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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 

G.F. Khudorozhko, I.P. Asanov, L.N. Maealov, E.A. Kravtsova, 
G.K. Parygina,V.E. Fedorov, and Ju.V. Mironov 

Institute of Inorganic Chemistry, RX3 Siberian brahch, 
pr. ak. Lavrent’eva 3, Novosibiik, 630090, Russia 

The distribution of electron density in cathode materials MO& and WSS during their lithiation has 
been studied by X-ray electron and X-ray emission and absorption spectroscopiea. It ia demonstrated 
that the lithium electrons localize both on metal and on sulfur atoma but mainly on disulfide atoms. 
Presence of a complementary bond of donor-acceptor nature haa been propoaed. On a bania of this 
asanmption and X-ray emission spectra the electron structure of MO& haa been suggested. 

1. Introduction 

Intercalation of transition metale trichalcc- 
genidea with alkali-metals [l-2] is a well re- 
versible reaction that allows to use these materi- 
ala to set up high-energy-density and high-cycle- 
reversibility aka.li metel battery [34]. In the 
cycle of ncharge-diechargen the transition metal 
trichalcogenidea act aa the reservoir for the alkali 
metals electrons. It ia of interest to study the 
distribution of electron den&y and the change of 
electronic structure under intercalating of these 
materials. The reeulta cau be useful for the aearch 
of promising materials for corwtructing of high- 
energy-density current aourcea. 

In our previous work [5,6] electronic atruc- 
ture of trisulfidea and triselenidee of niobium and 
their lithium intercalates haa been studied, It is 
shown that during lithiation of these materiala 
the lithium electron density is distributed largely 
on chakogen atoms (in great part on atom8 
of dichalcogenide pair) and partially on metal 
atoms. In starting niobium trichalcogenides the 
charge non-equivalency of the chalcogen atoms 
is obaerved that is described by ionic formula 
Nb*X-2(XP)-a . At a higher degree of lithi- 
ation these chalcogen atoma become equivalent. 

SSDI 0368-2048(94)02200-J 

In contrast to previously studied niobium 
trichalcogenides the trieulfidea of molybdenum 
and tungsten are amorphous [q. Until the 
present time the electronic structure of these mit 
teriala haa been poorIy understood. The Iocal 
structure of MOSS and W& haa been studied 
by RDF,EXAFS and XPS [8-lD]. The chain 
(quasi-one-dimensional) model of the structure 
described by ionic formula Mz*(X’2)r(X$z 
haa been suggested. The fragment of the pro- 
posed Ma& structure is displayed in Fig. 1. 
Metal atoms in MO& are placed along metallic 
chain at different distances, respectively, 2.75 A 
artd 3.16 A from each other. Closely-apaced metal 
atoms are bound by three bridging euifur atoma 
which axe in SV2 state and form equilateral tri- 
angle which ie normal to metallic chain. Average 
M - S distance ia 2.44h6. The molybdenum and 
tungsten trisulfides are diamagnetic aemicondnc- 
tori3 (R = 3 x 10% x cm). No metal pairing 
a.re observed in the structure of WS3. Average 
M - M and M - S diita.nce are 2.75 A and 2.41 
A,rwpectively. 

The aim of the present work ia to study the 
distribution of electron density and the change 
of electron stmcture of MO& and W& cathode 
materials during their lithiation. 
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Figure 1: The fragment of local structure of amor- 
phone Moss [7-O]. *molybdenum, O-sulfur 

2. Experimental section 

‘hisulfidee of molybdenum and tungsten 
were prepared from corresponding tetrathiomet- 
allates ammonia by decomposition in vat- 
uum by heating to T 5; 250°C .The start. 

.ing tetrathiometallates were obtained accord- 
ing to reported methods [ll]. Hexane bntyl- 
lithium solution was obtained from metallic 
lithium and n-butylchlorlde [12]. The concen- 
tration of n-bntyllithinm in solution was de- 
termined by direct titration of 0.1N hydrochlo- 
ric a&d from hexane solution of n-bntyUithinm 
with phenolphthalein. By interaction of cor- 
responding trisuIfides with solution of n-butyl- 
lithium, the phases of the following composi- 
tion 1) L&J.&@&, tir.&foSg, Li~.~MaS~, 
2) t&W&, Lil.l3W&, Lir.raWS3 were ob 
tained. 

