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Synthesis and characterization of indium
intercalation compounds of molybdenum
sulphoselenide

T. K. MANDAL, S. K. SRIVASTAVA
Department of Chemistry, Indian Institute of Technology, Kharagpur 721302, India

The synthesis, structure and properties of indium-intercalated compounds of molybdenum
sulphoselenide, In3sM0S,Se,_« (0 < x < 2) compounds were investigated. X-ray analysis
shows that all these compounds possess layer-type structure with hexagonal symmetry.
Studies of room-temperature magnetic susceptibility, thermoelectric power experiments
and two-probe conductivity measurements in the temperature range 25-350 °C, confirmed
that these are diamagnetic semiconductors with In,sMoS,, In,sM0S15Seqs and
In,sMo0S,Se,_, (0 < x < 1.5) exhibiting n- and p-type conductivity, respectively. These results
have been explained on the basis of existing band models. Thermal stability behaviour of
these compounds in an air atmosphere and X-ray analysis of the oxidized product were also

studied.

1. Introduction

The layered transition metal dichalcogenides (LTMD)
MX, (M = transition metal of group IVB, VB or VIB,
X = chalcogen, S, Se or Te¢) constitute a class of mater-
ials with unique and unusual properties based on the
extreme degree of anisotropy in their structures [1-5].
They are formed by stacking “sandwiches” consisting
of a layer of transition metal between the two layers of
chalcogen. There exists a strong covalent bonding
within the sandwiches but weak van der Waal’s force
between them. Within such a layer, a metal may be
in trigonal prismatic or octahedral coordination
depending on the relative values of the ionic ratio
ru+/rx- and fractional ionic character f; where,
fi=1—exp[ — Xy — Xx)*] and Xy and X are the
electronegativities of the metal and chalcogen atoms,
respectively [6]. These compounds exhibit a wide
variation in electrical properties ranging from insulat-
ing to semiconducting, and finally metallic, with the
evidence of superconductivity in some of the members
of this class. It is also well established that LTMD also
facilitates the process of intercalation by accommo-
dating a wide variety of guests, e.g. metal atoms,
organic and inorganic molecules in the van der Waal’s
gap between the layers [7-9]. The resultant changes in
the structural and physical properties accompanying
their intercalation process have received considerable
interest over the past few decades. In many cases, the
observed changes have been explained on the basis of
a model which assumes that, to a first approximation,
the host band structure is unchanged on intercalation
and electrons are transferred from the intercalate to
the conduction band of the host crystal. These LTMD
and their intercalation compounds find a wide range
of applications, e.g. in hydrogen storage devices [3],
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high-temperature-high-pressure lubricants [7], solid-
state electrolyte batteries [9] in the field of catalysis
[10] and in photovoltaic solar cells for solar energy
conversion purposes [11].

Layer-type molybdenum dichalcogenides, being
diamagnetic and semiconducting, are one such repre-
sentative of this family and are most promising mater-
ials for modern uses [12-14]. These compounds form
a wide range of solid solution, e.g. MoS,Se,_,
(0 <x<2), MoS,Te,_,, (0 <x <2) over the com-
plete range of composition. These mixed crystals are
isomorphous and have recently been investigated for
optical and electrical studies [15-17]. Earlier studies
have shown that diamagnetic semiconducting MoS,
and MoSe, become metallic and superconducting
when intercalated with alkali and alkaline-earth meta-
Is [18-20]. Recently, the intercalation of these com-
pounds with the post-transition metal has also been
reported by us [21-24]. These results were found to be
very interesting and encouraging, and therefore we
have extended our studies on indium intercalation
compounds for isostructural molybdenum sul-
phoselenide, In{;;MoS,Se;_, (0 <x <2). Because
few additional binary and ternary phases appeared
with increasing indium contents we have focused our
studies on the compositions mentioned earlier. These
materials have been characterized by X-ray analysis
for structure determination, room-temperature mag-
netic susceptibility and thermoelectric power experi-
ments, two-probe electrical conductivity measure-
ments in a temperature range 25-350°C, thermal
stability in an air atmosphere and X-ray studies of
the oxidized products. A comparison of these data
with those of the binary layer-type compounds
MoS, and MoSe, has also been made to obtain
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information about the contribution of chalcogens on
indium intercalation compounds of molybdenum
sulphoselenide.

