Mo, V) as well as for sulfospinels
have been established

In the area of mixed disulfides, compounds with_§ mole % molybdenum

~and 25 mole % chromium or venadium were ‘found to be superior in electro-
chemical cell performance to TiSQ. _The higher electrical conductivity
. of these compounds compared to that of T182 is the probeble reason.
The preparation of the Co-substituted disulfide was not successful and
resulted in a sulfospinel structure of CoT1234 Among the sulfospinels
studied CoCo,S, (Co ) and CoFe,8,, high capacity ‘densities up to
60§ mAH/g have been found with the former showing more electrochemical
reversibility.” The cycling ability was found to be related to the
depth: of discherge in these initial studies. The mixed disulfides, and
under proper conditions, the sulfospinels represent very promising -
cathode materials for rechargeable lithium cells. The initial findings
in 6rganic electrolyte cells have also been confirmed in high tempera-
'tpre tests conducted at Argonne Nationasl Laboratory in molten salt cell!
tests. The simple sulfides have been found to perform in organic
electrolyte cells with CoS2 showing lower pplarization than FeSé or
CoS. Recommendations for future work include aryetalographit studies
of the new structures, further improvements in the techniques of
synthesis, of cathode structure, and development of organic electrolytes.
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2.0 I’NTRoxiﬁCnoN "

In the course of self-sponsored work, prior to this contract,
the staff of Electrochimica Corporation has developed two classes of
cathode materials of potentlal great interest for ambient as well as
high temperature high energy reehergeable batterles employing,llthium
anodes. These two classes are the §ulfosg1nels of the general formula

IMJ-g and. the certain layered dlchalcogenides of tran31tion metals .
of group IV and VB of the general formula MS ‘ ‘

The objective of the first half of this work, phase I,
was an investigation of’preparatlve,techniques for thesepmaterials
and their initial evaluation as cathodes for rechargeable lithium
cells. The objectives of the second part, phase II, were the further
synthesis studies and evaluation as cathodes of three simple transition
metals: sulfides, ‘three sulfospinels, and two or more disulfides,
preparation of sulfide.for high temperature cells, and literature
search. - ” '

Following a brief initial literature search, certain methods of
sjnthesis have been aoalysed,aqd,experimentally‘explored. Materials
have been'prepared and evaluated in experimental cells for electro-
chemical parameters and in complete cells for initial cyeling per-
formance. In addition, samples of cathode materials were prepared
for evaluation innigh temperature cell vs Li (Al) anodes with KCl-
L1Cl fused salt electrolyte at Argonne National Laboratory.

Among the simple transition metal sulfides, CoS, and the
pyrites 0082,1P 82, were briefly 1nvest1gated "

This report concentrates on the first contractual efforts to
synthesize and initially evaluate the two promising classesfofe
cathodic7materials, namely: sul fospinels and layered trensition
metal disulfides. .

-= ' i



3.0 TECHNICAL BACKGROUND -

3.1 Selection Criteria for Desirable Cathode Materials

In order for a rechargeable battery system to perform satise
factorily over an‘appreciable number of cycles, there are three types
of reversibilities which must be satisfied., These include physiochemical
reversibility of all solid and liquid phases, morphologigal and
crystallographic reversibility between the charged and discharged states.
of the active electrode materials\and electrode kinetic near-wreversibility
as a basis for high rate capabilities‘without\excessive polarization -

losses,

A desirable cathode material must be:

a) Stable in the electrolyte.

b) Essentially insoluble in the electrolyte (except
as to the extent desirable from electrode kinetic
considerations).

c) Should be electrochemically active Khigh current
density capability without excessive polarization).

d) Should have a crystallographic structure conducive
to morphologicéi reproducibility as cycling

proceeds.

The last consideration would indicate the desirability of a well defined
crystallographic form for the cathode material. Additionally, a
crystallographic form which encourages interaction exchanges between
ions in the different types of sites is likely to give the material
semi~conducting or even conducting properties, features much desirable
to reduce internal ohmic drops and conseqﬁently the effective polariza=-

tion of porous cathodes.

In its prior work the staff of Electrochimica Corporation has
found that certain sulfide compounds namely belonging to groups which
can be described as sulfospinels (ortospinels) and certain layered
dichalcogenides offer a unique opportunity to meet most of the above

criteria for desirable cathode materials®. These two classes are

%Subject to patent applications by Electrochimica Corporation.
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briefly discussed in the following.

3.2 The Sulfospinels

The sulfospinels (or selenospinels) are chalcogenide compounds
generally analogous to the face~centered cubic crystal spinels and
ferrites. They have a general formula

MlllM III
where X = S, Se, Te _
' Mi divalent ions of Cu, Fe, Co, Ni, MnZn
M2= trivalent ions of Ti, V, Cr, Fe, Co Ni

'In a unit cell (containing 32X) of a normal spinel the divalent
M1 ions occupy only 8 out of the available 64 tetrahedral positions.
The trivalent M2 ions occupy 16 out of the available 32 ectahedral
positions. This means that in the lattice there are many vacancies,
especially in the tetrahedral type for introduction of lithium ions during
the discharge react on at the cathode in a cell. This is considered
to be the fundamental attraction of the sulfospinel group. These
compounds offer the great variety of chemical substitutions for both

cations and anions.

The cobaltites N&C0234 and the chromites MlCr284 have clearly
been established as "nmormal" spinels; i.e., in which the metal ions
Mi occupy only tetrahedral positions. The magnetic properties ol

these compounds have been studied extensively by Lotgerlng (l)

On the other hand, it appears that the ternary chalcogenides of
titanium of the general formula MTiZS4 (M = Fe, Co, Ni) do not have a
epinel structure and instead exhibit a monoclinic Cr3S4-type structure
which is characterized by ordered vacancies in alternate metal layers. (2)
Wold and co~workers (2) have found for both sulfides and selenides of
this type that such compounds will sometimes undergo a transition to

the disordered trigonal structure if there are deviations from the

stoichiometry MTi'QX4



Since it is important in battery work to reduce the weight of
the active materials, the present primary interest in this program
is on the sulfur compbunds. These compounds are generally metallic
2 -10-4thm-cm). They have
positivé temperature coefficients of the resistivities and low Seebeck
efficiencies (approximately 10,4 volts/®). Lotgering 13) was one
of the first to study a series of these compounds because of their

conductors (resistivity in the range 10~

interest in the magnetic applications field. He developed some

synthetic methods limited, however, to very small quantities.

3.3. Lavered Dichaleogenides

Another interesting class of compounds are the layered dichal=-
cogenides of the transition elements of columns IV and VB and their
intercalation complexes. These compounds have recently been extensively
studied because of emphasis on their super conducting properties (4).
The layers of the crystals are separated in the Van der Walls gap by
inorganic species intercalated between the dichalcogenide layers.

For instance, TiS2 has been described as a semi-conductor with a

l1-eV gap. It shows a high metallic conductivity which is explained
in terms of metal-rich off stoichiometry and degenerate semi-conducti=-
vity. The disulfides and diselendies of tantalum Ta, V and Cr have

also been studied. The mixed disulfides; e.g., Ti,_ _V S2 show high

1~-x
electric conductivity (resistivity in the order of 10 ohm=cm) .

Several compounds in this class have recently been demonstrated
as promising cathode materials; e.g., niobium di & tri-selenides (5),
and TiS, (6). These materials operate by intercalation of lithium
upon cathodic discharge between the layers of sulfur in the layered
structure. For instance, the discharge of TiS2 proceeds in accordance

with the rcaction

. .+ — . . X
T182 + XLi *+X € ——p leTlS2

where X = QO-p 1,0



Al

The reverse action occurs upon charging. When these pfoeesses
occur reversibly in both directions the basis for a long life re-
chargeable battery system is provided.” Since intercalation between
the sulfur layers held together by weak Van der Walls' forces does
not involve breaking of strong bonds the basis for reversibility is

provided.

