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The study of electronic structure of molybdenum and tungsten
trisulfides and their lithium intercalates by x-ray electron and
x-ray emission and absorption spectroscopy
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G.K. Parygina,V.E. Fedorov, and Ju.V. Mironov
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pr. ak. Lavrent’eva 3, Novosibursk, 630090, Russia

The distribution of electron density in cathode materizis MoS; and W83 during their lithiation has
been studied by X-ray electron and X-ray emissior and absorption spectroscopies. It is demonstrated
that the lithium electrons localize both on metal and on sulfur atoms but mainly on disulfide atoms.
Presence of a complementary bond of donor-acceptor nature has been proposed. On a basis of this
assumption and X-ray emission spectra the electron structure of MoS; has been suggested.

1. Introduction

Intercalation of transition metals trichalco-
genides with alkali-metals [1-2] is a well re-
versible reaction that allows to use these materi-
ala to set up high-energy-density and high-cycle-
reversibility alkali metel battery {3-4]. In the
cycle of "charge-discharge” the transition metal
trichalcogenides act as the reservoir for the allali
metals electrons. It is of interest to study the
distribution of electron density and the change of
electronic structure under intercalating of these
materials. The regults can be useful for the search
of promising materials for constructing of high-
energy-density current sources.

In our previous work [5,6] electronic struc-
ture of trisalfides and triselenides of niobium and
their lithium intercalates has been atudied. It ia
gshown that during lithiation of these materials
the lithium electron density is distributed largely
on chalcogen atoms (in great part on atoms
of dichalcogenide pair) and partially on metal
atoms. In starting niobium trichalcogenides the
charge non-equivalency of the chalcogen atoms
is observed that is described by ionic formula
NbHX~3%(X3)"% . At a higher degree of lithi-
ation these chalcogen atoms become equivalent.
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In contrast to previously studied niobium
trichalcogenides the trisulfides of molybdenum
and tungsten are amorphous [7]. Until the
present time the electronic structure of these ma-
terials has been poorly understood. The Ilocal
structure of MoS; and WS; haa been studied
by RDF,EXAFS and XPS [8-10]. The chain
(quasi-one-dimensional) model of the structure
described by ionic formula M;M5(X~2)((X,)?
has been suggested. The fragment of the pro-
posed MoS; structure is displayed in Fig. 1.
Metal atorus in MoS; are placed along metallic
chain at different distances, respectively, 2.75 A
and 3.16 A from each other. Closely-spaced metal
atoms are bound by three bridging sulfur atoms
which are in §72 state and form equilateral tri-
angle which is normal to metallic chain. Average
M — S distance is 2.44A, The molybdenum and
tungsten trisuifides are diamagnetic semiconduc-
tors (R = 3 x 10°Q x cm). No metal pairing
are observed in the atructure of WS;. Average
M - M and M - § distance are 2.75 A and 2.41
A respectively.

The aim of the present work is to study the
distribution of electron density and the change
of electron structure of MoS; and W Ss cathode
materials during their lithiation.
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Figure 1: The fragment of local structure of amor-
phous MoS55[7-9]. @ molybdenum, O-sulfar

2. Experimental section

Trisulfides of molybdenum and tungsten
were prepared from corresponding tetrathiomet-
allates ammonia by decomposition in vac-
uwum by heating to T = 250°C .The start-
ing tetrathiometallates were obtained accord-
ing to reported methods [11]. Hexane butyl-
lithium solution was obtained from metallic
lithium and n-butylchloride [12]. The concen-
tration of n-butyllithium in solution was de-
termined by direct titration of 0.1N hydrochlo-
ric acid from hexane solution of n-butyllithium
with phenolphthalein. By interaction of cor-
responding trisulfides with solution of n-butyl-
lithium, the phases of the following composi-
tion 1) Lio,ggMOSa, Li1.60M033, L‘ig,ooMOS,g,
2) LiygsWSs, Li;13WSs, Liy7eWS3 were ob-
tained.

