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DEDICATED TO PROFESSOR PETER DAY ON HIS 60TH BIRTHDAY
The cubic spinel structures, TiS2 and LiTI2S4, have been fully
optimized using the full-potential linearized augmented-plane-
wave (LAPW) method. The comparison between band structures
of TiS2 and LiTi2S4 and the analogous oxide structures indicates
that bonding in sul5des is more covalent. Bonding of both sul5des
and oxides becomes more ionic after Li intercalation. The cal-
culated average intercalation voltage of 2.16 eV (LiTi2S4) and
2.93 eV(LiTi2O4) is in good agreement with experimental data.
The higher voltage of oxide is due to the larger change of
enthalpy of formation between reactants and products. ( 1999

Academic Press

INTRODUCTION

In the last decade there has been considerable activity
in research and development of rechargeable lithium-ion
batteries (1, 2), also referred to as rocking chair, shuttlecock,
or intercalation batteries. Their high energy density makes
them suitable for electronic devices as well as for electric
vehicles. The (negative) anodes and (positive) cathodes
consist of materials which can intercalate lithium ions.
During discharge lithium moves from the anode through
an electrolyte into the cathode. Carbons (3, 4) and metal
oxides (5) are mainly used as anodic and cathodic materials,
1To whom correspondence should be addressed. Permanent address:
Institute of Inorganic Chemistry, Slovak Academy of Sciences, DuH bravskaH
cesta 9, SK-84236 Bratislava, Slovak Republic; telephone, #421 7
59410468; fax, #421 7 59410444.

2Permanent address: Institute of Inorganic Chemistry, Bulgarian Acad-
emy of Sciences, B1.11, 1113 So"a, Bulgaria.
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respectively. The "rst commercial battery of this type
was developed by Sony (6}8), who used coke and cobalt
oxide as electrode materials. This battery was reported
to be operative over more than 1200 cycles with an aver-
age voltage of 3.6 V. Similar cycle numbers and average
voltages could be achieved with the systems coke/nickel
oxide (9) and coke/manganese oxide (10). Low cost and
environmental reasons focused the development on spinel
type manganese oxides as cathodic material, and com-
mercial batteries of this type have been availablle by
Nippon Moli Energy since 1996. Electrode materials
such as titanium oxide (11) or titanium sul"de (12) can
be used either as cathodic or anodic materials. Such
systems have a lower voltage and therefore a lower en-
ergy density than the systems mentioned above, but
their higher stability makes them competitive too, and
in 1995 the Japanese company Matsushita brought a
battery onto the market consisting of a spinel type
titanium oxide anode and a spinel type manganese oxide
cathode.

A great amount of experimental data in this area is now
available. Collecting these data and analyzing them with
appropriate computational models is a way to obtain better
insight into the physical and chemical processes. These
models can be used to reduce the experimental e!ort and to
design improved batteries.

First principles calculations are a modeling tool which
requires only the crystal structure as input. Such calcu-
lations are therefore free of unknown parameters. In the last
few years this tool has became more and more popular in
the design of lithium-ion batteries and has been used by
many authors (13}23).
0022-4596/99 $30.00
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TABLE 1
Geometry Information on Spinel LiTi2S4 and Corresponding

Li Deintercalated TiS2 Structuresa

Space a z < Ti}S Ti}Ti S}S S}Ti}S
group (As ) ( } ) (As 3) (As ) (As ) (As ) (degrees)

TiS
2

Fd31 m 9.85 0.2524 955.7 2.44 3.48 3.42 88.9
(9.739) (0.2488) (923.7) (2.45) (3.44) (3.48) 90.5

LiTi
2
S
4

Fd31 m 10.12 0.2578 1036.4 2.45 3.58 3.35 86.3

aAvailable experimental data are given in parentheses (29).
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TiS
2

is an electrode material of interest in Li-based cells
(24, 25). The Li intercalation into TiS