One of the early investigations at Electrochimica Corporation con-
cerned mixed cationsg;, dichalcogenides, or disulfides with an eye
towards increasing substantially the intrinsic conductivity of the

cathode materials and, therefore, of the practical electrodes. It
has been found, for instance, that by substitution in titanium
disulfide some of the Ti by a metal of group VB such as vanadium or
by metals of group VIB such as chromium and molybdenum substantial
increases in conductivity can be'obtained. At first these were
observed by noticing a considerable decrease in required charging
voltages for cells with such cathodes. In other words, cathodes

of this type polarize less for the same current density (See
experimental examples illustrated further on). Supporting informa-
tion was subsequently found in the literature (See e.g. 7) in con~
trast with the degenerate semi-conductivity of TiS2 the mixed cation

3 chm=cm at

materials exhibit resistivities of the order of 10
room temperature. The effect of the substitution of vanadium or
chromium atoms for titanium atoms in the T182 structure is to confer
properties of a paramagnetic¢c (or ferrimagnetic) metal on the system,
The substitution of vanadium for titanium in the lattice has changed
the electrical characteristics from that of a degenerate semiconductor
in T182
factor of 2,5 have been reported (7).

to metallic conductivity. Increases in conductivify by a

Thus, the mixed cation disulfides represent a particularly intriguing
group of materials exhibiting metallic conductivity on the one hand
and operating as a cathode through intercalation of the small lithium

ions without disruption of the lattice as charge, discharge proceeds.



A simple class of tiansition metal disulfides are the pyrites
contalning 82 - units in which the 8-S distance is almoat exactly
equal to that of a sinqle 8-8 bond. The pyrites have a face cen-
tered cuhic dietorted NaCl structure in which the metal occupies
the Na-position and the centers of the S2 qroups are placed at
the Cl-position, but turned in-.such 8 way thot they are noﬁ paral-
lel to axes of the cube. The lattice constant a 18 5.535
CoS, and 5.418 R for Fes,(0).

for

Iron pyrite FLS would be very attractive hecause of a theo.
energy density of 1300 WH/ke (and a practical of 200-250 WH/kg)
" It has of course been the subject of considerable studies at
Argonne N. L. In the molten salt electrolyte battery using LiCl-
KCl sustems. In this systeém the reduction of Fesz,goes through
seversl solid phases, including 2Li,8°FeS'FeS, and-L!zs'PeS.
Whether such phascs would also occur in gn embient temperature
organic electrolyte battery is one question which would need to
Le congidered from many points of view, including that of the
thérmodynamic stebility for each of the phases. The two pyrites
included in this study were FeS, and CoB,. These two compounds
helong, to a serias of trans{tion metal dichalcogenides of the
,series 3d mctals which occur often as minerals. PeS has scmi-
conductor properties with-a resistivity of 2 x 10- nhm-cm (8).
This different conductivity was expected to mauitest itself in
difierences in the polarization of the two electrodes, both on
éharge\and on discharce, especially at higher_current'cgpsitieé.

7- .



4.0 EXPERIMENTAL WORK AND RESULIS
4.1 Syntheaia Studies for Cathode Materials

Esrly in this work on the basis of sn initial survey, it
was determined that the methods for synthesis of transition metsl
sulfides, layered disulfides, and of sulfospinels (studied originsl-
ly as magnetic materiasls) involved preparations from elements or
by reaction of hydrogen gsulfide with either metsl chloride or with
the elements. Many of these methods while suitable for one material
are quire unsuitable for others. Thus, preparstion of TISQ. which
in our program is an important intermediste for preparation of
mixed layered disulfides, or for certain sulfospinels requires @
~ very careful preparation by sulfur vspor trangport to titanfum

metal in suitsble form. Initislly in the progrsm, commercial

grades of r132 generally prepared by st resction with metsl
chlorides were obtained from Cerac, Inc., and from Great Western
Inorgenic Co. Thesm materiasls were used both directly as cathode
materisle for evaluation in cells and as coaponeni. in the hynthcain
of the more complex sulfides. ‘

Our own efforts to synthesize !182 were initiated sccording
to method A from the slements. An initial effort involved pressing'
titanium metal powder and sulfur 1n..toichionctr1¢ ratios into pellats
to schieve intimate contact and firing these in sesled quarts smpules.
However, the tremendous exothermic hest resdily caused fractures of
the ampules. This led to the decision to avoid cloeed systems and to
the design of a new apparatus which could be used either as o
a cloeed or as an open system which would provide for two heating
zones o that the resction can be moderated and readily cont;oiled,
by providing s reliable vapor pressure control for the transport of
sulfur (9). In this new approach s vertical glass spparatus is used
with e round bottom flask holding the sulfur at temperature 350 to 470°C
(depending on the desired sulfur vapor pressure) and the reacting
metals or sulfides are held in a glass basket suspended in s mid point
of the upper cylindricaluportion of the vertical furnace which csn be
heated separately to temperatures ranging from 500° to 756°C. Further



improvements in this proceedure were achieved by the following

modifications.

1. Introduce dismond cuts in both the bucket snd
the liner holding the reactiﬁg materials in the
hot zone to facilitate ready access of sulfur vepor.
2, Provide a deep thermocouple well to permit accurate
temperature measurement and control ‘
in the hot zone cloee to the bucket coataining
the reacting material. )
VVS. Buflding the entire equipment from quartz to
permit operation up to 160. °c.
4, Increasins the cool zone section to permit
better sasket seals.

After the successful operation of this furnace. an identical second
was set up to permit an enlarcved scope of materisl syntheeen. In each
furnace-firihga involving 40 to 100 crams of mataerial could réadily
be made. This represents a very siynificant advance from the cool
zone sealed long ampule method in which typicelly amounts of the order
of 2-4 .ramg are prepared. The furnaces prove themgelveg capable of
synthegizing: both sulfospinels and layered disulfides. The most
important task became the determinmtion of the desirable time-temperature
profiles and the number of firincs necessary to compléte the reaction.

From a variety of such studies. the followin¢ zuidelines were
learned.

1. ‘ris2 and layered disul fides are best synthesized in the

temperature ranze of 5 - 600YC. The differential with the
sul fur wenerating zone should be of the order of 60 to 100.

2., Sulfospinels are best synthesized in the ransre of 650~ 850°C

with a 2-400°C differential to the sulfa zone tempersture.

3. The synthesis of mixed layered disulfides is best achieved

by starting with T182 and synthesgizineg it with stoichiometric
additions of the sppropriate metal elements and of sulfur,

4, 2 or 3 firinzs are usually desirable to echieve high yields

of the desired compounds (over 90%).
5. The particle size and the reacting space is very important,

-9-



e.g., .for titanium sponge a size range of -8 + 35 appears
optimsl. S L
6. Thorough elimination of air is critical during firings.