2. Experimental procedure

2.1. Sample preparation

In the present work, MoS,, MoSe; and In;;;MoS,Se, _,
(0 < x < 2) compounds were synthesized directly from
the elements (all 99.99% pure) and the method of
preparation was quite similar to that reported earlier
[8]. Appropriate amounts of indium powder, molyb-
denum powder, sulphur and selenium were accurately
weighed to give a desired composition, mixed inti-
mately to give a homogeneous mixture and placed
inside the quartz ampules of 12-15 mm diameter and
100-120 mm long and vacuum sealed. For the prep-
aration of the compounds, the samples were heated
slowly (50°Ch™%) up to 400°C inside a furnace and
kept for 2 days. This heating is necessary to avoid the
explosion of the tubes due to a strong exothermic
reaction between molybdenum metal and sulphur.
This was followed by heating of the samples at 750°C
for 48 h. A loose powdered product results in having
a considerably larger volume than the reacting ele-
ments. This was mixed well mechanically and sub-
sequently placed inside the furnace and heated at
1000°C for 40 h followed by slow cooling to room
temperature.

2.2. Characterization

The material was studied by X-ray diffraction analysis
on a Philips-1729 diffractometer using CuK, radiation
to examine the presence of all the possible phases. The
crystallite size for each specimen was calculated using
Sherrer’s formula

K;

l’ - —_
B cos 8,

(1)

where t is the crystallite size as measured perpendicu-
lar to the reflecting plane, K is Sherrer’s constant
whose value is taken to be unity assuming the particles
to be spherical, 4 is the wavelength of the X-radiations,
f is the half intensity width measured in radians and
8, is the Bragg angle.

Room-temperature (25°C) magnetic susceptibility
was measured using a Gouy balance in a field strength
of about 5000 g. The balance was initially calibrated
using Hg [Co(NCN),] as a standard. The type of
conductivity was determined by simple thermoelectric
power experiments. The two-probe electrical conduct-
ivity measurements were performed on a compressed
circular pellet in a pure argon atmosphere in the
temperature range 25-350°C. Thermal analysis was
carried out ona Redcroft-870 in an air atmosphere up
to 1000°C with a programmed heating rate of
10°C min~* and sensitivity of 200 uV for DTA. The
X-ray analysis of the oxidized products were per-
formed by heating the samples at 800 °C for 2 h.
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3. Results and discussion

All the compounds were black in colour and unlike
alkali and alkaline-earth metals, intercalation com-
pounds, e.g. A,MoS, (A = Li, Na, K, etc.) were found
to be stable on exposure to air. Such a stable behav-
iour is similar to that already reported for In,MCh,
(M = Nb, Ta; Ch = S, Se) where it was assumed that
the guest—host bonding is fairly strong with the result
that deintercalation is difficult [3].

The X-ray diffraction patterns of indium-interca-
lated compounds molybdenum sulphoselenide,
In;;3MoS,Se,_, (0 < x <2) are displayed in Fig. 1.
These compounds were thoroughly scanned for all the
possible phases, e.g. MoS,, MoSe,, InS, In,S;, In,S,,
InSe, In,Se;, In,Ses, Mo03S,, MosSe,, In,MogSg
[25] and InMogSes [26], etc. It was observed
that the diffraction pattern of these indium-inter-
calated compounds of molybdenum sulphoselenide,
In;;3MoS,Se; -, (0 < x < 2) showed a marked resem-
blence to that of 2H-MoS, [27] and 2ZH-MoSe, [28],
respectively, with increasing selenium contents. It was
therefore concluded that in the present case, even
upon intercalation, the arrangement of Mo/W and
S/Se remains virtvally the same as in 2H-MoS,/
2H-MoSe, except for a slight expansion of van der
Waal’s gap due to incoming indium. It was also evi-
dent from the diffractograms that for each specimen,
002 reflections are of maximum intensity, indicating
thereby a strong orientation along the c-axis. The
intensity of the rest of the 001 reflections generally
increased, and broadening decreased to some extent
with increasing selenium contents in In;;;MoS,Se, _ .
(0 < x < 2). This clearly suggested that the introduc-
tion of indium into molybdenum sulphoselenide has
definitely introduced some layer disorder. It is also
seen that with increasing amounts of selenium, the
intensity of the 100 and 101 reflections continues to
increase while for kO reflections it increased nearly
two-fold from In;;MoS, to In;;3MoS; ,Se;, and
thereafter it reduced gradually to In,; sMoSe,.