2
was characterized in

layered trigonal CdI
2
-type crystal structure, for which Um-

rigar et al. (26) presented LAPW calculations of the band
structure and e!ect of interlayer interactions on the elec-
tronic structure. In this paper we extend the study of Um-
rigar et al. with the "rst principles structure optimization of
both the Li-extracted and Li-intercalated compound. From
the three structure modi"cations of TiS

2
(trigonal (27),

monoclinic (28), and cubic (29)) for the purpose of the
structure optimization we have chosen the simplest cubic
structure. Upon Li intercalation into cubic TiS

2
the spinel

structure is not obtained. Li occupies the tetrahedral 8a
sites, but also octahedral 16c sites, and the intercalation in
fact always ends with the trigonal structure (P31 m1) (30}33).
Our recent results, however, show that the voltage of a solid
material does not depend on the structure but on the oxida-
tion state of the transition metal (20). In this paper, there-
fore, for the sake of simplicity, we keep the Li-intercalated
structure cubic, thus modeling the topotactic intercalation.
For optimized structures we characterize the changes of
geometries, electronic structures, and electron densities and
compare them with corresponding changes in structures of
cubic oxides. In the last paragraph we calculate enthalpies
of formation (EOF) of reactants and products and compare
calculated average intercalation voltages (AIV) with experi-
mental measurements.

METHOD AND COMPUTATIONAL DETAILS

The "rst-principles all-electron full-potential LAPW
method (34) as implemented in the WIEN97 code (35) is
used to perform electronic structure calculations. Core
states are treated fully relativistically (36) and for valence
states relativistic e!ects are included in a scalar relativistic
treatment (37). The exchange and correlation potential is
parametrized within the generalized-gradient approxima-
tion (GGA) according to Perdew and Wang (38). The
maximum l value in the expansion of the basis set inside
atomic spheres is 8 and 4 for the computation of mu$n-
tin and non-mu$n-tin matrix elements, respectively. A
grid of 781 points is chosen for the evaluation of func-
tions inside atomic spheres. The parameter R

.5
K

.!9
"8

(where R
.5

is the smallest atomic sphere radius in the
unit cell and K

.!9
is the magnitude of the largest K vector)

leads to an energy cuto! of E
#65

+360 eV for the expansion
of plane waves in the interstitial regionl. Performing
the structure optimization we have used a set of 4 k oints.
Electronic properties for the optimal structures are evalu-
ated using a set of 35 k points in the ireducible wedge of
the face-centered cubic Brillouin zone (BZ). The self-
consistency is typically reached in 10 iterations, when the
total energy is stable to within 0.1 mRy between successive
iterations.
STRUCTURE OPTIMIZATION

In the cubic spinel structure of TiS
2

the close-packed
array of S atoms is located at the 32e positions of the space
group Fd31 m and the Ti atoms occupy half of the octahedral
sites (designated as 16d). In the lithium-intercalated struc-
ture of LiTi

2
S
4

lithium atoms occupy the eight tetrahedral
sites designated as 8a. There are two variable parameters in
the spinel structure: the lattice parameter a and an internal
parameter x. The structures of both compounds TiS

2
and

LiTi
2
S
4

were fully optimized with respect to these two
variable parameters. The optimized parameters along with
available experimental data are listed in Table 1 and coord-
ination spheres of the Ti and Li atoms are visualized in
Fig. 1.

For TiS
2

the calculated lattice parameter is &1% larger
than that obtained by X-ray di!raction from the powder
(29). The TiS

6
octahedra are not ideal but slightly deformed

(cf. S}Ti}S angles). The calculated deformation, however, is
opposite in sign to that determined experimentally. In the
planar arrangement of 2 Ti and 2 S atoms, the experimental
structure shows slight shortening of the Ti}Ti distance,
while the LAPW optimization predicts shorter S}S dis-
tances (cf. Ti}Ti and S}S distances, and S}Ti}S angles). It
should be mentioned that optimized geometry parameters
and the pattern of the deformation of another cubic spinel
LiTi

2
O

4
(21) are in very good agreement with the single

crystal structure determination (39). There is, however, in-
su$cient evidence to explain the di!erence between the
experimentally determined structure (29) and our calcu-
lations.