4.2 fgei} Fveluation Studiep

In order to permit sn initial evaluation of a 1aigp numher of
- materials regulting from various compositions and prebaratiﬁe techniques
as well as the evaluatfon of different electrolytes, it was decided
.that cells should be sealed in such a wsy that they can be reliably. tested
in the normal laboratory environment, without requiring a dry box during
" the test stage. To-accomplish this a sesled crimped cylindrical cell
structure (C size) developed by Elce Battery Company, subgidiary of
Electrochimice Corporatibn. was sdopted with some modifications. The
main change was to employ only-a S" long cathode instead of the usual
- 10". This provided for essier agsembly and nreater flexibility in the
use of separators.
Cathode mixtures containing 20% graphite and 10% teflon were

pressed to an expanded nickel grid 1.35" wide x 5" long. The
anodes of the same width were 6" long and also supported on nickel
grids. .fhe separators were norn~woven polypropylene on the electrodes
~ and microporcus polyprepylene film as a barrier materisl. The
electrode separator dssembly in a coil form was placed in a C-cell
can with dppropriate insulators filled with the electrolyte and
crimped with a pplyethylene gasket.' The cover of the cell was equipped
with a nickel diaphragm:type safety vent degigned to release gas st a
pressure of 30-40 psig. After the crimping operation the cells were
removed from the dry box, cleaned and equipped with welded nickel tabs
for electricel connections. In each group typically representing a
given cathode material and electrolyte combhination three cells were
constrgeted. The data presented givé a §éﬁ§é of values for that,group
or an average when the data is reasonably close together (ususlly
within a 10% bond). ' |

~ In the first study a number of électrolites were formulated on
the basis of prior experience with recharzeable organic electrolyte
type cells. The elegtrplyte compositionsa are givin in Table 1. Since

%

-10-



. TABLE 1 -
‘ORGANIC ELECTROLYTE COMPOSITIONS

" E1. No. Solute m/L - " Solvent -

. 15¢/2 - 1.2 LiAlCIL, MCF

8175 :2JS-LiClQu_ © 70% THF. + 30% DME

: l.O’SQ2

35/5 . . ‘ 0.6 N.Bu,I - " 4LO0%PC -' 60% THF

4,
1.0 'Liclo, . |
90/5 © 2.0 LiAsFy . 20% PC - 80% THF

1 92/5: 2.5 LiC10, MCF

. l.O 8‘02 )

93/5 - 1.2 LiCl0, MCF

9u/5 o l,.‘2-Li'C1’0'l+ 4 MCF

0.5 150, -

95./5 . 2.0 'LiC10

y ; 70% THF - 30% DME

0.5 S0, -

MCF.

Methyl Chloroformate.

THE.

. Tetrahydrofuran -
PC = - Propylene Carbonate

DME

1.2 dimethoxyethane '

“10-A



the cholce of the electrolyte snd particularly of the@99€ oap pe
critical for the performaince of @ sccondary cell, we congidered the
evaluation of clecviralytes to ke an faportant initial task and there-
fore, endeavored to test several elcctrolytes with a ziven cathode,

One ":o0d prel ininary eathode vehicle for that nurponse was congidered”

the cunric sul{ide cathade which is known to he capahle of recharceshility
althoush to 8 1imited numher of cycles., The study of such cathodes with

four different electrolytes s ~iven in TahleZ.
Judging from capscity delivered and charced-in and as well as voltage

limits, the following tentative conclusions can be made:

1. Electroyyte 35)5 shows clearly the poorest
results (on charge 3C with an fnput of only
556 mA cells reached 5-9 volts, when solvent
would surely decompose.)

2. Electrolyte 925 failed to deliver cood cell
cepeacity in Step 2D. It also yielded lower
voltage pleteaus.

3. On the basis of thege initial results electro-
lytes 90/5 sand 91/5 appeared to be rouzhly
comparable.

A solid solution of CoS and T182 prepared by Great Western Inorganic
under the {nstructions of Electrochimica Corporation, as indicated
previocusly, showed & promiginc behavior from the outset. A new group
of three cells wes therefore constructed using electrolyte No. $95/5.
(See Table 1) This vroup has civen remarkably zood results as shown
in Table 3. The cells were diascharged at retes ranging from a 20
hour rate to as fast as a 4 hour rate in verious cycles. Table 3 ghows
the capacity outputs and inputs with the corresponding end voltares
which, of course, sre determining for those capacitities. Accordingly,
capacities do very from cycle to cycle end therefore it is more
valuable to take an averace for an entire group of cycles. These
oversgeg are a8 capacity output of 373 and en input of 485 mAH, correspon-
ding to an averape current efficiency of 76.9% for the first 16 cycles.

While historically the studies on cathode materials were initiated
with preparations of sulfospinels and of disul fides and their evaluations

-11-



- TABLE 2

- INITIAL EVALUATION OF ELECTROLYTES

Sg: Cathode El-yte Dlscgéggarge Yin ‘ ‘Yav. N Vf;é...gﬁi ‘ ?ﬁg Notes
27-4-1  CuS 30/5 1D (30 mA)  3.10 1.5-1.9  1.54 . 1110
2C (20 mA) 1.83 . 2.5 2.74 1585
2D (20 mA)  2.17 . 1.65. 1.35 1110
1 3C (30 ‘mA) 2.3 27,38 1386
-2 " 91/5 . 1D (30 mA) 3.29 1.9 . 1.46 1110
. 2C (20 mA)  1.93 2,27 3.58 | 1585
2D (20 mA) 2.45 . 1.72. 1.18 . 1110
. 13C (30 mA) 2.29 " 2.29 ' 1386
0
.3 o 92/5 . 1D (30 mA)  2.98 .1.63 T1.24 1110
2C (20 mA) 2.42 . 3.18 - 3.27 1585
2D (20 mA) . 1.68 0.92 . 458
3C (20 mA) 2.46 2.27 1386
-4 " 35/5 1D (30 mA) 2.8-.  1.5- 1.0 400630 -
- 2,57 1.7
2C (20 mA) 2.54 2.8 =5 , 530-596 -
2D (20 mA) 1.87. 1.1%  320-458°
3C (30 mA) 2.13 5-9 556



TABLE 3

INITIAL D-SCANS FOR CoS & CoS, in EL-YTE 95/5 (Gp. 41-35;36)

2
Cell EME's
C.D mA/cm2 GoS ' CoS
‘ '. - 2
0.25 2.5 v, 2.52 v.
0.5 2.42 v, 2.38 v.
0.75 , 2.30 v. ' 2.16 v.
1.00 2.08 v. ' 1.90 v.
1.25 1.84 v. - ‘ 1.64 v.
Charge _ -
~ _End-Volt. 2
at 0,25 mA/m 3.15 v. . 2.70 wv.
Cap. to 1.1 V. 290 mAH/g 290 mAH/g
=0.983e/mole =1.33e/mole
TABLE 4
INITIAL D-SCANS FOR FeS2 in 3 ELECTROLYTES (Gp. 41-32)
Cell EMFE's
C.D. mA/cm? , 95/5 03/6 06/6
0.25 ‘ 2.22 v. 2.05 v. 2.54 v,
0.50 . 2.15 v. 1.88 wv. 2.49 v.
0.75 2,04 v, 1.68 v. 2.44 v,
1.00 1.64 v. 1.48 wv. 2.36 v,
Charge
End-V. aE
0.25 mA/ 2.84 v, 2.82 v. 3.29 v,
Cap. to 230 mAH/g
1.1 v. =102e/mole - -

11~B



were the first, @ sfgdy of simple metal sulfides was added on the‘
request of the technical monitor at midpoint during the program. "It
may, therefore, be desirable to arrenge.the discussion of these
studieg in the following three subsections. *

4.2.1 Study of Simple Txpnaition Metal Sulfides T

Thié study included three compounds CoS and two pyritic compounds
0085'and FeS,. The first two compounds were obtained from Cerac, Inc. -
and FeS, from Argonne National Laboratory. The latter is the same
pyrite material as used in the high temperature ‘battery cells being
developed at Argonne. This material is purified only by a flota-
tion method to remove silica. Table 3 shows initisl discharge
gcang for CoS2 cathods in lithium cells with electrolyte $5/5.

This perchlorate electrolyte in & tetrnhydrofuran-dimethoxyathane
(THF-IME) electrolyte was used in almost all studies unless otherwisc
mentioned. The initiel polarization of the pyrite 6082 would

appear to be larger than that of the gimple sulfide CoS. However,

as seeh at the bottom of Table 3, Cos, delivered 1.33 electrons

per mole compared to .98 for the simple gulfide to the same 1.1

of cutoff. However, the capacity yield per gram was identical.
Coszﬂhm@ acceptancq/%“;xarge et the lower voltage as indicated hy its
lower voltage endpoint upon charging.