Reaction was conducted in eealed evacuated 
eilica ampoulee at the room temperature for 7 
daye. The technique of isolation of intercalrt 
tion products ia deecribed in detail in [13]. The 
composition of lithium in synthesized samples 
was determined by ffame photometry, The ob 
tained samplea were amorphous on evidence de- 
rived from XRD andyeis. 

X-ray electron spectra of core lev& of metal 
and &fur and vaIence bands of triaulfides of 
molybdenum and tungsten and their Iithium in- 
tercalatea have been obtained on VG Microtech 
spectrometer ( CLAM-100 analyzer). The aam- 

plee for investigation were kept in evacuated e&a 
ampoulea. The ampoules were opened before ex- 
periment in dry nitrogen atmosphere, preaaed in 
tablets and loaded into vacuum chamber. Argon 
ion etching of the samplea was carried out at 3 kV, 
20 mA for 3-5 min. The epectra were recorded 
at 20 eV paaa energy using MgK&radiation at 
300 W. Calibration of energy was performed from 
hydrocarbon adsorption peak (C le=285.0 eV>. 
Data processing and curve fitting wtw carried out 
wing standard VG software. 

X-ray emission spectra MoLga,ia and SK,g 
and MO& - and SK- absorption edge in these 
samplee have been obtained on X-my fluorescent 
spectrcrmeter %earatn wing crystal-analyzer 
quartz (26=&U A), focused by Iogann (Rr5OO 
mm). Spectra were recorded using X-ray copper 
anode and proportional flow counter. Spectral 
resolution ie ~0.5 eV. 

3. Results 

With the aim of studying the diatribution of 
the electron density and the electronic stmcture 
of molybdenum and tungsten trimlfidea during 
their lithiatian X-ray electron spectra of M&d, 
W4 f ( S2pcore levela and valence baud in starting 
and lithiated molybdenum and tungsten trieul- 
Bdee and X-ray emission h40Lp~,~~ - and SKb - 
spectra and MoLa and SK.abaorption edge apee- 
tra in starting and lithiated molybdenum trinul- 
fidea were recorded. X-ray electron spectra of 
M&d and W4f-core levels in starting aad lithi- 
ated MO& and WSJ are ehown in Fig. 2, In 
spectra of llthiated MOSS and WS3 the Mo3d 
and W4f doublets are shifted to the lower bind- 
ing energy. In ape&a of llthlated MO& and WS, 
another doublet of Iesaer inter&y ia observed. 
The binding energy of this doublet corresponds 
to Ma(VI). This doublet can be connected with 
molybdenum oxides, MO@, on a rample surface. 
However, aucceesive increasing of the doublet in- 
tensity in lithiated eamplea allowa to propose that 
the occurrence of the Mo(VI) etate is the pecu- 
liarity of lithiation of MOSS. The similar situ- 
ation is obaerved iu Iithiated W&. However, in 
this cue additional doublet ariaee even in starting 
WS3. Binding energies and relative intensitiee of 
these doublets are ehown in ZBbIe 1. 
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Figure 2: Mo3d and W4f X-Bay electron spectra 
of starting and fithiated MO& and WSa. 
a)Zi,MoSa, r: 1. 0.2; 2. 0.97; 3. 1.60; 4. 2.00 
b)Zi,WSa, P: 1. 0.2; 2. 0,85; 3. 1.13; 4. L’M 

X-ray electron spectra of S2plevela in starting 
and lithiated MO& and WSa are ehown in Fig. 3. 