The intercalation of Li into tetrahedral voids causes an
expansion of the unit cell with the increase of the lattice
parameter by 2.7%. As a result of the expansion all in-
teratomic distances are increased except that of the S-to-S
second neighbors. This means that Li intercalation causes
the increase of the structure deformation, measured as a de-
viation of the geometry parameters from values of ideal
octahedra, which are 903 for the S}Ti}S angle and 0.25 for
the internal parameter x.



FIG. 1. The geometry parameters of the coordination sphere of Ti and
Li atoms of optimized structures of TiS

2
and LiTi

2
S
4
.

FIG. 2. The total and partial density of states of TiS
2

and LiTi
2
S
4
.
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ELECTRONIC STRUCTURE

Density of State

The total and the partial DOS evaluated for optimized
structures are shown in Fig. 2. The scale of all spectra is
situated relative to the valence-band maximum (second
band from the left). The distribution of energy states in both,
Li-extracted (Fig. 2a) and Li-intercalated (Fi. 2b) systems, is
similar. Energy states of the valence region are collected in
three main bands. They are (from left) s, p, and d bands. The
last band is split due to the cubic symmetry into &&t

2g'' and
&&eg'' components. The classi"cation of bands is given at the
top of Fig. 2a. The partial DOS show that main orbital
components of the bonding come from S (3s) in the s band,
S (3p) in the p band, and Ti (3d) in the d band. In TiS

2
the

Fermi level (E
F
) is situated in a dip between the fully

occupied p band and the unoccupied d band. Note the slight
overlap of these two bands, which means that cubic TiS

2
is

a semimetal. In contrast to trigonal layered TiS
2

which is
a semimetal with an indirect p}d overlap (26), the overlap in
cubic spinel TiS

2
is direct at the ! point. In LiTi

2
S
4

the
extra electron supplied with the intercalated Li atom occu-
pies the lowest states of the &&t

2g'' band, the E
F

is therefore
shifted up into the d band and Li-intercalated compound
becomes conducting. On the "lling of the d band the p}d
overlap vanishes due to the bonding/antibonding repulsion
and an energy gap of 0.365 eV appears.

Interaction Scheme

Figure 3 shows interaction schemes for TiS
2

and LiTi
2
S
4

constructed as solid state analogues of molecular orbital
schemes according to the recently proposed procedure
(40}42). In such a scheme the total DOS is displayed to-
gether with free-atom energy levels on the real energy scale.
To this propose the total DOS is shifted to the position
comparable with atomic energy levels. The schemes, dis-
played in Fig. 3, are constructed from calculated total DOS
(cf. Fig. 2) complemented with free-atom eigenvalues. The
total DOS in the scheme of TiS

2
(Fig. 3, left) is shifted to "x

the topmost occupied part of the p band, which corresponds
to S (3p) nonbonding states, to the S (3p) free-atom eigen-
value. In the scheme these highest occupied nonbonding
states are indicated with "lled area. With the total DOS in
this position the scheme provides fully consistent and not
controversal picture of the bonding, i.e., the s band is slight-
ly stabilized compared to the atomic S (3s) level, the p band



FIG. 3. The interaction scheme of TiS
2

and LiTi
2
S
4
.

TABLE 2
Widths of s and p Bands of LiTi2S4 and LiTi2O4 and

Corresponding Li Deintercalated Cubic Spinel Structures (eV)

TiS
2

LiTi
2
S
4

*(TiS
2
}LiTi

2
S
4
) TiO

2
LiTi

2
O

4
*(TiO

2
}LiTi

2
O

4
)

s band 1.78 1.60 0.18 1.73 1.51 0.22
p band 5.10 4.94 0.16 4.74 4.61 0.13
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is clearly derived from the S (3p) level, and the position of
two d bands shows that the t

2g band is rather nonbonding
and the eg component is clearly Ti}S antibonding. The
position of the total DOS of LiTi

2
S
4

(Fig. 3, right) is ad-
justed according to band edges of the DOS in TiS

2
. These

are indicated with dotted horizontal lines. Figure 3 shows
that, in spite of the Li atoms present within the structure, the
dispersion of energy states is very similar to that of the
Li-extracted compound. In the DOS of LiTi

2
S
4

the most
edges (b, c, e, and f ) are retained. Slight deviations which
are due to the intercalation of Li are discussed later.

