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Abstract. Chemical methods for the exfoliation of transition metal
dichalcogenides in a liquid medium to give single-layer dispersions
containing quasi-two-dimensional layers of these compounds are
surveyed. Data on the structure of dispersions and their use in the
synthesis of various types of heterolayered intercalation com-
pounds are discussed and described systematically. Structural
features, the electronic structure and the physicochemical proper-
ties of the resulting intercalation compounds are considered. The
potential of this method of synthesis is compared with that of
traditional solid-state methods for the intercalation of layered
crystals. The bibliography includes 192 references.

I. Introduction

A crystal structure of layered transition metal dichalcogenides
TX; consists of the alternating infinite triatomic layers X — T —X
(where T is a transition metal atom, X is a chalcogen atom — S, Se
or Te).! The neighbouring metal and chalcogen atoms are strongly
bound by covalent bonds within the layers, while the layers are
weakly bonded to each other due to van der Waals interactions.
These compounds have found practical applications as materials
used in electronics (e.g., in power sources), in different fields of
technology (e.g., as lubricants) and in petrochemistry (as cata-
lysts). They also attract attention in the fundamental research of
physical and chemical properties of the low-dimensional com-
pounds.

Approaches common to dichalcogenides of different metals
can be used in studies (and for the modification) of their proper-
ties, because of their structural similarity. One of the approaches
makes use of the ability of these substances to form intercalation
compounds due to the existence of the interlayer space between
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the adjacent TX, layers. This allows one to obtain systems with
alternating TX, monolayers and layers of different (inorganic or
organic) nature. In such heterolayered structures both the elec-
tronic structures and the properties of the TX, layers can be
modified due to charge transfer between the components and
changes in the nature and concentrations of intercalated substan-
ces (which consequently changes interlayer distances).

An unusual chemical property of transition metal dichalco-
genides discovered recently is their ability to form rather stable
systems containing quasi-two-dimensional monomolecular layers
separated by the solvent molecules (single-layer dispersions). To
some extent, this property is analogous to the ability of layered
aluminosilicates and zirconium hydrogen phosphates? to exfo-
liate in aqueous media. A general character of this phenomenon
for the layered systems can be supposed, and based on this a
versatile method can be developed for the preparation of inter-
calation compounds and nanocomposite materials including
films.

This method is of particular importance for the synthesis of
heterolayered systems that cannot be obtained by traditional
procedures of solid-state chemistry. In this respect, formulation
of the basic principles of the synthesis of intercalation compounds
with the use of TX, single-layer dispersions is the subject of
current interest, and the present review is expected to provide
additional insights into the problem.

In this review, the data on the nature of TX, single-layer
dispersions and their use in the synthesis of new heterolayered
materials as well as the data on the types, properties and structural
features of these materials published in the few last years are
considered. To reveal the reactivity of the single-layer dispersions,
it was appropriate to compare it with that of the solid-state
intercalation reactions of crystalline layered metal dichalcoge-
nides. It should be mentioned that different aspects of solid-phase
intercalation were discussed in several reviews published in the
1980—-1990’s (see, e.g., Refs 3—9), while the studies of single-layer
dispersions have up to now been surveyed in only one review !°
dealing with molybdenum disulfide chemistry.

I1. Characteristic features of the layered metal
chalcogenide structures
Many transition metals characterised by the oxidation state +4

[Group IVB, VB and VIB metals and some Group VIIB (Tc, Re)
and VIIIB (Pt) metals] form dichalcogenides of the layered
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Figure 1. The main types of crystal structures of transition metal
dichalcogenides.