Reaction was conducted in sealed evacnated
silica ampoules at the room temperature for 7
days. The technique of isolation of intercala-
tion products is described in detail in [13]. The
composition of lithium in synthesized samples
was determined by flame photometry. The ob-
tained samples were amorphous on evidence de-
rived from XRD analysis.

X.ray electron spectra of core levels of metal
and sulfur and valence bands of trisulfides of
molybdenum and tungsten and their lithium in-
tercalates have been obtained on VG Microtech
spectrometer ( CLAM-100 analyzer). The sam-

ples for investigation were kept in evacuated silica
ampoules. The ampoules were opened before ex-
periment in dry nitrogen atmosphere, pressed in
tablets and loaded into vacuum chamber. Argon
ion etching of the samples was carried out at 3kV,
20 mA for 3-5 min. The spectra were recorded
at 20 eV pass energy using MgK,-irradiation at
300 W. Calibration of energy was performed from
hydrocarbon adsorption peak (C 18=285.0 eV).
Data processing and curve fitting was carried out
wsing atandard VG software.

X-ray emission spectra MolLjs1s and SKp
and MoL3 - and SK- absorption edge in these
samples have been obtained on X-ruy fluorescent
spectrometer "Stearat” using crystal-analyzer
quartz (2d=6.67 A), focused by Iogann (R=500
mm). Spectra were recorded using X-ray copper
anode and proportional flow counter. Spectral
resolution is ~0.5 eV,

3. Results

With the aim of studying the distribution of
the electron density and the electronic structure
of molybdenum and tungsten trisulfides during
their lithiation X-ray electron spectra of Mo3d,
W4f, S2p-core levels and valence band in starting
and lithiated molybdenum and tungsten trisul-
fides and X-ray emission MoLps,15 - and SKp -
spectra and MoL; and SK-absorption edge spec-
tre in starting and lithiated molybdenum trisul-
fides were recorded. X-ray electron spectra of
Mo3d and W4f-core levels in starting and lithi-
ated MoSs and WS are shown in Fig. 2. In
spectra of lithiated MoS: and WS the Mo3d
and W4j doublets are shifted to the lower bind-
ing energy. In spectra of lithiated MoS; and WS,
another doublet of lesser intengity is observed.
The binding energy of this doublet corresponds
to Mo(VI). This doublet can be connected with
molybdenum oxides, M0Q3, on a sample surface.
However, successive increasing of the doublet in-
tensity in lithiated samples allows to propose that
the occurrence of the Mo(VI) state is the pecu-
liarity of lithiation of MoSs. The similar situ-
ation is observed in lithiated WS;. However, in
this case additional doublet arises even in starting
W Ss. Binding energies and relative intensities of
these doublets are shown in Table 1.
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Figure 2: Mo3d and W4f X-Ray electron spectra
of starting and lithiated MoSs and W Ss.

s)Li; M08, z: 1. 0.2; 2. 0.87; 3. 1.80; 4. 2.00
b)Li:WSs, x: 1. 0.2; 2. 0.85; 3. 1.13; 4. 1.76

X.ray electron spectra of S2p-levels in starting
and lithiated MoS3 and W S; are shown in Fig. 3.

These spectra are the superposition of two
$2ps/a,1/2 doublets. The doublet at lower binding
energy and that of higher binding energy corre-
spond, respectively, to a bridging ions =% and
to atoms of disulfide pair, (§ ~ S)~2. Ratio of
intengitieg of these doublets corresponds to ratio
of number of disulfide atoms to that of the §-32
ions (1:2 for starting MoSs and WS ). Binding
energy of the §~7 fons doublet shifts to lower en.
ergy. Binding energy of the disulfide pair doublet
in addition shifts to that of the $~2 ions doublet
and its intensity decreases. Binding energies and
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Table 1.
Binding energies of M03dgs3, W4 frys, S2p3y3 and
relative intensities of doublets for Li, MoSs and
Li, WS,