An e!ective bonding is driven by two factors: the over-
lap between atomic orbitals and the energy matching of
interacting levels (*E

ab
for orbitals a and b). Both these

features, orbital interactions and energy matching are dis-
played in simple terms in Fig. 3. The interaction scheme
thus provides compact representation of chemical bonding
showing characteristic features such as orbital interac-
tions, bonding properties of states, and covalency/ionicity
relations.

The pattern of bonding in TiS
2

and LiTi2S
4

is 1 : 1 be-
cause there is only one major orbital interaction: S (3p)-to-
Ti (3d ). A large overlap of these orbitals, and rather good
energy matching (*E

S3p}T*3d
:2.75 eV) indicates consider-

able covalency of bonding, what makes this orbital interac-
tion dominant and responsible for the large width of the
p band. Another feature proving the covalency of the S (3p)-
to-Ti (3d ) orbital interaction is admixture of Ti (3d ) states to
the p band. Note in Fig. 2a that this admixture raises a pro-
portional amount of S (3p) states into the d band. This
bonding/antibonding splitting of atomic S (3p) and Ti (3d)
states, which is due to the covalent orbital interaction, is in
the interaction scheme (Fig. 3) indicated with interaction
lines (40}42). These show that some part of states is stabil-
ized, shifted down, and some part destabilized. Note in
Fig. 3 that only S (3p) and Ti (3d) are split in this way. The
S (3s) states are only slightly stabilized and form a narrow
band at the bottom of the spectrum. There is some overlap
between S (3s) and Ti (3d) orbitals allowed by symmetry.
The large energy di!erence between two levels (*E

S3s}T*3d
:

13.01 eV), however, prevents e!ective covalent S (3s)-to-Ti
(3d) bonding. The s band thus remain of atomic S 3s charac-
ter. Its states are rather nonbonding with only small
covalent admixture of Ti 3d states. This covalency, however,
causes a broadening of the band toward more negative
energies. The lower part of the band therefore consists of
more covalent states and the sharp peak at the upper adge
of the band is typical for nonbonding ionic states.

The states of the d band contain admixture of S 3p
antibonding states. Figure 2a shows that there is a much
larger admixture within the eg subband. This could be there-
fore characterized as a band of Ti 3d-to-S 3p antibonding
states. Because the major part of the t

2g subband resides at
approximately the same position as the Ti 3d free-atom
energy levels, these states are Ti-to-S nonbonding. The
stabilizing broadening of the band comes from symmetry
allowed t

2g}t2g metal-to-metal interactions.
The interaction scheme of LiTi

2
S
4

shows that upon inter-
calation of Li main features of bonding are retained. The
position of the DOS shown in Fig. 3, right, keeps edges
indicated with lines b, c, e, and f in same positions as in
TiS

2
. All bands, however, show slight narrowing. While in

the s band the lower covalent part of the band is narrowed,
the upper of the p band is shifted down in energy, thus
opening the energy gap between the p and the d states. The
values of bandwidth are listed in Table 2. The width of
a band due to the interaction between two atoms strongly
depends on the interatomic distance. Both, the bandwidth
and the interatomic distance, however, have similar relation
to the covalency/ionicity of bonding. Covalent bonds with
increased electron density inbetween atoms are typically
shorter and corresponding energy bands are broader (43).
From this point of view the s bands in TiS

2
and LiTi

2
S
4

are
almost three times more ionic than the p bands. The interca-
lation of Li causes narrowing of both s and p band by the
values of 0.18 and 0.16 eV, respectively. This means that the
intercalation of Li atoms makes bonding within the spinel
structure of TiS

