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Summary

The preparation, structure, intercalation reactions, and electrochemical
properties of TiS, are reviewed. In particular we discuss the suitability of
TiS, as a cathode material in secondary organic electrolyte—lithium batteries.
Titanium disulphide is attractive for this application because of its ability to
form intercalation compounds with alkali metals such as lithium. We
conclude that it adequately fulfils most of the recognized criteria for a
cathode material. The success of the Li—TiS, system for high rate applica-
tions depends on the behaviour of TiS, at high current densities and under
deep discharge conditions. Other factors such as the conductivity of the
electrolyte and the recharge ablllty of the lithium electrode also need to be
considered.

1. Introduction

High energy density batteries are needed for both traction and load
levelling applications. The choice of alkali metals as anode materials for
these batteries is logical when seeking high energy densities. The present
development of high temperature cells such as Na—S and Li(Al)-FeS using
alkali metals seems promising. Room temperature primary lithium batteries
such as Li-SOCl, and Li—SQO, have been available for some time. The
production of room temperature secondary lithium batteries would be
advantageous, and this has led to the search for suitable cathode materials.

The dichalcogenides of Groups IVB, VB, and VIB transition metals
have drawn considerable interest because of their layered structure and high
alkali metal diffusivity. The properties of many transition metal dichalco-
genides have been reviewed by Whittingham [1], Murphy and Trumbore [2],
and Trumbore [3] . The present review is not to duplicate that work, but to
examine more closely the physico-chemical properties of TiS,. Emphasis has
been placed on its potential as a cathode material in secondary organic elec-
trolyte—lithium batteries [4 - 10]. While room temperature systems are con-
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sidered here, the use of solvate melt [11, 12] and molten salt [8, 13 - 15]
electrolytes is very promising and should be noted.

The factors which make TiS, an attractive cathode material for lithium
cells have been summarized by Gaines et al. [5]. They include: (i) good rate
capability and a high theoretical specific energy (480 W h kg™ ') when
coupled with a lithium anode, (ii) near insolubility in many organic electro-
lytes, (iii) high electrical conductivity (2 X 102 Q71 cm™! at 25 °C), (iv) a
charge/discharge mechanism involving the intercalation of lithium between
the TiS, layers, and (v) a reasonably low cost. Although other systems based
on TiS; (e.g., Cu—TiS,) are being investigated [16 - 18], only the Na-TiS,
and Li—TiS, systems have been subjected to serious engineering projections
for large scale applications [5, 19].

2. Preparation

There are three main methods for preparing TiS,: (i) by dispropor-
tionating TiSz at ~ 600 °C to TiS, and sulphur, (ii) by reacting TiCl, with
H,S to form TiS, and HCI, and (iii) by heating metallic titanium and sulphur
together. The high temperature disproportionation reaction was considered
difficult to control, producing TiS, with substantial crystalline imperfections
[20]. Thorp et al. [21, 22] produced Ti, S, where 1.00 < x < 1.02 with a
particle size of 1 - 25 um, using method (ii). They claimed that the product
was suitable as a cathode material in secondary batteries.

Thompson et al. [23] prepared Ti, S, where 0.9 < x < 1.2. Non-
stoichiometric compounds were formed only on the metal-rich side of TiS,
(i.e.,x > 1.0),but for x < 1.0 a two phase region existed between TiS,
and TiS;. It was therefore concluded that TiS, was the stoichiometric phase
limit of the Ti, S, series. Winn and Steele [24] were the first to report the
preparation of stoichiometric TiS, and to define the thermodynamic
stability range. An elemental synthesis at ~600 °C was used to produce
powder samples [24], while single crystals of defined stoichiometry were
prepared by a chemical vapour transport technique [25].