M03dm _ £2p3/3
r E{ E; 12/11 E{ Eg I:/Il
0 2204 - 162.7 163.7 47

0.96 228.9 2340 .05 1620 1630 .23
1.60 2286 232.8 .30 161.6 1623 .20
2.00 2286 232.8 .32 1615 162.2 .20
Wafrs 52p3/a
r E E LI BB B LI
o 333 355 .50 1623 163.7 .67
0.2 3268 348 .68 161.5 1623 .39
0.85 323 343 .00 161.2 162.0 .43
1.7 323 3368 131 1644

relative intensities of these doublets are shown in
Table 1.

X-ray electron spectra of the valence band of
starting and lithiated MoSs and W Ss are shown
in Fig. 4.

The changes observed in the spectra of lithi-
ated MoS; and WS; reflect those of density of
the electron state in valence band. In lithiated
MoS; and WS5; the density of states increases
near Fermi level, The deeper part of band re-
flects states corresponding to M — § bonds. The
sulfur 3s-states fill region of 13-16 eV. Splitting of
S 3s-states into three subbands corresponds to ¢
binding and ¢* antibinding energy levels of disul-
fide and non-binding 3s- states of $~2 ion.

X-ray emission SKg- and MoLgp;, s-specira,
SK- and MoLs -absorption edge spectra and X-
ray electron spectra of valence band in starting
and lithiated MoS3 are represented in Fig. 5on
energy scale relative to Fermi level.

Emission spectra SKjp (transition 3p-1s) re-
fiect the contribution of sulfur Ip-electrons to the
density of states in valence band. SKjy-aspectra of
starting and lithiated MoS3 occupy a wide energy
region (7-8 eV). The pronounced peculiarities of
gpectrum shape are not observed except the peak
at the bottom of the band. In lithiated samples
the width of SKj -spectrum is decreased because
of the shift of the bottom of the band and peak
at § eV shifta consistently to upper part of the
band. Contribution of disulfide atoms (S — §)
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Figure 3: X-Ray electron spectra of S2p-level in
starting and lithiated MoS; and W §s.
a)LiMoSs, z: 1. 0.2; 2. 0.87; 3. 1.80; 4, 2.00
b)Li;WSs, z: 1. 0.2; 2. 0.85; 3, 1.13; 4. 1.76

to §Kjp -spectrum (33% in MoS; ) is displaced
1.1 eV to lower energy, for aligning to Fermi level
was carried out relatively to 3py; -peak of sulfur
atoms in §~2 state.

Emission spectra MoLp,,;s (transition 4d —
2psy; ) show the contribution of 4d and 58 elec-
trons of metal to the density of states in valence
band. Spectrum of metal states in valence band
also occupies wide energy region (9-10 eV) and
has pronounced pecaliarities. Comparison of va-
lence band spectrs and emission spectra of sul-
fur and molybdenum allows to distinguish four
characteristic peculiarities (in Fig. 5 marked as
A,B,C,D) that can be related to different MO. In
lithiated samples a contribution of Mo atoms to
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Figure 4: The valence band X-Ray electron spec-
tra of starting and lithiated MoS3 and W S;.
8)Liz M08y, 2: 1. 0.2; 2, 0.97; 3. 1.60; 4. 2.00
b)Li, WS, o 1. 0.2; 2. 0.85; 3. 1,13; 4. 1.76

the density of states of bands corresponding to
these MO is essentially changed.

SK- and MoLs -absorption edge spectra show
contribution of sulfur and molybdenum atoms to
the density states above Fermi level. In spectra
of lithiated samples & series of typical changes are
observed.