A comparison with Fes2 can be geen in the firgt column of
Table 4. In the same electrolyte Pes2 at the same levels of
current density, the lower cell EMF's were obtained. The capocity
yield to 1.1 volts was only 230 mAH/g which is equivalent to 1.02
electrons/mole. The charge end voltage is close to that of Cos2
pyrite. In a different kind of study, these three sulfides were
compared with twb gubstituted T}S2 ueing a series of glass cells
in which the cathode 1 in. x 1 in. in size was placed between two
lithium snodes in a relatively large quantity of electrolyte, and
the poténtiale were measured between the cathode and sn unpolarized
lithium referenced clectrode in a side walled component connected
to the lithium anode through a small Luggin copillary. Some diffi-
culties occur with thie experimental approach with fha poor

a12-



adhesion of the cathode material 4, the supporting nickel grids.
Congequently, the work was limited to the initial two to three
féycles. As shown in Table S, for the originel cathodes, the
cathodic (or disclisrge) potential was lower for FeS, than for

. _Cosz, and all of the simple sulfides were lower than the cobalt
substituted T182. In this experiment 8ll of the cathodes showed
‘éxcessively largg'anodic (chorge) potentiels for the sulfide
cathodeg. At the end of a substantial discharge ééﬁi@ﬁiéﬂﬁ fo
465 mAH/g, the highest cathodic potentials were obtained for
CoS, and the Co;25T1.7582. It is possible that-this discharge
wag destructive of most of the materials except CoS2 since the
subsequent anodic potentials after eharzing in only S50 mAH/g

‘were in the vicinity of a 4 volts or more. It ghould slso be noted

that of the last two substituted disulfides the one with composi-
tion Co .25 behaged bettcr both on charge snd discherge.

The pyrite materials were the subject of further studies on
which preliminsry results were published. (10)

These two compounds belong to a series of transition metal
dichalcogenides of the series 3d metals which occur often as
minerals. '

Pe82 has aemi-conductor propertiee and has @ resistivity of
1.74 ohmcm. On the other hand, 6082 is metallic and with a
resigtivity of 2 x 10 "4 ohmecm (9) ‘renee 1).

This further study was conducted in the glass cells previously
described using 1 in, x 1 in. cathodeo._

_ Figure 1 shows a partisl discharge aﬁd charge of a cell with
CoS2 and Figure 2, @ similar one for Fesz. The discharge plateaus
are .variable in both cases. The lower plateau for CoS, is about
1.54 volts and for FeS,, 1.44 volts.. In Figure 2 we seec what may
smount to three charging platesus. The highest one 1is probably
due to solvent oxidation at the high voltage. No effort has been
" made to illustrate the reactim details at this point. An
interegting comparison of the two pyrites-is shown both for
cathodic discharge and for anodic charge in the form of Tafel plots

-13-



. TABLE ___5

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

. _ Glagss Cell Stu
C.D. , °
. f
i 2 s ;
- | mA/em Fe82 CoS2 .CoS Co-”Ti.GGS2 : C°.2ST1.7582
For orig, charoed _— -

Lathodes . ' . oo
Cathodic (disch.) | 2 | 2.00v.2.25v 2.05v 2.31v 2.26v
Anodic (charge) 2 3.8 ° 3.89 3.56 3.72 3,73
Céthodic after

nit. disch. (ID) i

f 465 mAH/g 1l 0.13 1.27 . 1.18 0.57 1.3S
Anodic after _
cherge (IC) ) ’ ' ’
of 50 mAH/g 11 ( 4.3) 3.50 '4.06 4.12 3.98
Cathodic after
disch. (2D) of
140 mAH/g , -1 4 - 1.11 0.99 0.49 1.11

13-A
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(See Figure 3). These linear gnphn over a significant range of sy

densities show the greater polerization for FeS, compared to

CoS,. The practical meaning of that is that FeS, delivers lower
discharge potentials and requires slso higher charging potential
comparcd to Cesz. The state of ehnrgc has a very profound effect

on the potentials aceepted by these cathods. Figuresd illustrates
the affect of the state of charge on the cathodic (dioehargg) ;
potentials of FeS, and CoS, cathodes. A discharge of only 50 mAH/g
lowered the potential of CoS, cathodes (vs. lithium electrodes )by
approximately 0.4 volts) at 1. mA/ﬁmz compared with almost a 1.8

- volt drop for reaz. The stable slope of the polu-iution line fer ’

the !‘082 cathode can be readily explained by the larger spceifie
resistivity of this pyrite. l!mvet. the large drop between the

' charged and "‘d.ucharg’ed state is probaebly due to the formation of

compounds much poorer in conductivity than even h&r The simple
sulfide CoS is of little further interest in rechargeable RSPt
temperature lithium batteries since it undergoes rcduction to the %

'mtallic state and would, therefore, have a limited o

eycl.e capability. ©On the ‘other hand, the pyrites cen be used
reversibly with a discharge of 1 ~ 1.5 electrons peié mole. Of . i
the two, the better conductivity of CoS, manifests iteelf in the
form of lower pelarization remlting in better charge and diwhnge
potentuu compared to Fes, . in 1ithium organic electrolyte cells.

4.2.2 mzmxmm

Two cohal‘.t baged sul fospinels have been prepared in our

* furnaces with a high temperature of 800°C. One is CoCo,S, 1n

which eobalt appeers in the dﬂfemntﬁ W RS T oF i and +3
state respectively. This material «Sehd ﬁe.ignatcd,as (:o‘,'s4

occurs in certain materials in Hature. The other prepared materdal is

is Coreys 4’.' Complete partial "C" eelln were built using these

" cathode materials with lithium snodes and electrolyte 95/5. o ! S
- comparison of these was ‘conducted vith fuuy built cello uontaininz
. CoS and P082 eathodta as illuutruted :ln Tnble 6. It will be

-14=
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CHARGE AND DISCHARGE VOLTAGE RANGES FOR Fe$

TABLE 6

2,

CoS, Co

S, AND CoFe_S

374

(El-yte 95/5; Gp. 41/43 - 2,34)

2°4 CATHODES

Cycle & Capacity FeS CoS Co,S CoFe,S
(mAH) 2 374 274
ID: 605 out 2.8 - 1.32 2.54 - 1.25 2.8 - 1.27 2.8 - 1.32
IC: 606 in 1.47- 2.57 1.44 - 3.18 1.43-3.17 1.45- 3.31
2D: 500 out 2.2 - C.85 2.2 - 1.07 2,26- 1.08 2.12- 1.00
2C: 531 in 1.65- .66 1.58 - 2.96 '1.53- 2,70 1.60- 3.20
5D: 526 out 2.38- 1.15 2.35 - 1.18° 2.35- 1.12 2.68~ 1.06
5C: 528 in 1.85= 2.10 1.77 - 3.51 1.71- 3.52 1.86- 3.80




- suceessive firins thraurh 850 °c. X-ray analysls confirmed 95%

‘renxocucxble. 1"Itq was the mujor modlfxcation of “,our Ry desxgn e

from the ‘elements free of chloride impurities. Szncc from a

7 noted that on the first discharge (1D) cf 605 mAH decreasxng to
:' "approximatcly 200 mAH/g, al) cells had. ahomt the same. end voltqge
Qi‘ln the. range of 1. 25 to 1.32. On Chargxnw back. the. same amount of
‘ Fe82 ‘showed a. lower ‘end voltawa of* 2 58 and the’ ochcr thrce groupd
of cells shewed vcltagcs in the rangc of 3.17 - 3.31. The dlftcrences
f,<became more proncunced in the second cycle (2C) - This time '
‘\»Co S haﬁ only an end voltag@ of 2 70 compared to 3. .20 for Cofezsd.