The diffractograms of In;,;MoS,Se, _, (0 < x < 2)
also indicated that new d-lines (0.318,0.237, 0.221 nm),
though of relatively very low intensity ( < 5), appeared
in a few cases. These may be due to some poorly
developed phases, the identity of which, however,
could not be ascertained. Table I records the inter-
planar distance d for In;;MoS,Se;., (0<x <2)
compounds.

The lattice parameters for MoS,, MoSe, and their
indium-intercalated molybdenum  sulphoselenide
compounds are presented in Table II. It was noted
that indium intercalation produced an increase in
c-parameter when compared to the corresponding
parent layered host crystals [17]. However, this in-
crease in c-parameter is not as large as that observed
in alkali and alkaline-earth metal intercalates of MoS,
and MoSe, [17-19]. Our findings were found to be in
good agreement with other workers on Cu,NbS, [26],
Cu,NbSe, [27], Al TaS,, Zn,TaS, [28], Li,.YC],
Li,GdCl [29] and Li,NiPS; [30] which showed
a small or no expansion in the c-parameter. This led
to the conclusion that the process of intercalation
is not necessarily accompanied by an increase in
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Figure 1 X-ray diffractograms of (a) In, ;MoS,, (b) In, ,MoS ;Se, 5,
{¢) In, ;sMoS, (Se, o, (d) In, sMo0S, sSe, s, (¢) In, ;MoSe,.

c-parameter. It may be stated here that the increase in
c-parameter, maximum stoichiometry, change in in-
terlayer stacking mode and coordination geometry of
the host metal ions, are all correlated with the type
and electronic nature of the host lattice, ionicity of

M-X bonding, and size and concentration of the guest
intercalate.

Table III records the crystallite size for each speci-
men as measured perpendicular to the various planes.
As the thickness measured to different planes is more
or less the same, there exists an isotropy towards the
crystallite size.

Room-temperature magnetic susceptibility measure-
ments and thermoelectric power experiments suggest
that, like the parent host 2H-MoS, and 2H-MoSe,,
all indium-intercalated compounds of molybdenum
selphoselenide, In;;3sMoS,Se,_, (0 < x < 2), are dia-
magnetic with Iny;;MoS,, In;;3MoS; sSe; s and
In;;3MoS,Se,_, (0 < x < 1.5) exhibiting n- and p-
type conductivity, respectively (Table II).

The two-probe electrical conductivity data for all
these compounds in the temperature range 25-350°C
are presented in Fig. 2. This indicated that all the
compounds are semiconducting. Such a behaviour is
contrary to the usual paramagnetic and metallic char-
acter of alkali and alkaline-earth metal intercalates of
MoS, and MoSe, [12]. Thus it may be concluded that
the charge-transfer band model, which assumes that
electrons are transferred from the intercalate to the
conduction band of the host crystal, does not seem to
be applicable for all the intercalated layered transition
metal dichaleogenides [1]. A behaviour similar to our
case has also been observed by other workers on some
other transition metal dichaleogenides, e.g. A,ZrS,
(A = Fe, Co, Ni) [31], A, ZtS, and A, HfS, (A = Cu,
Fe for x < 0.22) [32,33] where the host crystal re-
mained semiconducting even upon intercalation.
Rouxel [34] suggested that the electrons given by the
intercalate may become trapped in certain sites rather
than being delocalized in the conduction band of the
host crystal. Yacobi et al. [32,33] proposed that the
intercalate atoms might be regarded as deep-level im-
purity leading to an additional energy level near the
top of the valency band or alternatively a modification
of the host crystal might occur due to the interaction
between the intercalate and chalcogen atoms.

Table II records the room-temperature conductiv-
ity, o, data for MoS,, MoSe, and In;;;MoS,Se,_,
(0 < x < 2) compounds. It shows that indium interca-
lation in MoS, and MoSe, produced a relatively
sharp increase in  conductivity, while in
In;;3sMoS,Se, _, (0 < x < 2),it increased initially with
increasing selenium contents, became steady over

TABLE I X-ray powder diflraction data for In, ;MoS.Se, (0 <x<2)