4. Discussion

4.1. Charge state of atoms in MoS,
and WS3

The obtuined results demonstrate that the in-
tercalation of molybdenum and tungsten trisul-
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Figure 5: MoLgys(aclid line on the left) and
SKjp X-Ray emission spectra(dashed line on the
left), MoLs(solid line on the right) and SK-
edge absorption spectra(dashed line on the right)
and XPS of valence band (dotted line) of start-
ing and lithinted MoSs. a)MoSs, b)Lig.er MoSs,
C)Lil,go MaS;, d)LizooMOSa.

fides with lithium essentially changes the elec-
tronic structure of these compounds. First of
all, we observe the change of core level energies
of sulfur and molybdenum displayed in Table 1.
The change of core level energy of an atom can
be caused by three factors: the change of charge
state of atom, the change of crystalline poten-
tial in the vicinity of core atom resulted from
change of chemical environment, and the change
of Fermi level position. During intercalation in
MoS; and W83 the lithium ions occupy the cen-
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ter of van der Waals cavities measured ~6- 7A
and the impact of lithium ions on potential in
the vicinity of metal chain atoms and its ligands
can be considered imsignificant. The change of
Fermi level as a result of {ree bands occupation by
lithiam electrons can result in increasing the value
of core level energy. Consequently, decreasing of
core level energy can be cansed by the change
of the charge state of molybdenum and sulfur
atoms a8 a result of occupation of {ree bands com-
posed from contribaution of molybdenum and sul-
far atoms. In addition, we point out the good
correlation (Fig. 6) between the shifts of core lev-
els obtained in this work and "charge-discharge”
carve of cathode- anode cell [2] characterizing the
voltages on the cell as & function of degree of ita
discharge, i.e. number of lithium ions inserted
into cathode matrix.

Ve - En
2.3 — 229.0
- x -1
- -

1.9 F x - 208.6
NN EEN RN Y
0 1.0 2.0 3.0 4.0

Figure 6: Correlation between the change of
Mo3dyss-energy in MoSs and "the discharge
carve”" of cathode-anode cell at different lithia-
tion degree [8].

The displacement of disulfide pair doublet to
5~% jons doublet in SKp -spectrum shows that
the lithium loses electrons mainly to the disulfide
pair atoms. They occupy the antibonding o*-
orbital of (§ — §)~2 pair. The charge state of
the disulfide pair is displaced to $~2.gtate when
o*-orbitals has been occupied.

The experience of the study of the charge state
of atoms by XPS suggeats that an intimate rela-
tionehip between core level energy of atom and
the oxidation degree is observed [14,15]. By then
the charge states of sulfur atoms have been inves-
tigated sufficiently [16,17]. It is known that the
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energies of §2p-levels of §~2-state (for example,
M; S, where M is one-valent metal or MS, where
M is two-velent metal) apan 161.5-162,7 €V, the
values of neutral sulfur (for example, in Ss, R2S,
R383, where R is neutral radical) do 163.6-164.5
eV. Consequently, the energy of §2p-level of disul-
fide sulfar atoms in MoS; obtained in this work
(163.7 eV) is close to (S —§)°-state rather than
(8 = 8)~%-state.

Similar difficuty occurs in studies of charge
state of metal. The energy of Mo3d-levelin MoSs
is less than that in MoS; where the metal atoms
are in Mo™*.state, and these data disagree with
ionic formula suggested for M oS3 structure (8]. In
reference [8] it was proposed that the low value
of Mo3d-level energy in MoS; can be accounted
for by the change of the metal charge state at
M — M bond formation (peiring of electron of
dyz-orbitals). However, the bond M — M is pure
covalent and hardly can change the oxidation de-
gree of metsl. Another way of looking at this
fact based on decreasing ionicity Mo — S bond-
ing (for example,in ZrS8;s [16]) is not sufficiently
advanced, for the coordination of sulfur atoms by
metal and distances M —~ § in M0S; and MoS;
appeared to be closely allied.

These difficulties may be resolved by sugges-
tion thet disulfide pair in MoS; forms supplemen-
tary M -~ 8 bond of donor- acceptor type with
the participation of disulfide pair r-orbital (elec-
trons of lone pair of sulfar atoms) and free metal
orbital. In this case MoSs structure can be for-
mulated as MoF*(53)y(52)°.