374
A higher end voltag@ of 1. 13 (compared to 1.06 for CoFegsd) in

dischar e of cycle SD. may ‘also be eiqnificant.’ Prom the resultév

of this study, it would appear that Co3S4 is more reversible

lectrochem¢cally than COF62 4" Within the. Limited scope of thc o

‘ fprescwt study pnase _there was insutilczoqt tlme fcr iurther

ccmgarative eva?uatlon of . thesc two materaals. e : -
‘The third sulfosplnel btudy was that of conalt and titanium

'f‘mainly CoTi, S " This material was synthezizcd in the hinh tnmpcra-

2¥4

- rure furnace from T132 cobalt wctal and' sulfun through three

¢

. of the material to have the face-centered eubxc structure of the

spinel. This cathode matcrial'with a 15% addition of graphite and

{L 10% of teflon was evaluatcd by means of the cathodic and anodic .

gcans in the bell jar glass ‘cell. Tnis study was dinecluded with
the evsluation of three layered disulfidcs and for this reason it

‘ s dlsccSSLd in the followinp Secticn 4 2.3. e -

4.2.3c gudy of Transiticn Meta; D1sulfide§

A described earlier, we had. 1n1tialLy in the beqirnin, of
the program evaluated & commercially availuble prcparatzon nf
il&&r and IaS&, and fOunu thege muterjala not to be pure or

‘

of two-zone quartz. furnaccs to»be able-to Carry out th& syntthis

;fpoint of- view of encrgy denSLty, the heavier tantalum compound
, iia not attxuctlve. e have concentrated on Tisz and sabsti*utcd .
. disulfides of the general formula M Til xSQ .

-.ls.



The reason for our interest in such materials is a indication in

. the literature (11) that unlike ’i‘iS2 which is a semi~conductor,

- _the substituted compounds exhibit metallic conductivities, On;‘
‘this basis 1OWer effective polarlzatlons of the porous ecectrodes
 and lower ohmic drops,could be anticipated. '

' . In our studies, chromium and molybdenum (Group VIB eliminates),f
were used for suhstitutions. The gubstituted materials were pre-.

"pared from TiS,, the matal powdcrs, and a stoichiometric additionali
,amount of sulfur. The mixture was ball mllled with an organic
: vehicle and drled and pelletlzed to achieve ‘intimate contact
,f during firinz ot 650 - 750°C. Later we. have fcund it desirable
3 \to reduce this temperature CIOSer to 500°. The results for
: 1 in x 1 in cathodes prepared with chromium substitutions

o 0 08, and 0. 25 are ilrustrated in Figure & and 6 in comppris@n \f->

'ctc T152 and the previously mentioned CcTiQSq., The cathodic
\potentials (1. e., at ‘discharge) shown in Piﬂure 5 indicate a

larger polarlzation at the high current density of 9.5 mA/cm
for the compound with 5 mole % of chromium compared to 25%.-

, ,additlon the sulfospincl cexhlbrt&d~a:1“ pc;ential almost
| ,2/10 volts lower throaghput the current density range. However,
it was capable of sustaining hlgh current cengities. It was

encouragin« that all compounds could discharqge at appreciable

»-,current dengities with reasocab3y hiah voltage lVBlHESH. . The
”'comparison with Ti52 may not be of perticular interost in
'c‘Figure 5, because - rhcwas from . a diffcredf batch’ than the TLS

used in the preparation of the two substituted chromium compounds.
At these early stages of synthesis, it wag not fully realized
that ‘slight changes in stoichiometry or flnal firinn tamperature

;may have a pronounced effect on the performance of thc dlSulfiue
‘The charga potentials (anodic) given in Figure 6 1nd*cate a fair

parallelxsm w1th the cathodic _behavior. This means that 'the

'?Sulfospinel L0T1284 which discharges at: thc lower voltare or

chargcs at the lower voltage than “the other compounds promising ‘
an extremely good voltage efficieney.,(for instancc, at 3 mA/ngA

L,
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the charging and discharging voltages would be 2,08 and 1.94
respectLVGly (for a voltawe €fliciency, of 93%) i ,

It is also interesting to note that of the two chramium -
* substituted compnunds, again the: one with 5. mole % showed a
(,larger polarization than the one with 25%. On the basis of l~‘n;
" .these prellminary results » the CrolgsTi 75 2 Compound is clearly
the bettes of the two. X—ray analyste for this material conf:rmad

that it has a 1ayered strueture similar to Ti5, wzth a slicht “

2

. Qhange of the C-axis. . The substituted disulflde does operate at

higher go tentials both.on chargc and discharqe than the sulfo~
spinels, and within reasonable cvrrent density lﬁnitations, ‘both
types of compounds are capable of good voltage efficiencies '

‘;hntween charglnu and dlschar ying. - _
Partial C-cel]s were also constructed from these two ) -,

‘ chromium compounds and from Ti32 and subjected to{cycling.

~ Complete cell voltaqge charge. and discharge scans (not potentials
vs. @& referencevelecfpode) were made. A -sample of the results = _
dé1lustrated for a.cuffent density of 3 mh/cm2 is shown in Table 7.
As can be seen on discharge the average voltage§of cells con-
taining cathodes made with Cr ,.Ti .S, were. the hiéhest~ namely,
‘ lLGQ vclts compared to only 1.25 volta for the Cr OST 9582
cathodes. The cells. with TiX werc in between on charge at the
same current density.bgaxn the cells containing Cr.25T107532
‘cathodes required the lowest #pplied potential (which is most
desirable) of only;Q 2'volt§. In this rcspect the chromium com-
- “pound with 5 mole % chromium was the poorest requirlng 2.6"volts -
"anu agein T152 was in _between. in this respect This trend

was observed over a wlée range of current densities frem .2 to
t5 mA/cm on the partlal C cells. study _

~ Atiother ser;es of substituted dlsulfides involved molybdenum.

‘: X-ray enalysis was carried out on three molybhdenum substituted o
“ disulfides of qeneral type Mo;Ti .' It has. been Fouind that
,j~for composit1on x equdls 8.65 the material was a homogeneous

: disulfide (in agreement with the independent analy51s at. Argonne)
However, for composition x equals 0.25 and 0.50 non- homogeneous -

"’, materials have been obtained,(mixtures of‘T182 and Mo&Q) This

-

':."1 7=



‘

may be due to the fact that the last two preparations were made

using Mos ingtead of Mo metal. WE.sre planning to investiuate
this point as well as firlng conditions to sec if homoceneous
disul fide materials can be prepared

TARLE 7
" COMPLETE CELL VOLTAGE SCANS . -
COMPARISON AT 3 mA/cm? (GP. 41-39, 40)

Cathode Material On Discharge ‘ On Charge - .
) _ ‘ ‘- .
TosTlos% 128 v, 2.62 v.
- TiS§, ' © 1.50 v. _ o 2.30 wv.

o Ct:25T1.7582 1.68 V. 2.?0 v.

Since in the eérly work the optimum conditions for preparing
TiSQ as a starting material for the substituted compounds
were not well established, and’the substituted compounds were.
not olways made ¥rom the same original T182 batch, some of the'conclurf:::
sions concerning the comparisons must be recognized as tentative and
. recuiring further study.
_ Mixed leyered disulfides involving molybdenun and -cobalt
at two concentration levels, S and 25 mole % have been prepared.
These materials were used in the preparation of partial C cells,
, 8 stuhy pf which is illustrated in Tsble 8, in comparison té
similar cells with TiS,. As can be seen, the first discharge
resulted in very closec results for all compounds. However, upon
. charging back of 212 mAH/g (i.e., 5% excess over the amount removed .
. in the previous ﬁiecharge) all cells attained hlgh ‘

«18~



TABLE _ 8
~ COMPARISON OF
MIXED LAYERED BISULFIDES AND TiS,
(Gp. 41-38, El-yte 95/5)

v-8T

05T+ 955y | Mo

05710, 4557

Mo

0.2571g 75

S

2

TiS

Cog. 25720 755,

End-V.

after 1st
disch, of
202 mAH/g

End-V. after
lst charge of
212 mdH/g

5th cycle
cap. out to
1.3 v mAH

Sth cycle
End-V. after

- charge of

100 mAH/g

1.18 v.