These spectra are the superposition of two 
~?2p~/~,1/2 doublets. The doublet at lower binding 
energy and that of higher binding energy corre- 
spond, reepectively, to a bridging ions Pa and 
to atoms of diaulfide pair, (S - Sjw2. Ratio of 
iatensitiea of these doublets corresponds to ratio 
of number of disulllde atoms to that of the S’) 
ions (1:2 for starting MoSa and WSa ). Binding 
energy of the S” ions doublet shifts to lower en- 
ergy. Binding energy of the disulfide pair doublet 
in addition shifts to that of the S” ions doublet 
and its intensity decreases. Binding energies and 

Table 1. 
Binding energies of Mo3du/a, W4fr/z, S2pa/o and 
relative intensities of doublets for Zi,MoSs and 
Zi, WS3 

M a3t& S2P3lS 
X E1” E! h/h E,b E; h/II 
0 229.4 - - 162.3 163.7 ,47 
0.96 228.9 234.0 .05 162.0 163.0 .23 
1.60 228.6 232.8 .30 161.6 162e3 .20 
2.00 228.6 232.8 .32 161.5 162.2 .20 

W4hf 1 s2Pm 
X E; B; 12/h E: E; Iz II 
0 33.3 35.5 .50 162.3 183.7 .67 
0.2 32.6 34.8 -68 161.5 162.3 .39 
0.85 32.3 34,3 a90 161.2 162.0 .43 
1.76 32,3 33.6 1.31 164.4 

relative intenaities of these doublet8 are shown in 
Table 1. 

X-ray electron spectra of the valence band of 
starting and lithiated MO& and WSa are shown 
in Fig. 4. 

The changes observed in the spectra of lithi- 
ated MO& and WSS reflect those of density of 
the electron state in valence band. In lithiated 
MOSS and WSa the density of states increases 
near Fermi level. The deeper part of band re- 
flects states corresponding to M - S bonds. The 
sulfur *etates fill region of 13-16 eV. Splitting of 
S 3a-states into three snbbands corresponds to d 
binding and u’ antibinding energy 1eveIs of disul- 
fide and non-binding 38 states of S-l ion. 

X-ray emission SK!- and MoZ,q16-spectra, 
SK- and MO% -absorption edge spectra and X- 
ray electron spectra of valence band in etarting 
and lithiated MOSS are represented in Fig. 5 on 
energy scale relative to Fermi level. 

Emission spectra SKb (transition 3~1s) re- 
flect the contribution of sulfur Jpelectrons to the 
density of states in valence band. SKR-spectra of 
starting and lithiated MO& occupy a wide energy 
region (7-8 eV). The pronounced peculiarities of 
epectrum ahape are not observed except the peak 
at the bottom of the band. In lithiated eamplea 
the width of SKb -spectrum is decreased because 
of the shift of the bottom of the band and peak 
at 5 eV shifts consistently to upper part of the 
band. Contribution of disulfide atoms (S - S) 



Binding energy, ev 

Figure 3: X-Ray electron epectra of SZp-level in 
starting and lithiated MOSS and WS3. 
a)Li~MoS~, 35: 1. 0.2; 2. 0.97; 3. 1.60; 4. 2.00 
b)Li,WSs, x: 1. 0.2; 2. 0.85; 3. 1.13; 4. 1.76 

to SK+ -ape&mm (33% in MO& ) is displaced 
1.1 eV to lower energy, for aligning to Fermi level 
w88 carried out relatively to 3pa/z -peak of sulfur 
atoms in S” state. 

Emission spectra MoJ$s,la (transition 46 - 
2p3j3 ) ehow the contribution of 4d and 5e dec- 
trona of metal to the density of states in valence 
band. Spectmm of metal states in valence band 
also occupies wide energy region (9-10 eV) and 
hae pronounced peculiarities. Comparison of v& 
lence band spectra a.nd emission spectra of eul- 
fur a.nd molybdenum allowa to diatinguiah four 
characteristic pecuIia&iea (in Fig. 5 marked aa 
A,B,C,D) that C&IL be related to different MO. In 
lithiated samplea a. contribution of MO atoms to 

18-q energy , e 

Figure 4 The valence bared X-Ray eIectron epec- 
tra of starting and Iithiated MOSS and WS,. 
a)Z&Mo&, c: 1. 0.2; 2. 0.97; 3. 1.60; 4. 2.00 
b)Li,W&, z: 1. 0,2; 2. 0.85; 3. 1X& 4. 1.76 

the den&y of etat.tes of bands corresponding to 
these MO ie eeeentially changed. 

SK- and MO& -absorption edge spectra show 
contribution of sulfur and molybdenum atoma to 
the density eta& above Fermi level. In epectra 
of Misted eamplea a series of typical cha,ngea are 
observed. 