The determination of oxidation atate of metal
in other transition metal chalcogenides also
presents difficulties and it may be connected with
the presence of dichalcogenide pair (X —X)~2.

4.2. Electronic structure of MoS;

As far as we know to the present day any
theoretical or experimental results of investiga-
tion of the molybdenum or tungsten trisulfides
electronic structure has not been published. For
lack of supplementary information, it is very dif-
ficult to give well-grounded interpretation of ex-
perimental spectra shown in Fig. 5. Nevertheless,
it will be useful to describe in qualitative sense an
electronic structure of MoSs on the basis of these
results. It is needless to say that the proposed

model of electronic structure must be regarded
as a tentative one,

Emission MoLgj 15-spectra reflect the contri-
bution of an 4d— and Ss—electron density of Mo
to the valence band. The spectra occapy a wide
energy region (from 0 to 10 eV) and on the whole
overlap an energy region of SKp-spectra which
reflect the contribution of the sulfur 34 electrons.
This means that M — S bond has appreciably a
covalent character, Widely used at the present
time, ionic model of the electronic structure of
trichalcogenides and dichalcogenides of transition
metals in which it is assumed that the metal d-
bands are higher than the anion 3p-band and
binding electrons on the whole occupy lower levels
but apper levels remain empty, fails in this case.
The presence of covalent component in M -~ §
bond leads to formation of bonding (deeper) and
anti-bonding (upper) orbitals containing contri-
bution both of metal and sulfur atoms. The
M — M bord (d,2 — d,2) is completely covalent,
resulting in significant displacement of bonding
orbitals downwards., The essential covalent bond
takes place in a number of other trichalcogenides
and dichalcogenides of transition metals, such as
Fe, Co, Ni, Mx {19,20]. For MoS; this fact was
demonstrated in work [21]. !

In MoSs stracture the environment of metal
atom is a distorted trigonal antiprism. For a reg-
ular trigonal antiprism (Dsg symmetry), splitting
of d-orbitals can be characterized by angle § be-
tween z axis and the metal-ligand bond [18]. For
B = arccos 1/V3 (# = 55°), the antipriem is dis-
torted to octahedror (z axis goes through the cen-
ters of opposite faces) and d-orbitals split into
doubly degenerate level ey (dsy,dys) and triply
degenerate level a1,(d,) + eg(dsy, dg2y2 ). When
there is a departure of the symmetry from octa-
hedron, the deeper (triply degenerate) level splits
into a1y and ¢, [18]. In MoSs the angle § is
close to (f = 53°) the angle in octahedron (about
the center of anmtiprism). The metsl atom is
displaced from the prism center by 0.2A, how-
ever, the crystalline potential is slightly varied
(~# 5 % 1073). Thus, the deeper metal levels are
d,2 and (dgy, d,a2_,2 )-orbitals and the upper level

11a this work Dr. D.S.Urch emphasized: "The simple
electronic model for MoS5; of a narrow Mod band and
then, at aslightly higher binding energy, a Sp band is quite
wrong.”
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Becaunsge of high ionic bonds the d-orbitals of
metal split in wide energy region. In this caseit is
possible & considerable mixture of upper d-bands
and 5p-bands of metals, this is, hybridized wave
functions of valence electrons are s — p—d charac-
ter and include nine energy bands. In connection
with quasi-one-dimensional MoS; structure the
energy bands, as for other closely related struc-
tures, can be considered narrow enough (0.5-1.%
eV) [22,23], this is, the valence electrons are suf-
ficiently well localized on the bonds.

(8yday, ds2
M-52 (2 bonds
(dzl [} dvl)

M-S3 (2 bonds)

(MO 5p,) (du y dvs )

Figure 7: The bond groups and distributions of
electrons on the bonds in MoSs.
®-molybdenum,()-suifur

The possible distribution of electrons on the
bonds in terms of localized MO corresponding to
the directional valence ¢-bonds is shown in Fig. 7.