In,,, MoS, In, ,MoS, 5 Se, 5 In, ,MoS, , Se, , In, ;MoS, ; Se, , In,,; MoSe,
d(nm) /I, d(nm) I, d(nm) 1, d(nm) I, d(nm) I,
0.6162 100 0.6258 100 0.6266 100 0.6366 100 0.6451 28
0.3078 5 03063 5 0.31 22 0.3186 7 0.3235 5
0.2058 17 02074 14 0.2105 15 0.2133 22 0.2154 14
0.1542 8 0.1560 12 0.1580 17 0.1600 24 0.1615 26
0.2737 11 02726 6 0.2771 24 0.2814 28 0.2840- 37
0.1581 22 0.1594 12 0.1606 50 0.1623 30 0.1646 37
- - - - - - 0.2575 8 - -
0.2271 5 02283 6 0.2321 28 0.2349 72 0.2374 100
0.1832 5 01850 5 0:1871 - 10 0.1895 . 37 0.1914 50
- - - - 0.1555 20 0.1574 10 0.1591 8
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TABLE IT Unit cell dimensions and other data for MoS,, MoSe, and In, ;MoS Se,__ (0 < x < 2) compounds

Compounds Lattice parameters Magnetic Conductivity Conductivity,  Activation
susceptibility type G300 x energy

a c cla 14 —x,(107° Q 'em™Y) V)

(nm) (nm) (nm®) cgs units
MoS, 0.3160 1.2295 0.3890 0.1063 0.136 n 83x1076 0.38
In1/3M052 0.3158 1.2322 0.3900 0.1064 0.140 n 14%x 1074 0.34
In,,MoS, ;Se, s 03171 1.2462 0.3931 0.1084 0.406 n 19x107* 031
In, ,MoS, Se,, 03212 1.2652 0.3941 0.1129 0.285 p 9.2x107* 0.25
Inl/aMoSO_SSeL5 0.3242 1.2811 0.3954 0.1164 0.367 p 83x107% 0.19
Inl/aMoSe2 0.3285 1.2930 0.3940 0.1208 0.352 p 92x1073 0.15
MoSe, 0.3288 1.2891 0.3932 0.1210 0.250 p 29%107¢ 0.40
TABLE III Particle size distribution (nm) in In;;;MoS.Se, -1
0<x<?)
hk! X _3l

0 0.5 1.0 1.5 2.0
-5}
006 38.2 47.6 271 237 524
008 341 339 33.7 25.2 48.2
110 337 33.6 321 204 331 g —7
103 28.4 313 213 26.7 424 —
105 26.2 29.1 27.3 24.2 321 [
9l
a certain range and then further increased with in- -nr
creasing selenium contents. Because o is proportional -
to the mobility and carrier concentration, such -13
1.0 15 2.0 2.5 3.0 35 4.0

a change in ¢ with composition is therefore more
likely due to either of these two, or both.

Results on thermal stability of MoS, and MoSe, in
an air atmosphere showed that the behaviour is not
significantly altered and a common trend is always

TABLE IV X-ray data for the oxidized product of In, ,

7103 K™

Figure 2 Temperature dependence of electrical conductivity for (a)
MoS,, (b) In;;3MoS,, (c) Inl/sMOSLsSCQS, (d) I111/31\/1051.03‘31.0, (e)
In; 3Mo0S,. s8¢y 5, (f) Iny;3sMoSe,, (g) MoSe,.

MoS Se,_ (0 < x < 2) when heated in air at 800°C for 2h

In,,, MoS, In, ;MoS, ; Se, ; In, , MoS, , Se,; o In, ,Mo0S, ;Se, ; In, , MoSe,

d(nm) [jI,  dom) I, dmm) I, dom) I, dnm) I,
0.6976 95 0.6970 100 0.6970 100 - - - -
0.6026 10 0.6026 37 0.6026 18 - - - -
0.4745 30 0.4745 95 0.4745 70 0.4745 87 0.4720 100
0.4529 29 0.4529 29 0.4529 18 04522 28 0.4506 26
0.4250 16 0.4250 46 0.4264 37 0.4250 43 0.4230 52
0.4017 27 0.4022 88 0.4029 67 0.4095 68 0.4004 94
0.3818 28 0.3818 22 0.3813 23 0.4047 70 0.3801 17
0.3708 10 0.3708 32 0.3708 29 0.3708 21 0.3693 37
0.3590 19 0.3590 54 0.3600 44 0.3604 51 0.3590 63
0.3539 100 0.3479 49 0.3479 23 - - 0.3453 13
0.3368 30 0.3376 87 0.3376 70 0.3376 9 0.3363 98
0.3326 12 0.3314 37 0.3326 29 0.3314 34 0.3314 42
0.3267 26 0.3266 38 0.3267 28 0.3267 17 0.3255 28
0.3079 11 0.3068 34 0.3079 28 0.3079 37 0.3068 35
0.2763 11 0.2959 40 0.2954 30 0.2956 35 0.2949 37
0.2763 14 0.2755 50 0.2758 37 0.2763 53 0.2755 -5l
0.2730 29 0.2730 94 0.2730 75 0.2730 100 0.2730 95
- - 0.2495 9 - - - - 0.2488 11
0.2309 60 0.2309 26 0.2315 12 0.2368 12 - -
0.2270 59 0.2287 16 0.2291 12 0.2292 15 0.2287 18
- - 0.2099 21 - - 0.2103 21 0.2094 16
0.1785 11 0.1787 43 0.1787 34 0.1791 42 0.1784 43
- - 0.1653 10 - - 0.1686 14 0.1684 14
0.1631 5 0.1629 13 0.1626 9 - - 0.1626 12
0.1570 8 0.1588 11 - - - - - -