Whittingham [20] used method (iii) to produce fine, particulate,
stoichiometric TiS, having a high degree of crystalline perfection. The
material was claimed to be particularly suitable for use as a cathode material.
His study suggested that titanium sponge with particle size —4 +40 mesh
(~0.5 - 5.0 mm) should be reacted with a very slight excess of sulphur to
minimize the formation of titanium-rich TiS,. Temperature control was
exercised by differentially heating the reaction tube, thereby maintaining
the titanium at a reaction temperature between 475 and 600 °C. At temper-
atures greater than 700 °C, it was found that titanium atoms occupied
positions between the sulphur layers (see Section 3) even though the overall
composition was stoichiometric [23, 26]. Holleck and Driscoll [7] have
described the preparation of stoichiometric TiS, at somewhat higher temper-
atures. Titanium disulphide was produced when the reaction zone was kept
at 750 - 900 °C, whereas TiS; was formed at lower temperatures (~550 °C).
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3. Structure

The dichalcogenides of Groups IVB and VB exhibit the CdI, structure,
whereas those in Group VIB exhibit the MoS, structure [27]. The structure
of TiS, consists of laminae or “sandwiches” that are stacked upon each
other. Each “sandwich” is formed by a layer of titanium atoms between
two layers of sulphur atoms in a hexagonally close-packed arrangement; each
titanium atom is surrounded octahedrally by the sulphur atoms. It has been
found [28] that the disulphides and diselenides of the Group IVB metals
adopt the octahedral form, whereas those in Group VIB possess the trigonal
prismatic form. Both forms, however, appear in the Group VB dichalco-
genides.

Figure 1(a) illustrates the structure of TiS, in which the covalently
bound S—Ti—-S “sandwiches” are held together by weak van der Waals forces.
Should the TiS, be metal-rich, the excess titanium atoms occupy octahedral
sites in the van der Waals gap, as shown by position A in Fig. 1(b). One
effect of this is the pinning together of the structure, and this, in turn,
hinders the movement of “guest” atoms or molecules into the van der Waals
layers. On the other hand, excess sulphur leads to the destruction of the
covalently bound “sandwich” and the formation of TiS; having a monoclinic
structure. A layered structure is, however, still retained with S—S layers
facing each other [7, 29].

The unit cell dimensions of TiS, were reported by Wilson and Yoffe
[30] (a=b=3.409 A,¢c=5.694 A) and by Thompson et al. [23] (a=b=
3.4073 A, ¢ = 5.6953 A). The latter authors also calculated the theoretical
density of TiS,, using their own lattice parameters, and obtained a value of
3.2449 g cm™ 2, which compares favourably with the experimentally deter-
mined value of 3.242 g cm™3. Chianelli et al. [31], using powder XRD,
reported bond lengths in the TiS, crystal of Ti—-S = 2.4279 A, S-8 =
3.4073 A (unit cell translation of the g-axis), and S—S = 3.462 A (interlayer
S-S distance).

There is at present some controversy as to whether TiS, is a semi-
conductor with a 1 eV band gap or a metal [28]. The calculations of Myron
and Freeman [32] and the optical data of Beal et al. [33] indicate that TiS,
is a semiconductor, whereas X-ray [34] and transport property [35] studies
support the metallic status. Indeed, the term “semimetallic’’ has often been
used [23, 36] in discussing the properties of TiS,.

Position A
S layer
Ti layer
TSe { R
sandwich van der Waals
gap (or layers)
(2) (b)
Fig. 1. (a) Stacking sequence of titanium and sulphur layers in TiS,. (b) Octahedral site

symmetry for the titanium atom in TiS,, where @ represents titanium and O represents
sulphur.
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4. Intercalation reactions and diffusion

The layered structure of TiS, allows the inclusion of atomic and
molecular species in the spaces between the basic dichalcogenide units. This
phenomenon is known as intercalation. Among the atoms and molecules
that have been intercalated in TiS, are the alkali metals [27, 37, 38], Lewis
base molecules such as aliphatic and aromatic amines (e.g., NH;, pyridine,
aniline, tributylphosphine, and s-collidine) [39], and organometallic
complexes such as cobaltocene and chromocene [40].

An important requirement for cathode materials such as TiS, is a high
diffusivity of alkali metal ions in their structure. Using n.m.r. studies of
lithium intercalates of various layered disulphides, the self-diffusion coef-
ficient for lithium in LiTiS, was estimated to be 107® em? s~! at room
temperature [41, 42]. However, the chemical diffusion coefficient of lithium
in single crystal LiTiS, has been quoted by Whittingham [42, 43] to be
~1078 cm? s71. The latter value agrees with that measured by Winn et al.
[25] for a crystal of composition Lijs5Ti; ¢18,, for which a value of
2 X 1078 cm? s7! was obtained. It should be noted here that when the
experimental arrangements involve mass transport along a concentration
gradient, the derived diffusion coefficient is often termed a chemical
diffusion coefficient in contrast to the self-diffusion coefficient, which is
measured in the absence of a concentration gradient [44]. The above
diffusion coefficients are amongst the highest known for lithium at room
temperature. Sodium diffusion in Na, Ti; ¢3S, was also studied by Winn et al.
[25] ; the chemical diffusion coefficient varied between 102 and 107 cm?
s”1, the value decreasing with increasing x. In both cases excess titanium had
a deleterious effect on diffusion rates.