Polytypes: (@) 1T, (b) 2H,, (c) 2Hy, (d) 2H..

structure.! Their crystal structure can be described as stacking of
closely packed hexagonal sheets of chalcogenide anions with each
second interlayer space occupied by metal atoms (Fig. 1). With
the close packing, the stacking of the anions accords with the
principle ‘an atom is placed over the centre of the triangle formed
by the atoms of the adjacent layer’, and this principle is held in all
cases where the adjacent chalcogen sheets with no metal atoms in
between are stacked and bound to each other only by the van der
Waals forces (to form a van der Waals gap). This arrangement
causes the existence of octahedral and tetrahedral vacant sites in
the ratio of 1:2 in the interlayer space between the neighbouring
triatomic X —T—X.--X—T—X layers. The electron configura-
tion of the metal atom T determines the intralayer mutual
arrangement of the chalcogen sheets and specifies its octahedral
(which corresponds to the close packing of the anions) or trigonal
prismatic (where the packing of the anions is not close) nearest-
neighbour surrounding the chalcogen atoms. According to quan-
tum-chemical calculations,!' 13 a trigonal prismatic coordination
is favoured by a d> metal atom electron configuration (the Group
VIB metals, Mo and W) while the octahedral coordination is
characteristic of a d° metal atom configuration (Group 1VB
metals, Ti and Zr). For the Group VB metals (Nb and Ta) with
d! electron configuration, both coordination surroundings are
energetically close to each other. For this reason, both trigonal
prismatic and octahedral coordinations are usually present in real
structures.

In addition to the type of coordination polyhedron (octa-
hedron or trigonal prism), the motives of the X—T—X layer
packing can vary as well as the relative positions of the metal
cations in the adjacent layers with respect to each other in the
structures of metal dichalcogenides.!* These three factors taken
together determine the syngony [hexagonal (H), trigonal (T) or
rhombohedral (R)] and the space group of the crystalline com-
pound. Thus in the case of an octahedrally surrounded metal
atom, the sole one-layered packing, which corresponds to the

trigonal space group P3m (1T polymorph), is realised. In the case
of trigonal prismatic coordination, much more variation in the
packing exist. For two-layered packing, three structural types
differing in the relative positions of the metal cations in the
adjacent filled layers are possible (2H polymorph, 2H,, 2H; and
2H, polytypes).? Three-, four- and six-layered sequences in pack-
ing as well as more exotic long-period structures are also known.
Some compounds exhibit structures with a mixed coordination
environment. They contain alternating layers with octahedral and
trigonal prismatic nearest-neighbour surrounding of a metal
atom."* The main polymorph modifications and polytypes of
layered dichalcogenides are listed in Table 1 and schematically
depicted in Fig. 1.

Table 1. Structural types of transition metal dichalcogenides.?

Poly- Poly- Coor- Layer stacking motif? Space Exam-
morph type dina- group ples
tion
type
1T 1T o AbC P3m TiS,,
VS,,
TaSz
2H 2H, TP AbACHC P63/mmc NbS,,
Ta82
2H, TP AbABcB P6m2 NbSe,,
TaSe>
2H. TP AbABaB P63/mmc  MoS,,
WS,
3R 3R TP AbACaCBcB R3m MoS,,
WS,
4H 4H, TP BcBAcABcBCaC P6m2 NbSe-,
TaSe»
4H, O+ BcBCaBCaCBaC P63/mme  TaS,,
TP TaSe»
4H,. TP BcBAcABaBCaC P63mc TaSe>
6R 6R o+ BcBCaBCaCAbCAbABCA R3m TaS,,
TP TaSe,

Note. The following notations are used: O, octahedral coordination; TP,
trigonal prismatic coordination; O + TP, mixed coordination.

4 Upper- and lower-case letters designate the location of the chalcogen and
metal atoms, respectively. Coincidence of the letters corresponds to the
situation where the atoms in the adjacent layers are disposed exactly one
below the other.