2
more ionic. A similar e!ect was found for

Li intercalation into cubic spinel structure of TiO
2

(21). The



FIG. 4. The interaction scheme compared for LiTi
2
S
4

and LiTi
2
O

4
.
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bandwidth of cubic TiO
2

and LiTi
2
O

4
are in Table 2 given

for reference.
It is often considered that the close-packed anions are

close enough for their p orbital to overlap and the anion-to-
anion interaction could be one of important factors driving
structural modi"cations of inorganic compounds. In our
interaction schemes only interactions of nearest neighbors
are analyzed. The total DOS, however, comprises all pos-
sible interactions. The fact that main features of bonding are
easily derived from interactions of nearest neighbors indi-
cates that second-neighbor interactions are of much less
importance. This is due to much smaller orbital overlap in
the second-neighbor arrangement. The larger dimensions of
the d orbitals, however, cause that in TM compounds the
e!ective second-neighbor t

2g}t2g bonding occurs. Analyses
of the metal-to-metal bonding have shown that states which
are due to such an interaction appear as a low-energy
shoulder of the t

2g band (44). Such states are apparent in the
total DOS of both TiS

2
and LiTi

2
S
4

(cf. Figs. 2 and 3).
While in TiS

2
they are the empty intercalation of Li, pro-

vides an extra electron which "lls a fraction of these slightly
bonding states. Because the "lling increases the enthalpy of
formation the interaction of Li is a spontaneous process.
Note that without e!ective d}d interaction all the states of
the t

2g band in TiS
2

would be nonbonding and no Li
intercalation would be possible. Contrary to the existence of
bonding states which are due to the t

2g}t2g second-neighbor
contacts there is no evidence for the anion p}p interactions.
If e!ective such an interaction would cause broadening of
both s and p &&anion'' bands. Figures 2 and 3 and Table 2
show that in the situation when the bands are narrowed due
to the more ionic metal}anion bonding e!ects of ani-
on}anion broadening would be apparent in the total DOS.
Our DOS calculated for optimized structures of TiS

2
and

LiTi
2
S
4

provide the evidence that the anion}anion bonding
is negligible.

The t
2g}eg splitting is slightly diminished upon Li interca-

lation (Fig. 3, right). While in TiS
2

the maximum splitting,
measured from the bottom of the t

2g band to the top of the
eg band, is 4.29 eV, in LiTi

2
S
4

this value is 3.95 eV. The
magnitude of this ligand "eld splitting depends on the Ti}S
distance. The increase in Ti}S distances which occurs with the
increased ionicity therefore causes the decrease of the ligand
"eld splitting. Note that the position and the value of the
energy gap between t

2g and eg sub-bands is basically retained.
In LiTi

2
S
4
, the Li atoms are tetrahedrally coordinated

with S atoms. Such an arrangement allows considerable
overlap and could end with e!ective orbital interaction
between Li (2s) and S (3p) orbitals. Because of poor energy
matching of the two levels (*E

L*2s}S3p
:4.19 eV) this inter-

action is very ionic and produces practically no new states
within occupied valence bands. This means that Li atoms
only supply the electron density which "lls the lowest unoc-
cupied states in the total DOS.
Figure 4 compares bonding of LiTi
2
S
4

and LiTi
2
O

4
(21).

Note the small di!erence in the position of the total DOS in
the two schemes. In LiTi

2
O

4
the states of the p band are due

to the larger electronegativity of O atoms, compared to
S atoms, more stabilized and the upper edge of the p band is
situated exactly at the position of the free-atom O (2p) level
(21). In LiTi

2
S
4

the total DOS is situated slightly higher, cf.
the position of dotted horizontal line within the p band. The
schemes show considerable di!erences of bonding in these
two compounds. The much deeper position of the s band in
the oxide is derived from deeper lying free-atom s level. This
contributes to larger enthalpy of formation of LiTi

2
O

4
(cf.

next paragraph). The larger width of both the s and the
p bands proves the larger covalency of bonding in LiTi

2
S
4
,

which is in line with smaller electronegativity of the S atom.
In LiTi

2
S
4

the t
2g}eg splitting is considerably smaller

compared to the oxide, as indicated with horizontal lines
b and d. The maximum splitting of 4.59 eV in LiTi

2
O

4
is

diminished to 3.95 eV in LiTi
2
S
4
, as a consequence of the

weakening of the ligand "eld. Note that the Ti-to-nonmetal
distance of the value 2.02 As is lengthened to the value of
2.45 As in LiTi

2
S
4
. The energy gap between the t

2g and
eg components is lowered from 1.18 to 0.57 eV.