The lithiation of TiS, is a topochemical reaction that is characterized
by retention of crystallinity and lack of phase separation. Intercalation does,
however, cause lattice expansion, and Whittingham [29] has reported a
continuous increase in the c lattice parameter during the lithiation of TiS,;
the c-axis increased from 5.690 to 6.222 A while the g-axis increased from
3.405 to 3.423 A [45]. Thus, TiS, may be regarded as possessing a “host”
lattice into which the ‘“guest”, lithium, is inserted while maintaining the
basic structural features of the host. The c-axis dilation and " Li n.m.r. shifts
suggest nearly complete lithium 2s electron donation to the host layers [28].
Furthermore, among the alkali metals that have been intercalated into TiS,,
only lithium resulted in a single phase product with the general formula
Li, TiS, in the range 0 < x < 1 [1]. A general criterion for electrode stability
is the lack of phase transformation during the charge/discharge process [27].

Lithium titanium disulphide can be obtained during the discharge of a
Li-TiS, cell or by the reaction of TiS, with a solution of n-butyllithium in
n-hexane at room temperature [37]. Rao and Francis [46] reported the
lithiation of TiS, using a solution of lithium in hexamethylphosphoric
triamide. The mechanism for intercalation, especially in the case of n-butyl-
lithium, is not clear although the overall reaction may be given by
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TiS, + CHs(CH,)s-Li - LiTiS, + 0.5CH3(CH;)sCHs. 1)

To ascertain the exact amount of n-butyllithium used, a slight excess of HCI
was added to the unreacted n-butyllithium and then back-titrated with
NaOH solution [37]. Since intercalation normally involves the transfer of
electrons, the enthalpy of intercalation can be used to compare the degree of
electron transfer. The enthalpy of intercalation for lithium into TiS, is
—210 kJ mol™1, but it is much smaller for Lewis base molecules where there
is no obvious electron transfer (e.g., NH; into TaS,, —42kJ mol *) [28, 47].

Lithiation of TiS, using n-butyllithium is relatively rapid, as shown in
Fig. 2, being almost complete after two hours [42, 48]. It is, however, more
difficult to lithiate TiS, containing interlayer titanium [23], and due atten-
tion must be given to the method of preparation to avoid this problem [20].
Chianelli et al. [49 - 51] have followed the lithiation of TiS,, using both
optical and X-ray techniques, in an attempt to gain more detailed
mechanistic information. They observed cracking and rifting of the larger
TiS, crystallites, and they suggest that cathodes should be made of particles
of less than 10 um to avoid physical degradation [51].

Both Whittingham and Gamble [52] and Murphy et al. {45] used n-
butyllithium for the lithiation of MX,, where M = Ti, Zr, Hf, V, Nb, Ta and
X = 8, Se, Te. All compounds reached a limiting composition of LiMX,
except VSe,, which also formed Li,VSe, [45] . The corresponding crystal-
lographic, magnetic susceptibility, pressed pellet d.c. conductivity, and
superconductivity data for the above chalcogenides have also been reported
[45, 52]. The Group VIB dichalcogenides, however, do not form lithium
intercalation compounds with the exception of metastable LiMoS, [52]
and LiCrS, [1]. Lithium intercalated compounds can also undergo
hydration, and Whittingham [53] has reported a hydrated lithium titanium
disulphide of formula Lig 4(H20),TiS,.
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Fig. 2. n-Butyllithiation of TiS, (after Whittingham [42]).
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5. Electrochemical properties and battery studies

The suitability of TiS, as a cathode material in a secondary battery
depends to a large extent on the reversibility of the charge/discharge
reaction. Cathodes have been constructed by hot-pressing or sintering TiS,
and Teflon powder mixtures [7], and cells of the following type have been
studied:

Li/MX, SOL/TiS, ‘ (2)

where MX (the solute) may be such salts as LiPFg, LiClO,, LiAlICl,, LiBF,,
etc., and SOL may be such solvents as propylene carbonate, methyl acetate,
methyl chloroformate, and dioxolane [5, 8, 50]. A recent report by
Newman et al. [54] has demonstrated the explosion hazards associated with
the LiClO,/dioxolane electrolyte, which is now considered unsafe for use in
lithium secondary cells.