-’ "f)f.

3.73 v.

300

2.3-2.9 v.

1.12 v.

3.40 v,

100

108 v.

2,69 v,

130(est)

3.9 v.

1.11 v.

2.6~3.5v,

1300

2.4-3.8v

1.15 V.

~ 90




voltages except for M0.25T1.7SS2 and some of the titanium
disulfides. 1In the fifth cycle the capacity output, however, was
best for TiS, and the cobalt substituted Co ( TiSo8,. These two
types of cells were also exhibiting lower charging voltages in
the subsequent charging4step,' Xergy analysis indicated that the

", 5% Co substituted compound had a TiS, structure end so did the

2 molybdenum substituted materials. However, the cobalt material

at 25 mole X had predominently a structure of the spinel CoTi,S,.

" In ohemnn&ginal preparatlon of this materiasl. the second firing

employed & temperature of 800 °c which later was found to be
destructive of TiS2 structures. It is therefore not clear at-
. this point whether the tendency to form the spinel rather than
: ggtain-the layered T182 structure is due to the high temperature
- or other attempted stoichiometry. Apparently this was not &
problem at the 5 mole % level and, therefore, the question
regarding-cobalt substitutions still remains open.

A vanadium substituted titenium disulfide was prepared’ from
Tisz‘vanadium métal powdef and a required amount of sulfur with
a formal composition V‘2ST1'7582. This materiallis known to
exhibit metallic conductivity (11). It was thecrefore interesting
to compare the two under similar conditions of cell structure. _
Table 9 illustretes results for two groups of TiS2 cells employing
clectrolyte 954S end electrolyte 43/6 (similar to 95/S5 except
contdining 30% DME instead of 25%). The vanadium substituted
material was studied only in electrolyte 95/5. Referring at
ipis time to the results in electrolyte 95/5, it can be seen
that the vanadium compound, after 17 cycles showed slightly
higher cell voltages which became more significant with
increasing currént density on scanning. The differences,became
more eignificant, however, after a partial discharge of the cells
ag shown in Tsble 9 after d;scharge of 100 mAH/g. The vanadium
substituted material cells gave significantly larger cell
voltages (1.80 - 1.86 v. vs. 1.40 = 1.62 v.), at the end of the
firet cycle, Higher voltages were also demonstrated after the
17th cycle. Furthermore, during charging the vanadium material
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TABLE _9

Comparison of Ti82‘8

Vo.25T30. 755,

Discharge Voltage Scans for Charged Cells (Gp. 17 - 14)

. (ne 7 3
Tis, (B-30) Vo 2cTig 58,

Gp. 1 Gp. 6 Gp. 2

El. 95/5 El. 43/6 El. 95/S
C.D. 2 Cycle 1 Cycle 17 Cyclé 1 Cycle 17 Cycle 1 Cycle 17
mA /cm
0.25'A 2.30 v. 2.34 v, 2.65 v. 2.61 v 2.29 v. 2.35 v.
0.50 2.23 v. 2.26 v. 2.55 v. 2.50 v 2.20 v. 2.30 v,
0.75 2.18 v. 2.20 v. 2.49 v, 2.36 v 2.15 v, 2.24 v.
1.25 2.08 v. 2.08 v. 2.41 v. 2.10 v 2.04 v, 2.14 v,
Cell Voltages
after disch.
of 100 mAH/g
- in Cycle 1 1.40 - 1.62 0.80 - 0.91 1.80 - 1.86
~ in Cycle 17 1.60 - 1.71 1.49 - 1.70 1.75 - 1.79
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exhibited cell EMF's 0.1 = 0.15 v. lower than the straight
T8, R | .
The results of this section of the studies indicate that
layered disulfides are very promising for ambient temperature
lithium cells. The preparation of TiS, requires careful
attention to the problenm of impurities, stoichiometric ratios,
particle size and the firing tempeiaturee. The eubstitution
of vangdium, chromium and possibly molybdenum offered the -
. possibility of improving conductivity-of’theﬁﬁEterial and,
therefore, lowering its effective polarization during cell
charge or discharge. ) ' )

-

. 4.2.4 N-Buty]l Lithium Titrations o thode al .
It'is deairable in the search for new cathode materials for
ambient temperature Lithium batteries to have a rapid survey -
method to detdrmine electrochemical activity. Lithium
organgmetallic compounds dissolyed in a non polar solveﬂf such
as Hexane can reduce chemicelly cathodit materials andyor
- sppropriately intercalate Li into them. One recently sugges-
ted compound is N-Butyl Lithium (C HgLi) (12). For instance,
in case of ‘I’iS2 the following reaction takes place:

C4H9Li + 1_‘182—-' Li '1‘1'.32 +1/2 CBH].B

After treating the compound to be determined with an'excese of
wolution the exact amount of equivalents is determined by a
back titration with acid. It should be noted that this
valuable non-electrochemicsl test gives only the ‘extent to
which the cathodic material can be reduced ‘and does not
necessarily indicate intercalation, i.e. any potentiel crystal-
lographic reversibility. h

Early in this pregfam a number of compounde have been
titrated with N-Butyl Lithium as shown in Table )J0. - The first
two entries show two commerciel grades of Tisa The thedretical
result for T132 should be 1.0 Equiv/mole (240 mAH/g)
deviation of the results for these commercial materials from
unity and from each other confirm the oiscrepancies and diff{-
culties with these materials experienced in cell studies due
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. TABLE10 - RESULTS OF N-BU-LITHIUM

". TITRATIONS OF SELECTED CATHODE MATERIALS

Mat.. Code".Formula Source or Preparation ~Equiv/mole. mAH/g.
...................... B T
TiS, TiS, . Cerac 1.367 9% 325
TiS, ...... TiS, ...... Gt Wstm. ... . 91t a5% 217
TaS, ... .TaS, .. ... . Cerac. .. .............. . i 79F. 1% . 86. . .
TS~4 .. ... CuS;TiS,. .. Gt.Wstn.. ... ..... ... . .0 2.15% 1% - . 278
TS-6 CuFe,S, Cop " Vac. ‘dried 5.55% 5% 490
unfn_red ..... e
.TSflOJ.._...CUCPQSS;..:COPf..;.:.QVac:.dr;ed.A.7:H5? ......... 585
TS-11 CoFe,S, . Cop. . . Vac. dried  6.150 4% 551
TS-11(Bu). CoFe,S, By . From elem... 5,35 " 480 .
T . . F. in evac.. e
...................... . ............Quartz Comp,.........:..‘........
TS-12 . . CoS.TiS, . Gt.Wstn. = . . .. . 1.25% 3% 165
CCuS ... ... Cu3 .. Cexrac ... LU0 VLR 348 ..
Chalco-  CuFe S, . Wards Vac. dried. . 1.51% 9% 221
Pyri.te ........... i e e e e e e e e e e e e e e e e e e e SR ]
Fe Sy Fe Sp . . Argonne ' 2uHc o 0536
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to impurities. The next layered disulfide TaS2 showed a low
equivalent number.

The complex sulfides developed by Electrochimica
Corporation (TS-compositions) all show high equivalent values.
It should be noted that TS-4 end TS8-12 are not sulfospinels
but 1l:1 solid solutions. There is a considersble difference
between these two compounds. Compositions TS-6, -10 and -11
show very high values of the order of 5 - 7 equiv/mole. For
TS~11 the determination was made with the meterial as copre~
cipitated and vacuum treated and the fully fired material. The
slicht change from 6,15 to 5,35 ecuiv/mole is probably due to
the elimination of volatile reducible materiels.

The last column civing the capacity psrameter per unit
weight of the cathode material (mAH/r) is of enzineering
interest, Accordinzly the sulfospinels TS-4, -6, -10 and
-11 are all very attractive on a weight consideration basis.