The d,z-electrons are localized on M — M
bonds. The closely-apaced metal atoms are
bound through bridging $—2 ligands by elec-
trons of 8-,d;y-,d23_,2-orbitals. The widely spaced
metal atoms are bound through ($ — §) and
5=%ligands by electrons of 5p,~,dg,-,dy,-orbitals.
These orbitals are occupied by two electrons
and form valence bonds with two sulfur atoms
whereas the bond with third sulfur atom has
donor-acceptor character with participation of
the lone pair of sulfur atoms and free metal or-
bital. Two bands formed by p, - and p, -orbitals
remain empty and can take part in the interchain
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bonds. The character and occupancy of bonds in
Mo83 are listed in Table 2.

Comparing these bond groups with the pe-
culiarities of the experimental spectra shown in
Fig. 5, one can assume the simple qualitative
model of electronic structure of MoS§; presented
in Fig. 8.

Bowever, it should be pointed out that the lo-
cation of the energy levels, component set and de-
generacy of MO and type of bonding are dictated
rigidly by the symmetry of the metal atoms en-
vironment, the peculiarities of experimental spec-
tra, proposed model of arrangement of local struc-
ture and a number of other factors, in particu-
lar, the change of structure characteristics dar-
ing lithiation. For example, peak A in MoLgz,15-
gpectra cannot be related to MO corresponding
to M — M and M — $ bonds, for this peak is
decreased and disappeared at xr = 2 duaring Lithi-
ation of MoSs, whereas results of EXAFS (2] have
shown that M — M distance is decreased and
M - § distance is incressed. An origin of peak A
and its decrease during lithiation can be under-
stood if the presence of donor-acceptor bond is
propoged in which the lone pair of disulfide anlfur
atoms takes part and transfers electrons to met-
als, Lithiation of MoS; weakens this bond or,
may be, breaks it. As mentioned above, the con-
tribution of sulfur atoms of disulfide pair to $Kjp
-spectrum is displaced by 1.1 eV to Fermi level
and, correspondingly, the anion component to
donor-acceptor bond is shifted upward se shown
in Fig. 8.

Peak Cin MoLpjs-spectrum corresponds to
bonds M — 83, M — S3 of metal with ligands

Table 2. Character and occupancy of bonds of
MoS; structure (per two formula units)

bonds char.  AO set oceup.
Mo — S1 ic 3p~s,depdzz_yz 12
Mo - 82,83 ic 3p—desydys 8

Mo - 53 d-a 3p - 5p, 4
M-M c dyr =d,e 2
§-8 c Jp-3p 2
Lone pair nb $3p 8
Upper bands u a*, 5pgy etc. .

i-c-ionic-covalent, d-a~donor-acceptor,
c-covalent,nb—nonbonding, u—unoccupied.
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(8 — 8) and $~2. Peak B corresponds to bond
(M = 81) of metal with three bridging $~2 ions
and to bond M - M (d,2 — d,2), that is placed
deep within the velence band, contrary to other
transition metals trichalcogenides [24,25]. By as-
suming that the metal contribution to the bands
A,B,C is in the ratio of 2:3.5:1, Fig.8, and the
donor-acceptor bond transfers to metal two elec-
trons, the covalency of bond can be obtained as
the ratio of electrons remained on the metal to
the total number of electrons on the bond. Aco-
valent character of ~25% for B and C bonds was
estimated, that agrees with covalency of M — §
bonds calculated from electronegativity by Paul-
ing.