4. Discussion 

4.1. Charge state of atoms in MoSa 
and WS, 

The obtained rwults demonstrate that the in- 
tercalation of molybdenum and tungsten trienl- 
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Figure 5: MoLp+aolid line on the left) and 
SKb X-Ray emiaruon spectra(dashed line on the 
left), M&(solid line on the right) and SK- 
edge abmrption epecttidashed line on the right) 
and XPS of valence band (dotted line) of atart- 
ing and lithiated MO&. a)Mo&, b)i&.e~MoS~, 
c)lil.&foS~, d)&.mMoSs. 

fides with lithium essentially changea the elec- 
tronic stmctare of these compounda. First of 
all, we observe the change of core level energiee 
of sulfur and molybdenum &played in ‘Psble 1. 
The change of core level energy of an atom C&IL 
be cauaed by three facto=: the change of charge 
state of atom, the change of cryataliine poten- 
tial in the vicinity of core atom retulted from 
change of chemical environment, and the change 
of Fermi level position. During inteda.tion in 
AU& and W& the lithium ions occupy the cen- 

ter of van der WaaJa cavities measured ~6- TA 
and the impact of lithium ions on potential in 
the vicinity of metal chain atoma and ita liganda 
can be considered insignificant. The change of 
Fermi level na a result of free banda occupation by 
lithium electrons can teault in increasing the value 
of core level energy. Consequently, decreasing of 
core level energy can be cauaed by the change 
of the charge state of molybdenum and sulfur 
a.tomn &B a result of occupation of free bands corn- 
poeed from contribution of molybdenum and eul- 
fur atoms. In addition, we point out the good 
correlation (Fig. 6) between the shifts of core lev- 
els obtained in this work and ncharge-diacha.rge” 
curve of cathode- anode cell [2] characterining the 
voltagea on the cell aa a function of degree of ite 
diachaqe, i.e. number of lithium iona inserted 
into cathode matrix. 

w-3 

2.3 

1.9 

1.5 22a.a 
0 1.0 2.0 3.0 4.0 

Figure 6: Correlation between the change of 
Mo3d6/Tenergy in AfoSs and “the discharge 
curve” of cathodeanode cell at different lithia, 
tion degree [a]. 

The displacement of &abide pair doublet to 
S” ione doublet in SKJ -spectrum shows that 
the lithium loses electrons mainly to the dimtide 
pair atoms. They occupy the antibonding u*- 
orbital of (S - S>-a pair+ The charge state of 
the diaulfide p&r ia displaced to S-‘-&ate when 
a’-orbitala has been occupied. 

The experience of the study of the chazge state 
of &tome by XPS auggeata that art intimate rel& 
tionahip between core level energy of atom and 
the oxidation degree ia observed [14,15]. By then 
the charge etatea of eulfur atoma have been invea- 
tigated eufficiently [l&171. It ia known that the 
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energies of S2pJeveia of S-2-state (for example, 
M@, where M ia onevalent metal or MS, where 
M ia two-v&x& meta) span 161+5-162.7 eV, the 
valuea of neutral sulfur (for example, in Se, &S, 
R&J, where R ia nentraJ ra.dicaJ) do 163.6-164.5 
eV. Consequently, the energy of S2p-Ievel of dieul- 
fide sulfur atoms in MO& obtained in this work 
(163.7 eV) ia clone to (S -.S)“-etate rather than 
(S - S)%ta.te. 

SimiIar d&&y occurs in atadiea of charge 
atate of metal. The energy of M&-level in Mo& 
is less tha,n that in MOSS where the metal atoma 
a.re in M&-state, and these data dieagree with 
ionic formuIasuggested for MO& atructare [8]. In 

xference [8] it was proposed that the low value 
of M&61eve.I energy in Ma& cm be accounted 
for by the change of the metal charge etate at 
M - M bond formation (pairing of electron of 
6,2-orbitala). However+ the bond M - M is pure 
covalent and hardly c&n change the oxidation de- 
gree of metal. Another way of looking at thin 
fnct baaed on decreasing ionicity MO - S bond- 
ing (for example,in Zr& [16]) ia not euf%ently 
advanced, for the coordincttion of sulfur atoma by 
metal and distances M - S in MloSz and Moss 
appeared to be closely allied. 