Electron Densities

Figure 5 shows the bonding e!ect in TiS
2

and LiTi
2
S
4

displayed for the (110) plane. The di!erence electron density,
constructed as a di!erence of the bonding valence density
and the spherical atomic densities, is for both compounds
displayed in Figs. 5a and 5b. In TiS

2
(Fig. 5a) bonding

between Ti and S atoms causes the transfer of the electron
density from Ti to S. The shape of the depleted region on Ti
shows that the electron density is withdrawn from t

2g or-
bitals. The increase occurs on both, Ti and S atoms. Small



508 BENCO ET AL.
region of increased electron density on Ti is pointing toward
the S atoms. This means that electrons are transferred into
e
g
orbitals which are mixed into the p band. The deforma-

tion of the electron density of the S atom is much more
pronounced than that of the O atom (21), what proves that
the electron cloud of S is much more &&soft''. Both the
increase and the decrease of the electron density occurs on
the S atoms in TiS

2
. At the core and in the outer atomic

region the electron density is increased. Note that while the
core density is rather spherical, the increase in the outer
atomic region of S atoms show remarkable directional
properties. The largest increase is within the S}Ti bond.
Note that one lobe of the increased electron density points
also to the tetrahedral void into which Li atoms are interca-
lated.

The di!erence valence electron density in the Li interca-
lated compound is shown in Fig. 5b. It shows that interca-
lated Li atoms are strongly depleted of electron density. The
spherical shape of the Li region proves the ionic character of
the Li atoms. A comparison of Figs. 5a and 5b shows that
a modi"cation of bonding occurs upon the intercalation.
The increase of the charge density on S atoms pointing
toward Li is enlarged. The two maxima within the S}Ti
bond are retained. One of them near the Ti atom, however,
is diminished, and another one near the S atom is magni"ed.
At the same time the height of the saddle point between the
two maxima is lowered. All of these features con"rm the
increase of the ionicity of the S}Ti bond in LiTi

2
S
4

which
was already documented above with decreased bandwidth
(Table 2) and increased bond length (Table 1).

Figure 5c shows the di!erence electron band-density
(DEBD) constructed for a fraction of the electron density
corresponding to one valence electron supplied to LiTi

2
S
4

by Li atom upon the intercalation. In the DOS representa-
tion (Figs. 2b and 3, right) this density corresponds to occu-
pied states at the bottom of the t

2g sub-band. The DEBD
shows the transfer of the Li electron density to the covalent
Ti}S skeleton of the compound. Figure 5c shows that the
whole tetrahedral Li-centered void is strongly depleted of
the electron density. The spherical pattern of the depletion
con"rms the ionic character of the electron cloud surround-
ing the Li atom. Its density is transferred mainly to the Ti
atoms, where it "lls the t

2g orbitals. As follows from Fig. 5c
there is an increase of electron density of two kinds: Ti(t

2g)-
to-S(p) and Ti(t

2g )-to-Ti(t
2g ). In both of these orbital inter-

actions, the increase of the electron density is not symmetric
FIG. 5. The di!erence electron densities within the (110) plane. (a) The
di!erence density map of TiS

2
. (b) The di!erence density map of LiTi

2
S
4
.

(c) The di!erence band-density constructed for Li electron density in
LiTi

2
S
4
. Continuous, thick continuous, and dashed lines indicate positive,

zero, and negative values, respectively. Contour spacings are 0.02 e/As 3
(a and b) and 0.001 e/As 3 (c).