The upper part of valence band is filled by
sulfur lone pair states and states of M — $3,
M — 55 bonds. The lower part of conduction
band (peak E) consists of disulfide pair #*-states
overlapping with antibonding bands of (M —$,)*
and (M — 82, 53)* bonds in the upper part. The
lower part of antibonding bands M — § is over
lapped with vacant 5p., metal bands of bond-
ing character (with respect to interchain interac-
tions). The M — S bands and o* are presented in
MoLs and SK-absorption spectra as the intense
and narrow peak B near absorption edge that sup-
porte agsumption about localization of electrons.
Note that in absorption spectrum of elemental
sulfur this peculiarity is not observed (delocal-
jzation of electrons). The antibonding 4}, and
5p ~ x bands are placed considerably above and
appeared as pectliarities F and G in MoLg-edge
absorption spectra. The contributions of metal
and sulfur atoms to the density of statesin the va-
lence and conductivity bands are depicted by bars
in emission and absorption spectra of Mo and §.
It should be pointed out that to occupied MO
the sulfur atoms contribute essentially whereas
free MO are composed mainly of contributions
of metsl atoms. This clearly demonstrates suffi-
ciently high ionic bonds and characterizes range
of feasibility of ionic models.

4.3. The Change of the electronic
structure upon intercalation

The ions of alkali metals during intercala-
tion of the transition metals trichalcogenides ere

placed in atructural cavities of matrix (van der
Waals cavities), The excess electron occupies free
matrix band above Fermi level. However, 2 con-
sideration of electronic structure of intercalated
trichalcogenides of transition metals in terms of
"rigid band” model is not sufficiently correct.
The occupation of the free levels of matrix leads
to the change of the bond character and, conse-
quently, to change of the structure that, in ite
turn, results in change of the structure of va-
lence band. In work [2] the changes of struc-
tural characteristics of molybdenum and tungsten
trisulfides during lithium intercalation has been
studied by EXAFS. It is shown that at high de-
gree of intercalation considerable structural rear-
rangement of starting host occurs, in particular,
the distance M — M is decreased and number of
bonds M — M is increased whereas distance M-S
is increased and the number of these bonds is de-
creased. Under intercalation above 3 atoms per
formula units, irreversible structural changes take
place and repeated charge of the cell is impossi-
ble.The metal-cluster groups is suggested to be
formed typical for chalcogenides at Jow degree of
oxidation . The most probable transition to struc-
tures like Chevrel phases M M3 X has been pro-
posed.

The behavior of MoSs during intercalation
is explained in our model. According to pro-
posed tentative model of the electronic structure
of Mo8s, during lithiation first antibonding o*-
orbital of dichalcogenide pair and overlapping an-
tibonding bands M — 533 and M ~ S; are be-
ing occupied. This results in increasing of dis-
tances M — § and § — S and ir the change of
contribution of metal and sulfur atoms to valence
band, that manifests itself as the change of ratio
of intensity of peak B to that of C in MoLp3,15-
spectrum.In the first stage of intercalation con-
siderable changes occur in C peak region that
can be connected with weakening or breaking of
M — S35 bond. The further increasing of inter-
calation degree results in changes in region of 4
and B peaks that is connected with attenuation
or disruption of M — 5 bonding and, if possible,
the part of donor-acceptor bonds is replaced by
valence bond M ~ § that leads to increase the
degree of oxidation of metal to Mo(VI).

Near Fermi level the density of states is in-
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Figure 8: The qualitative schematic representation of electronic structure of MoSs

creased (peak D), that is clearly associated with
the occupation of the lower-lying free bands.
Fermi level is not shifted, on the contrary, occu-
pied part of band is displaced below Fermi level
that is connected with splitting into bonding and
antibonding bands (relative to lithium atom) re-
sulted from weak overlapping with lithium 2s-
level. Splitting of occupied bands is evidenced
by displacement of peak E in SK and MoLy -
absorption edge spectra to higher energy. A con-
tribution to peak E in SK-absorption spectrum
is given by o®-band (displaced from true posi-
tion to higher energy by 1.1.eV), (M — 8;)*-band
and (M — §3, M — §3)*-band. The occupation of
these bands by lithium electrons under lithiation
regults in change of shape and displacement to
higher energy of peak E. At r m 1 o*-band has
been occupied practically, in this case occupation
and displacement of other bands is being contin-
1ed that leads to formation of shoulders onto the
peak. (M — $:)* and (M ~ 83, M — S3)*-bands
correspond to peak E in MoLs-absorption spec-
trum. In the initial stage of intercalation only
lower (M — 8;)*-band is occupied that causes
eplitting of peak E slightly, on further interca-

lation both bands are occupied and peak F is
shifted as a whole. At intercalation degree less
than 6 atoms of lithium per two formula units
these changes are reversible (see Fig. 6) [2]. At
higher intercalation degree it begins the filling of
free bonding metal p, ,-bands participating in in-
terchain bonding that leads to the formation of
metal-cluster groups and, consequently, to irre-
versible changes of matrix structure.