These dXicultiea mrty be resolved by eugges- 
tion that di.euIfide pair in MOSS forma supplemen- 
tasy ki - S bond of donor- acceptor type with 
the participation of dieulfide pair r-orbital (elec- 
trons of lone pair of sulfur atoms) and free metal 
orbital. In this caee Moss structure can be for- 
mulated aa Mor(S”)r(&)“, 

The determination of oxidation atate of metal 
in other tm,nsition metal chalcogenides dso 
pwents difficulties and it may be connected with 
the presence of dichakogenide pair (X - XJm2. 

4.2. Electronic structure of MO& 

Aa far aa we know to the present day any 
theoretical or experimental reaalts of investip 
tion of the molybdenum or tungeten trisulfidea 
electronic structunz has not been pabliehed. For 
lack of supplementary information, it ia very dif- 
ficult to give we&grounded interpretation of ex- 
perimental ape&a shown in Fig. 5. Nevertheless, 
it will be useful to describe in qualitative sense &n 
electronic structure of M&s on the basis of these 
results. It ia needlean to say that the proposed 

model of electronic etructure must be regazded 
aa a tentative one. 

Emission M0&&16-8pectra reflect the contri- 
bution of an 4d- and Ss-electron density of MO 
to the valence band. The spectra occupy a wide 
energy region (fmm 0 to 10 eV) and on the whole 
overlap an energy region of SK@-spectra which 
refiect the contribution of the sulfur 3d electmns. 
Thitl meane that M - S bond has appreciably a 
covalent character. Widely used at the present 
time, ionic model of the electronic atmctnre of 
trichalcogenidea and dichalcogenidea of transition 
metale in which it ia aaeumed that the metal & 
ba.nde are higher than the anion 3pband and 
binding electrons on the whole occupy lower levela 
but upper levela remain empty, fa3e in thie ewe. 
The presence of covalent component in M - S 
bond leada to formation of bonding (deeper) and 
anti-bonding (upper) orbitala containing contri- 
bution both of metal and eulfur atoma. The 
M - M bond (d,t - d,r) is completely covalent, 
resulting in significant displacement of bonding 
orbitala downwards. The eseentisl covalent bond 
takee place in a number of other trichalcogenides 
and dichalcogenidee of transition metals, such a~ 
Fe, Co, Ni, Mn [lQ,2OI, For MO,!& this fact was 
demonstrated in work [21]. 1 

In MO& structure the environment of metal 
atom is a distorted trigonal antipriam. For a reg- 
ular trigonal antiprism (Dad symmetry), splitting 
of &orbit& cau be chruacterissed by engle p be- 
tween t axis and the met&ligand bond [l81. For 
B I: arccos l/& (/3 = 55=), the a&prism ia die 
torted to oct&edron (z axis goes through the cen- 
tera of oppoeite faces) and &orbit& split into 
doubly degenerate level s, (d,, ,4#) and triply 
degenerate level qp(d,) + ep(hy, dt+,2). When 
there ie a departure of the symmetry from octa- 
hedron, the deeper (triply degenerate) level splits 
into alo and eg [18]. In MOSS the angle t? ie 
close to @ RI 53O) the angle in octahedron (aboat 
the center of antipam). The metal atom ia 
displaced froirn the prism center by 0.2 A, how- 
ever, the crystalline potential ie slightly varied 
(RI 5 x 10’3). Thus, the deeper metal Ieve.ls are 
42 a.nd (d,,, 42 _,z)-orbitale and the upper IeveI 

IIn thir work Dr. D.S.Urch emphsdwd: ‘Tha rimpIe 
electronic model for MO& of L narrow Mod bud ud 
then, at ~Iightl~l higher binding enqy, L Sp band ia quite 
wrong.” 



consists of the d,, and &,,-orbitals. 
Because of high ionic bonds the &orbitals of 

metal split in wide energy region. In thia case it is 
possible a considerable mixture of upper d-bands 
and BP-bands of metals, this is, hybridized wave 
functions of valence electrons are d - p-d charac- 
ter aud include nine energy bands. In connection 
with qua&one-dimensional Moss strnctare the 
energy bands, aa for other closely dated struc- 
tures, can be considered narrow enough (0.5-1.5 
eV) 122,231, this is, the valence electrons are anf- 
ficiently well localized on the bonds. 