FIG. 6. The comparison of experimental discharge voltages of Li inter-
calated TiS

2
(25) and calculated average intercalation voltage.
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with respect to the lines connecting atomic nuclei. These
two kinds of increased electron density were characterized
also in cubic spinel oxides (21). Surprising is the fact that, in
spite of the large increase of the lattice parameter and
interatomic distances, these two kinds of weak bonding
could still exist. According to the increase of electron den-
sity, bonding in LiTi

2
S
4

is approximately an order of mag-
nitude weaker than that in LiTi

2
O

4
. This may explain the

fact why LiTi
2
O

4
forms stable cubic spinel structures (39,

45}47), while the sulfur analogue LiTi
2
S
4

does not exist.

AVERAGE INTERCALATION VOLTAGE

The average voltage E can be calculated as the change of
the Gibbs energy *GT between products and reactants
divided by the Faraday constant F,

E"!*GT/F, [1]

*GT"*;#p )*<!¹ )*S. [2]

It was demonstrated by Deiss et al. (15, 20) and Ceder et
al. (16, 17, 19) that acceptable AIV values are obtained when
both the volume (p )*< ) and the entropy (¹ )*S) compo-
nents of *GT are neglected. This means that the dominant
part of *G for a chemical reaction between solids originates
from the change in internal energy *;. The AIV values
calculated for the topotactic intercalation of Li into cubic
spinels TiS

2
and TiO

2
according to the solid state reaction,

Li(metal)#TiX
2
(spinel)Q(charge) (discharge)

PLiTi
2
X

4
(spinel) (X"S, O),

are listed in Table 3 along with available experimental
values. Figure 6 shows an example of experimental voltages
measured on the TiS

2
electrode. During the discharge the
TABLE 3
Enthalpies of Formation of LiTi2S4 and LiTi2O4 and Corre-

sponding Li Deintercalated Cubic Spinel Structures (kJ/mol)a

and Calculated Average Intercalation Voltage (V)

TiS
2

LiTi
2
S
4

TiO
2

LiTi
2
O

4

EOF 3106.7 3611.5 4175.2 4754.8
*EOF 504.7 579.6
AIV 2.16 2.93
AIV (exp.) 2.0}2.3b 2.6}3.0c

a*EOF of Li(metal/atomic) is 296.7 kJ/mol.
bEstimated from Ref. (25).
cEstimated from Ref. (48).
composition of the electrode continuously changes from
TiS

2
to LiTi

2
S
4
. The measured voltage is the highest in the

fully charged state. During the "lling of Li sublattice it is
continuously lowered usually showing a plateau. When the
Li sublattice is "lled the voltage suddenly drops. In our
calculation only two states are considered: fully charged
electrode TiS

2
and fully discharged compound LiTi

2
S
4
.

Our calculated AIV therefore represents an average value
for variably composed series Li

x
Ti

2
O

4
(x"0P1) and

should be comparable to the position of the measured
plateau. Figure 6 shows a good agreement of our calculated
AIV, indicated with the horizontal line, with plateaus of
recent measurements on TiS

2
electrodes. The agreement is

good in spite of the fact that measurements are performed
with CVD prepared thin "lms of TiS

2
and calculations are

done for cubic spinel TiS
2
. This supports our previous

conclusion that the voltage of the solid material does not
depend on the structure but on the oxidation state of the
transition metal (20).

For the purpose of comparison Table 3 also presents
the AIV of cubic spinel LiTi

2
O

4
. The calculated voltage

again is in good agreement with the values estimated from
discharge and charge curves of the cubic TiO

2
/LiTi

2
O

4
(48). Note that the AIV strongly depends on the nonmetal
atom and is much higher for oxides. To obtain more de-
tailed information about factors which make the voltage
of oxides higher we have calculated enthalpies of forma-
tion (EOF). Values presented in Table 3 show that the AIV
is driven by the change of the EOF occurring between
reactants and products during the intercalation. In the ox-
ide structure the intercalated Li atoms are more stabilized
compared to sul"de, what gives rise to the higher AIV for
oxides.
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