The concentration of the electrolyte solutions has usually been 1M or
saturated in order to maintain high electrolyte conductivity. This is
necessary since the internal resistance of cells is a determining factor in
power density. The problem becomes apparent when one considers that at
25 °C the molar conductances of a 1M LiClO, solution in propylene
carbonate [55] and a 1M aqueous solution [56] are 5.6 and 70.8 2~ ! cm?
mol™!, respectively. An excellent review of the physico-chemical properties
of some aprotic solvents that can be used in batteries has been presented by
Butler [57].

When cell e.m.f.’s were studied, the cell was normally charged or dis-
charged at very low constant current densities (~50 uA cm™2), then
disconnected at intermittent periods and allowed to equilibrate for 16 - 48 h
[58]. Equilibrium was regarded as having been attained when there was a
change of less than 10 mV in 8 h. The amount of lithium intercalated at
each stage was calculated from the total charge passed [58] . Figure 3 shows
the way in which the e.m.f. of TiS, cells decreased as the percentage of
lithium intercalated into the TiS, increased [29]. The e.m.f. was found to be
independent of the composition of the lithium electrolyte [29]. A similar
pattern of behaviour was observed by Thompson [69], who measured cell
e.m.f.’s under quasi-open-circuit conditions and presented evidence for the
structural ordering of lithium in Li, TiS, [59]. The continuous decrease in
e.m.f. with increasing x seen in Fig. 3 is to be expected for the existence of
a single phase throughout the composition range. The relationship between
e.m.f. and composition for Li, TiS, has recently been explained in terms of
a regular solution [15] and a Fermi—Dirac model [60]. Basu and Worrell
[61] and Nagelberg and Worrell [62] observed fairly linear relationships
of em.f. with x for all lithium and sodium intercalates of TiS, and TaS,
except Na,TiS,, and they proposed a model depending on random
occupation of vacant sites in the interlayer gap.

The open circuit voltage (OCV) for cells of type (2) during the lithium
intercalation reaction (discharge)
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Fig. 3. Em.f. of the cell Li/LiPFg, propylene carbonate/TiS, vs. x in Li, TiSg (after
Whittingham [29]).

Li* + MX, +e » LiMX, (3)

ranged from 2.5 to 1.5 V [1, 63]. In the case of TiS,, values of ~2.5 and
~1.8 V indicate the non-lithiated (fully charged) and the completely lithiated
(discharged) state, respectively. Based on an average voltage of 2.15 V, the
theoretical energy density of the Li—TiS, cell was calculated to be approxi-
mately 480 W h kg ! [5, 29]. E.m.f. measurements of cells of type (2) were
used by Nagelberg and Worrell [62] to show that the free energies of inter-
calation for sodium-intercalated TaS, and TiS, were less negative than those
reported for the corresponding lithium-intercalated compounds.

The testing and cycling of battery type Li—-MX, cells was usually
performed using constant currents with switching at preset cell voltages.
The cell voltage was followed until the preset values were reached, where-
upon the current was reversed [7, 63, 64] . Holleck et al. [6, 7] tested TiS,
electrodes in propylene carbonate and methyl acetate electrolytes. Using
the constant current technique (~0.3 mA cm™2), capacities of 0.4 - 0.8
moles of lithium per mole of TiS, were obtained over 300 cycles at 100%
discharge depth. Limiting composition and reaction rates were determined
using potentiostatic discharge/charge cycles. In propylene carbonate electro-
lytes, 50% of the theoretical capacity was obtained at current densities
exceeding 4.5 mA cm™ 2, while in methyl acetate electrolytes 93% was
obtained at current densities greater than 6 mA cm™2. It was also reported
that the charge process occurred at a higher rate than the discharge process
in both electrolytes under these conditions [7]. Vaccaro et al. [65] used
long-term chronoamperometry to show that the discharge rates attainable
were controlled by the rate of lithium ion diffusion within the TiS,.In a
more recent report, Holleck et al. [66] described the operation of 0.5 - 5
A h Li-TiS, cells for 100 - 200 cycles at the 4 - 6 h rate using a LiAsFg/
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2-methyltetrahydrofuran electrolyte. The same system is also being investi-
gated by Shen et al. [67] with a view to spacecraft applications.