I 

(MO 5Ps) 

1 
Figure I: The bond groups and distributions of 
electrons on the bonds in MO&. 
l -molybdenum,()-sulfur 

The possible distribution of electrons on the 
bonds in terms of localized MO corresponding to 
the directional valence u-bonds is ahown in Fii. 7. 

The d,z-electrons are localized on A4 - M 
bonds, The closely-spaced metal atoms are 
bound through bridging S-n ligands by elec- 
trons of s-,day-,dt+ +orbitale.The widely spaced 
metal atoms are bound through (S - S) and 
SW2 ligands by electrons of 5p,-,d,,-,ds,-orbitals. 
These orbit& are occnpied by two electrons 
and form valence bonds with two sulfnr 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 ps -orbitals 
remain empty and can take part in the interchain 
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bonds. The character and occupancy of bonds in 
MOSS are listed in ‘lhble 2. 

Comparing these bond groups with the pe- 
culitities of the experimental spectra shown in 
Fig, 5, one C~JI assume the simple qditative 
model of electronic structure of MO& presented 
in Fig. 8. 

However, 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 atoma en- 
vironment, the peculiarities of experimental spec- 
tra, proposed model of arrangement of local stmc- 
ture and a number of other factors, in pa&u- 
lar, the change of structure characteristics dur- 
ing W&ion. For example, peak A in iUoL~~,la- 
spectra cannot be related to MO corresponding 
to M - M and M - S bonds, for this peak is 
decreased and disappeared at x = 2 during lithi- 
ation of MOSS, whereas rest&a of EXAFS [2] have 
shown that M - M distance is decreased and 
M - S distance is increased. An origin of peak A 
and its decrease during lithiation can be under- 
stood if the presence of donor-acceptor bond is 
proposed in which the lone pair of disulfide sulfur 
atoms talces part and transfers electrons to met- 
ala. Lithiation of MO& weakena this bond or, 
may be, breaka it. Aa mentioned above, the con- 
tribution of sulfur atoms of &sulfide pair to SKg 
-spectrum is displaced by 1.1 eV to Fermi level 
and, correspondingly, the anion component to 
donor-acceptor bond ia shifted upward as shown 
in Fig, 8. 

Peak C iin MoLbhlfi-spectrum corresponds to 
bonds M - S2, M - Sa of metal with ligands 

‘I&ble 2; Character and occupancy of bonds of 
hfoS3 structure (per two formula units) 

bonds char. A0 set occup. 
MO-S1 i-c 3p-s,dspdsa + 12 
Mo - S2,53 i-c 3p-d,&, 8 
MO - 53 d-a 3P - 5pr 4 
M-M C d,z - d,s 2 
s-s C 3P - 3P 2 
Lone pair nb S3P 8 
Upper bands II u*,5ple,x etc. - 

i-c-ionic-covalent, d-a-donor-acceptor, 
c-covalent,&nonbonding, u-unoccupied. 
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(S - S) and Sv2. Peak B correaponde to bond 
(M - Sl) of metsI with three bridging .V2 ions 
and to bond M - M (d,r - d*z), that ia placed 
deep within the valence band, contra-ry to other 
transition metals trichalcogenidea [24,25]. By BS- 
aaming that the metal contribution to the banda 
A, B,C is in the ratio of 12:3.Fs:l, Fig.& and the 
donor-acceptor bond tranafere to metal two Alec- 
troxw, the covalency of bond can be obtained au 
the ratio of electrona remained on the metal to 
the total number of electrons on the bond. Ace- 
valent character of ~25% for B tend C bonds was 
estimated, that agreea with covalency of M - S 
bonds calculated from electronegativity by Paul- 
ing. 