3194



Endo +—————» Fxo0

(3)

(4)

200
(a)

400 600
Temperature (°C)

800

1000

Temperature (°C)
200 400 600 800 1000

20 -

Weight loss (%)
FS
=)
|

60 [~

.

80 1 1 1
(b)

Figure 3 (a) DTA and (b) TGA, for Inj;3MoS,Se,—, (0 < x <2)
compounds. (1) InysMoS,  (2)  InysMoS;sSeps,  (3)
In;;sMoS; oSes.0, 4) InyzsMoSgsSers, (5) IngsMoSe,;, and (6)
MoSe,.

maintained. It showed the presence of a highly
exothermic peak at 500 and 450°C. Thermo-
gravimetry (TG) showed the corresponding weight
loss due to oxidation of these compounds to MoQs,
the presence of which was also confirmed by X-ray
analysis of the oxidized product [35] (Table IV). An-
other sharp endothermic peak appeared at 790 °C due
to melting of MoO; and no weight change was ob-
served in its neighbourhood. At even higher temper-
ature, a rapid weight loss in TG was noted due to
continuous evaporation of MoQj;. These observations
were found to be in good agreement with the reported
data [36].

It was also scen from the thermograms of
In,;3MoS,Se, {0 < x < 2) compounds in Fig. 3 that
an exothermic peak appears at 430 °C which becomes
sharper with increasing sulphur content and without
a concomitant weight loss. Such a change is more
likely due to some phase transitions of the products
originating from the oxidative degradation of these
compounds. However, this peak was absent in
Iny;3sMoS,. In addition, a strong exothermic peak
appeared in each case at =560 °C with the only excep-
tion of In;;3MoS; 5Se, s where it was immediately
followed by another exothermic peak at ~610°C. As
a result, a weight loss in TG was observed due to
oxidation of these compounds. The thermograms of
all indium-intercalated compounds In;;;MoS,Se,_,
(0 < x < 2) are also characterized by the presence of
a very small endothermic peak at ~770°C, unlike in
MoS, and MoSe, where it appeared at 790 °C due to
melting of MoQO,. Subsequently, a rapid weight loss
was observed due to the volatilization of the oxidized
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Figure 4 X-ray diffractograms for the oxidized products of (a)
In;;sMoS,, (b) Iny;sMoS; 5S¢ 5, (c) Iny;3MoS; oSe; o, (@
In;;3Mo8, 5Se; s, (€) Iny;sMoSe,.

products. Fig. 4 records the X-ray diffractograms of
the oxidation products of In;;3MoS,Se, _, (0 < x < 2)
when heated in air at 800 °C for 2 h and their respect-
ive interplanar distance d recorded in Table I'V. It was
interesting to note that there exists a good resem-
blance in all the diffractograms except for some vari-
ations in the intensity corresponding to various reflec-
tions for each specimen. These were thoroughly scan-
ned for all the possible phases, e.g. InO, In,O3, MoO3,
In;MoOg, Iny,(M0O,)s, etc. This suggested that the
few lines in the diffractogram of In;;3MoS, and
In;;3MoS; sSeo. s matched, to some extent, with
MoQ; which, however, were nearly absent with fur-
ther increasing selenium contents in Iny;3MoS,Se,
(0 < x <2) compounds. The presence of a common
endothermic peak at ~770°C, as noted -earlier
(Fig. 3), for all In;;3MoS,Se,_, (0<x<2) com-
pounds, thus clearly suggested that this, in all prob-
ability, is not due to the melting of MoQO5 and is more
likely to be due to some peritectic transformation
taking place at this temperature under the prevailing
experimental conditions.
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