Whittingham [8] reported the shallow galvanostatic cycling of Li—
TiS, cells in LiClQ,/tetrahydrofuran + dimethoxyethane electrolytes.
Using only 4% of the cell’s theoretical capacity, 1100 cycles at 1 mA cm™ 2
were obtained. The effect of TiS, stoichiometry and surface area on the
discharge capacity and rate have also been reported [20]. It was shown
that, for a given polarization, cells containing stoichiometric TiS, of small
crystal size could be discharged at far higher rates than cells containing
large crystals. In situ optical and XRD techniques have also been used to
study the mechanism of the cell discharge reaction [50, 51]. Gaines et al.
[5] achieved 150 - 250 cycles at greater than 60% material efficiency in
LiClO,4/dioxolane with charge/discharge rates of 2.5 and 10 mA cm™ 2,
respectively. A pulse discharge regime (105 s at 2.5 mA cm™2, 15 s at
10.0 mA cm™2) was also used in an attempt to be more representative of
the urban driving environment. It was found that active material utilization
in the pulse discharge experiments was comparable with that observed at
constant current discharge with a base rate of 2.5 mA cm™ 2. Because of the
safety problem with LiClO,/dioxolane referred to above, alternative electro-
lytes are now being investigated. Rao et al. [68] have reported limited
cycling of Li-TiS, cells with a LiSCN/1,3-dioxolane + 1,2-dimethoxy-
ethane electrolyte. While 80 - 90% of the theoretical charge was obtainable
on the first discharge, the overall cell performance and life were very
sensitive to charge/discharge rate, electrode loading, and impurities [68, 69].
Other electrolytes such as lithium closoboranes [70] and LiB(CgHj), [71]
are also being evaluated.

Using low currents (0.2 mA), Murphy and Carides [63] observed two
potential plateaux while studying Li—TiS, cells containing LiClO,/propylene
carbonate electrolytes, and they attributed these to the formation of LiTiS,
(~2.0 V) and Li,TiS, (~0.5 V). The electro-intercalation of up to three
moles of lithium per mole of TiS, was reported by Dahn and Haering [72],
Basu and Worrell [73], and Johnson and Worrell [74]. The latter authors
used the sodium-intercalated compound Nag,TiS, and found that the OCV
decreased from 2.6 to 1.8 V during lithium intercalation. In general, the cell
cycling characteristics were unsatisfactory when Li, TiS, and Liz TiS, were
formed, apparently because of the phase changes involved [63, 72].
Capacity decrease and cell failure on cycling have often been attributed to
problems associated with the lithium electrode [2, 6, 7, 64, 75]. More
recent studies have indicated that the performance of lithium—aluminium
alloys may be superior to pure lithium [64, 76, 77].

5. Conclusions

Titanium disulphide fulfils many of the requirements of a useful
cathode material. The lithium intercalation reaction takes place with a large
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free energy of reaction (—206 kJ mol 1), and this is of importance in deter-
mining energy density. Intercalation involves only one phase over the com-
position range 0 < x < 1, and this should be beneficial for electrode
stability. However, although the lattice expansion on intercalation is only
10%, cracking and rifting of larger TiS, crystallites may still cause
mechanical degradation of practical electrodes. Alkali metal diffusivity is a
limiting factor in current density and hence power density, and therefore.
stoichiometric TiS, must be produced without titanium in the van der Waals
layers. The solubility of TiS, in many organic solvents is apparently
negligible, and this should reduce loss of active material and increase shelf
life. Since TiS, has semimetallic properties, its conductivity should not be a
major factor determining the internal resistance of Li-TiS, cells. The
thermodynamic reversibility of the electro-intercalation reaction has been
generally confirmed. However, large active material utilization at high
current densities (e.g., 60% at ~7.5 mA cm™ 2), especially after extended
galvanostatic cycling, has been reported by only one research group. Further
work to confirm this observation is desirable. Finally, whether TiS, and, in
particular, the Li—TiS, system are successful contenders for high rate
secondary applications depends on various additional factors such as the
overall economics of production, the conductivity/stability of the organic
electrolyte, and the rechargeability of the lithium electrode.
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