5. Conclusions

In this work the change of the electronic
density distribution on the atoms in MoS; and
WS during lithium intercalation and electronic
structure of the starting and intercalating MoSs
has been investigated by X-ray electron and X.
ray emission and absorption spectroscopies. X-
ray electron spectra of core levels characterizing
charge state of atoms, valence band spectra char-
acterizing the distribution of full electronic den-
sity and Mo(4d,5s — 3pss3) and S(3p - 1s) X-
ray emission spectra characterizing partial con-
tribution of atoms to electronic states density of
valence band are obtained. It is demonstrated
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that during lithiation of MoS; and WS; the
lithium electronic density is distributed among
metal and sulfur (mainly on disulfide pair atoms).
At present it is suggested that chemical bond
in transition metal trichalcogenides is almost en-
tirely lonic and the number of ionic bands and
the degrees of oxidation of atoms are described by
ionic formula. As for MoS;, assumed ionic for-
mula is MoF®(X ~2)4(X;)~2, from that it follows
that lone pair of disulfide (as well as another sul-
fur atom) are not involved significantly in the for-
maton of chemical bond. Our work demonatrates
that this approach is unsuitable for description
of the electronic structure of MoS3;. Analysia of
obtained experimental results taking into consid-
eration some physico-chemical properties allows
to make the following conclusion:

1. Character of chemical bond in MoS; is ap-
preciably covalent, part of covalency is approxi-
mately ~25%.

2. "Covalent component” of electronic density
is sufficiently localized on directional two-atoms
bonds and, hence, the description of electronic
structure in terms of valence bonds and localized
MO in the firet stage is valid.

3. The charge state of sulfur atoms in disulfide
pair is close to (§ — 5)° rather than (S — §)~2
that can be connected with the participation of
lone pair in chemical bond.

4, The degree of oxidation of the metal atoms
in MoS$; proved to be M4 rather than M*® that
can be connected with the participation of free
metal orbital in donor-acceptor bond instead of
breaking of one of five valence bonds with sulfur
atom.

5. The above-mentioned peculiarities allows
to suggest that there is the additional donor-
acceptor M — § bond involving free metal or-
bital and lone pair of disulfide atoms of sulfur in
Mo0Ss. Ther ionic formula is M;*(X~?)4(X,)°
and problems of determination of charge state of
metal and disulfide pair do not arise.

8. Using the model of local structure of MoS;
[7] and obtained experimental spectra, based on
covalent character of M —$ bonds and suggestion
about additional donor-acceptor M — 8 bond, the
tentative model of MoSs electronic structure is
proposed as shown in Fig. 5.

7. The proposed model of electronic structure

of MoS; is supported by the agreement found
between "discharge curve” of cathode-anode cell
Li~Li: MoS3 and changing of peculiarities of X-
ray emission and absorption spectra when chang-
ing value z and allows to explain the character of
"discharge curve” and chemical behavior of M0S3
during intercalation.

8. The proposed model of electron structure
of MoS3y allows to determine the requirements
which cathode materials for high-energy-density
current sources have to satisfy. First, in these
materials the energy of free bonding levels re-
sulting in irreversible structural reconstruction of
matrix must be as higher as possible. Second, the
electron capacity of unoccupied bands lying lower
than bording level must be as higher as possible.
The low-dimensional materials having a wealth of
M — L bonds and high energy splitting between
transition metal d-orbitals are best suited for this
purpose.
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