4.2.5 Regult 1} Hio -u

Durinc this prosram several samples of cathode materials
have been forwarded to the Chemical Envineerine Division of
our Argonne National Laboratory for evaluation in hirh
temperature molten salt (KC1 - LiC) cells at 420 - 450°C. The
anode in such celle is a lithium sluminum elloy which puts
little practicel limitations on current densities both on charge
and discharve. Furthermore the cyclinc ability in high
temperature cells is not limited by the electro.~ crystellization
of the lithium in the way it is experienced in orcanic electro-
lytes, therefore a better evaluation of the cathodes is
unhindered by the limitations of the anode. The results of a
recent series of tests conducted at the current densities 13 -
39 mAH/cm2 at Arconne are illustrated in Table 11 in which the
Faradeic capacity per uram is studied for all the compounds on
the basis of 1/2 mole 1lithiun per '
The Faradaic utilization efficiendb‘%aﬁumn thus relates the
actual capacity obtained to that hased on the wei~ht of the
active material in the cell and in its Faradeic capacity. The



v=12

TABLE

11

HIGH TEMPERATURE CELL PERFORMANCE OF ELECTROCHIMICA CATHODE MATERIALS AT 420-450°C

0.25770.7572

*) For 1/2 mole Li per 1 S

_ Performance
Material Batch# Cell# Rating
CrO.QSTiO.7SS2 B-1 AJ-1B Good
CrO.OSTiO.9SS2 B-2 AJ-2 Fair
CuTi284 TSB-Bl AJ-3 Very Good
Es - -
MOO.OST‘0.9SQ B-2 AJ-4 Very Good
TiS2 B-18 AJ-5 Fair
Mo Ti S B-2 AJ-6 Poor

Farad, Util.
Efficiency
% of Theo.

Theo. :
Cap. C.D.2’
AH/g * md/cm
0.237 26
0.239 13
0.186 26
0.239 13

; 39
0.239 26
'0.217

296AH _ . .
“a9gan - 0%
216 —_ o/

":‘4—7'78 = 45%

.360
“1o - 88%
.300 _ 80%
479 T 64%
280 _ ...,
479 - o8
= 17%

Tvpical

C.E.%

93-97%

80%

93-100%

94-98%

98-100%

93-97%

43%



current efficiency column related to capacity obteined during
discharge vs. capacity charged in. ‘ .
As can be seen the Ti82 compound (batch B 18) was only a

fair material since its Faradaic utilization effieiency was

only 58%. However, some of the substituted layered disulfides
~made from this compound were superior to it. 1t is extresemy

important that comparisons of this type be made with the T182

from the batch from which substituted compounds were synthesized.

The following conclusions can be made on the basis of the
results of Teble 11. o
1. Compound with Moo 25
2. Compound with Cro os Yes only satisfactory.

was comparatively poor. -

3. However, “all other compounds showed superior utiliza-

tion compared with T182 namely 50% for c”o.zs' 64 to

" 80% for MOO.OS and 88% for the copper spinel sll
compered to 58% for the Ti8, from which these
compoundg were made. o

4., The performsnce of the Moo 0S substituted disulfide is
particularly impressive also on the basis of an
excellent current efficiency of 98 to 100% even at a
current dengity of 39 mA/cm .

S. The sulfospinels CuT1284 emerged as one of the best in
this group of compounds’studied in the high temperas-
ture cells. It was capable of operating at the high
current density of 26 mA/om with an 88% Faradaic
utilization efficiency and a current efficiency of
93 -"100%. This performance was far'superiof than
‘in orgenic eléctrolyte cells. ‘ |

"Because of the removal of the limitntions of anode performance

and .a superior cathode kinetics in the high temperature cells, it
would appear that some materiels which only showed e fair per-’
formence in the room:tempprature cells, such. as the spinel

Culi,S, or the Mo o Ti .S, disulfide could deliver ver§ superior

274 05
performanoea in high temperature. This msy provide an important
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hint for the direction future investigations of these cdhpounds‘
ought to be. It ie almo interesting to nhote regarding the two
chromium substituted disulfides that the 25 mole ¥ chromium -
compound wasAEIearly.éuperior'to the §‘mole % materisl, and what
“is most importent, it was superior to the TiS, from which it

was made. S - ‘

4.2.6 EzeL2m1nezzJEzeLeaxien_ni._l__xzp ition

During this: program it became clear that electrolyte has. a -
profound effect on performance of eulfide cathode materials.
Lithium perchlorate solutions in THF - DME mixtures (as typicelly in
electrolyte 95/9) were then adopted for most of ‘the evaluation
studies of the sulfide materials as cathodes. Perchlorate-ether
mixtures, however, are generally not considered safe mixtures.

It was, thus, desirsble to seek substitutions. An additional
preliminary electrolyte study was, therefore, ‘added towards the
end of the program. '

‘ As alternativas to the lithium perchlorate LiA1C1, and
LiAaPs were studied. In the area of solvents, propylene
carbonate (PC), methyl acetate (mA), and sulfur dioxide were
considered. Tests of this type have been carried out--a ganple
of which is given in Teble 12 in which 4 electrolytes are com-
pared in respect to the end voltage as a certain discharge and
subsequent recharge. As can be seen, the standard electrolyte
95/5 gave the highest end voltage on discharge and the lowest
upon recharge (1.9 < 2.6 v. respectively), i. e., the most ,
desirable eharaeteristies. The next best electrolyte in thie
respect was 14 B/6, although it required an additionsl “volt
towards the énd of the charge. The addition of 80, to the methyl
.acetate, in accordance with a recent Electrochimica Corporation
petent (13, 14) appears definitely helpful, but it does not over-
come the disadvantage of, using the AaPG- anion for the same -
solvent system. By comparing electrolyte 16/6 to 95/5 it is
very clear, however, that AsFé' is inferior to C104 . The
following conclusions have been arrived at- in these preliminary

electrolyte studias:
' -23>
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TABLE 12

EFFECT OF ELECTROLYTE ON TIS2 CAPACITIES

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

El-yte No. 14A/6 14B/6 16/6 95/5
Composition 1.8 m/L 1.8m/L 1.8m/L 2.5 m/L
LlAsF6 ' L1AsF6 L1ASF6 L:LClO4
1.0 S 2
100 MA 100 MA 75 THF 75 THF
25 DME _ 25 DME
(3D) End V.
after dis.
130 mAH/¢g 0.9-1.4 v. 1.8-1.9 v. 1.45 v. 1.90 v.
(2C) End V.
after charge 4,10 v. 3.6 V. 4.6 V. 2.6 V.
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ﬂ) Propylene carbong;e is an extremely poor solvent -

‘ f;  for these compoundsveven with perchlorate anion
“B)J LxAlQ‘O is totally unacceptable fbr rechargeable

L ,cells. ”;Iﬁj - : -

ic? LiAsF6 is poor and iends tqﬁﬁy*«ﬂp hlgh charging voltages;.

-@)  There may be some possib111t1e5<for the use of MA, ‘

L particularly with addltions of SO2 and perhaps a greater :

‘ safety with PC's, but th1s area remains to he thoroughly -

[

e

?f,finvestigated "," LT oo ' ﬁ@'.<

ot .



The bas1e objective of this work was the study of two new claSses
fof cathode materials of potential Value for ambient aud hlgh tempexa—
'ture high energy rechargeable hatteries employing lithlum anodes The
compounds of ;nterest are sulfospinels and layEreé dlSUlfldeS of -
;transztlen groups IVb and Vb, Mid pOlnt in the program, the evaluation 17‘

o of the aimple sulfide COS and of the 2 pyrltes COS2 and EES was added

, The basic tasks were: the synthESIS of these materlals and thelr o
P reliminary electrochemlcal evaluation “In addition it was necessaﬁy ;Tfl‘
T to develop and evaluate some Qlectrolyte fbrmulatlons to enable carryinngff
4‘: out the necossary eleétrochemzcal studies on fhese compoundé AT
h Three syntgetic methods were studied: \g”” I
A, Coprecipxtation of sulfides followed by somc form
| of a high temperature reaction. .