The upper part of valence band ia filled by 
sulfur lone pair stated snd states of M - 4, 
M - SS bonds. The lower part of conduction 
baud (peak E) consists of dieu.Mde pair u*-statea 
overlapping with antibonding bands of (M- Sl)’ 
and (M - &,Sa)* bonds in the upper part, The 
lower part of antibonding bands M - S is over- 
lapped with =t Sp,,, metaI bands of bond- 
ing cha.racter (with reaped to interchain interac- 
tions). The M - S ba,nda md u’ are presented in 
MoLs and SK-absorption spectra aa the intense 
and narrow peak E near absorption edge that sup 
ports kesnmption about IocaJization of electrons. 
Note that in absorption epectrum of eIemental 
sulfur this peculiarity ia not obeerved (delocal- 
ization of electrona). The a&ibonding $, a.nd 
5p - 1 bande a.re placed considerably above a.nd 
ctppeared aa peculititiea F and G in MMoLa-edge 
absorption qectra. The contributiona of metd 
and sulfur atom to the density of etatea in the v& 
lence and conductivity bands are depicted by bara 
in &&on and absorption spectra of Mo md S. 
It shouId be pointed out that to occupied MO 
the sulfur atoma contribute essentially whereas 
free MO are composed mainly of contributiona 
of metal atoms. This clearly demonatratea euffi- 
ciently high ionic bonda and characterizes range 
of feasibility of ionic models 

4.3. The Change of the electronic 
structure upon intercalation 

The ions of alkali metals during interala, 
tion of the transition metals trichalcogenidea a.re 

placed in structural cavities of matrix (vau der 
W&s cavities),The excess electron occupies free 
matrix band above Fermi level. However, a con- 
sideration of eIectro& structure of intercalated 
trichalcogenidea of transition metala in terms of 
“rigid band” model ia not anfficiently correct. 
The occupation of the free levels of matrix 1esAs 
to the change of the bond chwter and, conee- 
quently, to change of the structure that, iu its 
turn, results in change of the structure of v& 
lence band. In work [2] the changea of atmc- 
tnral characteristica of molybdenum and tungsten 
trisulfidea during lithium intercalation haa been 
studied by EXAFS. It ia ehown that at high de- 
gree of intercalation considerable atrudura.I rear- 
rangement of starting hoet occure, in pa&&r, 
the distance M - A4 ia decreesed and number of 
bon& M-M ia increased whereas diata.nce M-S 
ia increased a.nd the number of these bonda is de- 
creased. Under intercalation above 3 stoma per 
formula units, irreversible atructaral changee take 
place and repeated charge of the cell ie imposai- 
ble+The metal-cluster group8 is suggested to be 
formed typical for chalcogenides at low degree of 
oxidation. The most probable transition to atruc- 
turn like Chevrel phases Ml &XS has been pro- 
posed. 

The behavior of Ma& during intercalation 
ia explained in our model. According to pro- 
posed tentative model of the electronic structure 
of MO&, during lithiation fimt antibonding u*- 
orbital of dichaJcogenide pair and overlapping an- 
tibonding banda M - 52~ and M - SI are be- 
ing occupied. This rem&s in increuaing of dis- 
ta.nceaM-Sands-Sandinthechangeof 
contribution of metal and sulfur atoms to valence 
band, that manifests itself aa the change of ratio 
of intenaity of peak B to that of C in MoLba,ls- 
spectrum.In the firat atage of intercalation con- 
siderable changes occur in C peak region that 
can be connected with wekkening or breaking of 
M - .SS,~ bond. The further increasing of inter- 
calation degree reauIts in chaslgen in region of A 
a.nd B peaks that ia connected with attenuation 
or disruption of M - S bonding and, if possible, 
the part of donosacceptor bonda is replaced by 
valence bond hf - S that leada to increase the 
degree of oxidation of metal to Mo(VZ). 

New Fermi level the density of states ia in- 



Figure 8: The qualitative schematic representation of electronic structure of MO& 

creased (peak D), that is clearly associated with 
the occupation of the lower-lying free banda. 
Fermi level is not ahlfted, 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 2a- 
level. Splitting of occupied bands ia evidenced 
by displacement of peak E in SK and M&u - 
absorption edge spectra to higher energy. A con- 
tribution to peak E in SK-absorption spectrum 
ie given by a*-band (displaced from true poei- 
tion to higher energy by l.l,eV), (M-$)*-band 
and (M - So, M - S,)‘-band. The occupation of 
these bands by lithium electrons under llthiation 
results in change of shape and dispIacement to 
higher energy of peak E. At z RI 1 u*-band has 
been occupied practically, in this cue occupation 
and displacement of other bands is being contin- 
ued that leads to formation of ehoulders onto the 
peak, (M - Sr)* and (M - Sa,M - &)*-bands 
correspond to peak E in M&s-absorption epec- 
tmm. In the initial stage of intercalation only 
lower (M - Sl)‘-band is occupied that causes 
splitting of peak E slightly, on further intercap 