_‘B.'-Preparation from elements by vapor phase reaction. . ‘»‘ ’2‘
cC. Synthesis from 31mpler sulfides by hl"h temperature '
'reaction., ' : o

Segond|nathod hecame the major synthetio tOOl*duran the second half- of
the program._‘ ; ‘ : ’ B ’ .
, In the area of synthesis, the follow:ng guidelines were learned~ )
A. ‘TiS, is best synthesized in the temperatuxe efgg_g - 800 C /QIg-
thh 2 - 3 firings. ' : , | : o
B. - Layered disulf&des are best obtained by starting with a, good -
5 grade of T182 ‘and operatin& 1n the same temperature ranqe.r
, 2 firings are usnally sufficient ) - .
€. Sulfospinels are best. prepared in the range of 630 - 850 %
- with a 200 - 400 ditferential to the sulfur temperature ‘zonie .’
Db, For mixed eompounds of both types, intxmate contact aehieved
( in pelletizing is very important. . - :

, Early in the program it was. established that 1ithium perchlorate L
. electrolytes in the ether mixture of tctrahydrofuran-and aimethoxy ethane>’
‘avre the bhest - VEhicles for evaluation of the. sulfide cathode matcrials.-

1'Subsequent efforts durinb the prOdram to substitute the c10 “anion by
' ASFGf or AlCl4 led to very 1rreversible oclls or. to outr1ght faxlures.l
Some 90381bllit1es of using MA mixtures with 802 were found but thls
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was not fully explored because of time limitations .(sée Section 4.2.6).
For most of thetcathode studies LiClO4 solutions in THF - DME were.
employed .

Prom the study of the simple transition metal sulfides COS, COS
and FeS (Section 4, 2.1), the following conclusions can be drawn:

2°

A. All materials can be used for cathodes although their cycling
. ’ capability remains to he extablished
- B. COS delivered approximately 1 and COSQ, _4§§ electrons per
mole to a 1,1 v. cutoff. The latter also ‘charges to a
lower end,voltége than the simple sulfide which is understandaple
_ since the pyrite is a better conductor. )
c. PeS2 to the same cutoff voltage yieldS230 mAH/g or 1.02 electrons
per mole. :
D. Most of the discharge of these simple sulfides occurs in the -
| range of 1.5 to 1.0 v. cCharging is easily completed at 2.2
volts; hence, voltage efficiency is very high.
E. Because of the better condﬁctivity.of COSQ, it is superior to -
FeS2 in lithium organic electrolyte cells in respect to charge
and discharge polarization.
In the area of sulfospinels, (Section 4.2. 2)£LCO (= C03§4)‘and
COPe284 were studied These materials were capable of considerable .
- capacity densities as to 605 mAH/g. However, further action of revers-
ible cycling was deliberately limited to 200 mAH/ Within the limited
study carried out, CO3S4 appeared more reversible electrochemieally
than COFe284 A third sulfospinel prepared was COT1284 for which a
very clear x-ray pattern of 95% of a face-centered cubic structure was
obtained. This material was capable of high current densities up to
10 mA/cm2 in polarization scan. It'és charging and discharging voltage
'ranges are similar to those of the other 2 sulfospinels. It indicates
an ertremely good voltage efficiency,‘e:g., of 93% at 3 mA/cmzl
‘The study of the transition metalASquiéulgﬁgﬁﬁc: covered mainly
T152 and the substituted MxTil-xS2 (Section 4.2.3). Once the proper -
conditions for synthesis were established, and good quality materials
- could be prepared, . c80%8 trends emerged.
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“ . 4
Tﬂé‘ﬁg}iowing conclusions can be drawn from this-section of the work:
A. The‘prepaqﬁtion technigue for the sidigulfides,.. ang their

stoichiometric ratios are very critical for the electricel
performénee. . : _ ‘
B. PrOperly prepared TiS2 and substituted M Til xS2 compoﬁnds operate
very reversibly through intercalation of lithium ions on dis-
_ charge and their release upon charge. o
€. .The chromiun compound, the one with 25 mole ¥, was far superior
‘to the one with 5 mole ¥ and also to TiSQ, from which it was
priginally prepared, both in terms of higher output voltagas
on disgcharge and lower required voltages.

- D. . For molybdenum substituted compounds of the type Mo Til -x 2.

on the other hand, the 5 mole ¥ material was the only

homogeneous one obtained. Attempts to prepare the 25 and 50

mole % resulted in mixtures of TiS, and M082 accord@gg to

x-ray analysis. .

An attempt to prepare the Co 25 S2 resulted in a

Ne

electrochemical behavior was similar to that of the latter.

F. The vanadium compourd V 25T 7582, which is known to exhibit:
metallic conductivity (11), gave in initial limited study,
significantly larger discharge vol tages than}TiSQ and required
up to 150 mA more charging voltages.

From the studies so far performed, it emerges that the 25 mole ¥
variadium and chromium substituted «.!féisulfides, are superior to TiS,.
The N=Butyl lithium titration technique was found valuable as a
screening method for potentially valusble cathode materials. It's
one disadvantage is, of course, that it cannot distinguish between
intercalation and compound reduction. . ,

Results in hhightemperature cells (Section 4.2.5) of the material
submitted by Electrochimica Corporation to Argonee Nationsl Laboratory
were most encouraging and generally paralleling the findings in the
lithium organic cells. Of course, in the high temperature cells, much
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predominently sul fospinel structure of CoT1284, and consequently.



‘higher current densities could be demonstrated than in the ambient
temperature cells. ' Indeed, the Yange émployed was 13 --39~mA/cm?
The following conclusions can be rcached from this work (See Table 11):

A. The substituted compounds S,, Mo 05T ggSys and Cr 25T1 755,

- were superior to the T;S from which they were made in
"Faradai;”uxiL,zgtisn efflciencv and in current efficiency.
B. A sulfogpinel CuTi,§, emerged as one of the best materials capable
| at 26 mA/cm2 of an 88% utilization efficiency and a current e
',effielency up ‘to 100%. Compounds with nominal composition Cr.OS
and with MO.?S were either fair or poor in parallel findings
in tHe ambient temperature organic cells.

It al; appears that the tests of high témpératurn cells are not
limited by the cycling sbility of the lithium anode -n’q} thgééfore. T -
' there are lesser limit‘\ftinns on the cell EValuafien thmngh cyeling.,

The high temperature cell Wgsts were, therefore, an important corrobo-
ration in establishing the v;r‘Lpf substituted TiS, as a potentially
important future cathode materilsl.. i
In summary, the work of the pasfi ar has resulted in the determina-
_tion of several compounde of the ospinel type and of the layered -
WE) dlsulfidc ‘type wﬁlchrare promisins for rechargeable ambient temperatire
 organic electrolyte battery systems and as well as for high temperature
molten salt lithium anode batteries. ‘

Future work iri this area shouid g0 in several directions:

A. A crystalographic study of the structure of the new substituted
disulfides which have given initisl promising results in order
to evolve guidelines for directing future synthetic efforts ‘
and for understanding of the redction mechanism, ,

B. Further investigation of optimum methods for preparing\of
desirable compounds. - ' , ‘

cC. Development of a mechanically desirable and reproduclble
., cathode structure as a nccessary base for comparison of

~ cathodie materisls in respect to polarization on charge and
, dﬁscharpa and of efficiency as cycling proceeds. s
. D. Development of a reliably sedled cell design to undertake

. cell parameter performance studies in a systematic manner.
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E.i ?urther development work on the organic éiectrolytes
from the point of view of the following considerations:

1.
2.

and goods. .

Safety. : , ~
Non-participation on the cathodic and anodlc
process at both electrodes. S ,
Chemical stbbility towards electrode materials

i/

Providinv a8 good basis for lithium ariode

'reehargeability or electro-crystalization.
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