lation both bande are occupied and peak E is 
shifted aa 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 Wing of 
free bonding metal pc,x- bands participating in in- 
ter&in 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 Moss and 
W& during lithium intercalation and electronic 
structure of the starting and intercalating MO& 
haa been investigated by X-ray electron and X- 
ray emission and absorption spectrascopies, X- 
ray electron spectra of core levels characterizing 
charge etate of atoms, valence band spectra char- 
acterizing the distribution of full electronic den- 
sity and Mo(rld,k - 3~5,s) and S(3p - 18) X- 
ray emhion spectra characterizing partial con- 
tribution of atoma to electronic statea density of 
valence band are obtained. It is demonstrated 
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that during lithiation of M& ad WS, the 
lithium electronic density is distributed among 
metal and aalfur (mainly on dieulfide pair atoma). 
At present it ie aaggeeted that chemica bond 
in transition metal trichalcogenides ia almost en- 
tirely ionic and the number of ionic band8 and 
the degree8 of oxidation of atoms are described by 
ionic formula, A8 for MoS3, asanmed ionic for- 
m& is M6$5(X-s)I(X$2, from that it follow8 
that lone pair of disulfide (aa well aa another sul- 
fur atom) are not involved significantly in the for- 
maton of chemical bond. Our work demonstrate8 
that this approach is unsuitable for description 
of the electronic structure of MO&. AnJyais of 
obt&ed experimental results taking into coaeid- 
eration Borne phy8ico-chemica propertie8 dowe 
to m&e the following conclusion: 

1. Character of chemical bond in MOSS ia ap- 
preciably covalent, part of covalency ie approxi- 
mately ~25%. 

2. “cova&znt component” of electronic density 
ie sufficiently localized on directional two-atoms 
bonds and, hence, the deecription of electronic 
structure in terms of valence bond8 and localized 
MO in the first etage. ia valid, 

3. The charge state of eulfur atom8 in di8ulfide 
pair is close to (S - S)” rather than (S - S)-) 
that C&D. be connected with the participation of 
lone pair in chemical bond. 

4. The degree of oxidation of the metal atoms 
in MO& proved to be M* rather than Mf5 that 
can be connected with the participation of free 
metal orbital in donor-acceptor bond instead of 
breaking of one of five valence bond8 with sulfur 
atom. 

5. The above-mentioned peculiarities allows 
to snggeet that there is the additional donor- 
acceptor iU - S bond involving free metal or- 
bital and lone pair of dlsulfide atome of sulfur in 
M&J. Then ionic formula is Mz*(X-‘)II(X~)o 
and probIeme of determination of charge state of 
metal and dieulfide pair do not arise. 

6, Using the model of local cltructure of M&s 
[fl and obtained experimenta spectra, baaed on 
covalent character of M-S bonds a.nd aogge8tion 
about additional donor-acceptor M - S bond, the 
tentative model of MO& electronic structure is 
proposed 88 ehown in Fig. 5. 

7. The proposed model of electronic structure 

of Ma& is anpported by the agreement found 
between “discharge curve” of cathode-anode ceil 
Li - Li, MO& and changing of peculiasitiea of X- 
ray emieaion and absorption spectra when chang- 
ing value x and allows to explain the character of 
“discharge curve” and chemical behavior of MoS3 
during intercalation. 

8. The propoeed model of electron structure 
of Mu& allowa to determine the requirementa 
which cathode materials for high-energy-den&y 
current 8ources have to satiaiy. Firat, in these 
material8 the energy of free bonding ievela re+ 
salting in irreversible 8tructura.l reconstruction of 
matrix must be aa higher aa pO88ible. Second, the 
electron capacity of unoccupied bands lying lower 
than bonding level must be aa higher aa poaaible. 
The low-dimensional material8 having a wealth of 
M - L bond8 a.ud high energy eplitting between 
transition metal &orbital8 are best #nited for this 
purpoee. 
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