The electronic structures of layered dichalcogenides TX, are
also determined by the nature of the metal T. The TX, valence
band structure was found to consist of two sub-bands, where the
lower sub-band is composed mainly by ns- and the upper sub-
band by np-states of the chalcogen atom (n = 3 for X = S and
n =4 for X = Se) (Fig. 2). The lower free states of the vacant
band (conduction band) consist mainly of d-orbitals of the
transition metal. Due to the splitting of d-orbitals of the metal T
by a crystal field of the chalcogen, the d..-orbital becomes the
lowest in energy and forms a separate sub-band. In the case of
Group IVB metal chalcogenides (d° configuration), this orbital is
situated entirely in the vacant band, whereas for Group VB metal
chalcogenides (d! configuration) this orbital is half-filled, and for
Group VIB metal dichalcogenides (d? configuration), the d..-
orbital is completely occupied and lies in the valence band.!!-15-17
Thus, according to the calculations and experimental data [meas-
urements of conductivity, magnetic properties,'® 1 photoelec-
tonic spectra,!”2 X-ray absorption near-edge structure
(XANES),?! and optical reflection spectra ??], the occupied and
vacant levels are separated by a very narrow energy gap
(0.1-0.2 eV) in 1T-TiS,, while they overlap in 2H-TaS,. In 2H-
MoS, and 2H-WS,, the energy gap reaches ~ 1.5 eV.
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Figure 2. Band structures for dichalcogenides of Group IVB (a), VB (b,
¢) and VIB (d) transition metals with octahedral (a, b) and trigonal
prismatic (¢, d) coordination of the central atom.'!

Let us consider the structure of MoS; in more detail, because
this compound is inert in solid-state intercalation reactions, and it
is the most common subject of studies on single-layer dispersion
phenomenon. Molybdenum disulfide is a unique naturally occur-
ring layered metal dichalcogenide. The mineral molybdenite
contains its most stable 2H-modification (2H, polytype, see
Table 1), which has two-layered packing AbABaB with a trigonal
prismatic coordination of molybdenum atoms [the space group
P63/mmc, a =3.16 A, c = 12.30 A, Z = 2 (sce Ref. 23)]. Another
thermodynamically stable modification of MoS; is 3R, which is
characterised by three-layered packing and also has a trigonal
prismatic coordination of molybdenum atoms [space group R3m,
a=3.16 A, ¢ =18.37 A, Z = 3 (see Ref. 24)]. Virtually amor-
phous molybdenum disulfide consisting of strongly disordered
fragments of the 2H structure can be obtained by ion-exchange
reactions of molybdenum chloride with alkali metal sulfides in
non-aqueous solvents.?> Recently, the preparation of molybde-
num disulfide in the form of multi-layered polyhedral structures,
resembling carbon ‘onions’ and nanotubes, by sulfidation of ultra-
dispersed molybdenum oxide 227 or by reduction of MoS; with
hydrogen has been reported.?® Though today the atomic struc-
tures of these systems are not known in detail, they are presumably
close to the 2H-modification and have a certain number of defects
needed for deformation of the flat S—Mo —S layer to the given
curvature. The minimum diameter of such MoS, particles (con-
taining 2— 3 layers) is approximately 30— 50 A.2° Flat one-layered
nanosized Mo$S, clusters of approximately the same diameter have

been obtained by the reaction of MoCly with H»S in a micellar
solution.3®

Synthesis of a metastable molybdenum disulfide modification,
in which the octahedral coordination of molybdenum atoms and
one-layered packing are assumed, has been reported.>' This
modification can be assigned to the 1T polymorph (see Table 1).
For the synthesis of this compound, the intercalation compound
Ko.7MoS, was subjected to controlled hydrolysis up to the
composition of Ky 33(H20)0.6MoS> followed by its electrochem-
ical or chemical oxidation (using potassium dichromate in dilute
sulfuric acid or iodine in acetonitrile). According to the powder
X-ray diffraction analysis, the structure of the obtained com-
pound belongs to a hexagonal syngony and has the unit cell
dimensions @ = 5.597 A, ¢ = 5.994 A3! The structure is charac-
terised by a shorter interlayer distance (by ~ 0.16 A) than
2H-MoS,, and by the existence of a superstructure V3ax+/3ain
the ab plane of the layer. This compound possesses a negative
temperature coefficient of electronic conductivity and exhibits the
Pauli paramagnetism, i.e., displays metallic properties. Thermal
analysis showed that decomposition of the compound proceeds at
~ 100 °C with a small exothermic effect resulting in the formation
of strongly disordered 2H-MoS,. The structural study of
1T-MoS, by electronography 3? confirmed the retention of a
hexagonal symmetry of the MoS; layer and the formation of the
superstructure v/3a x v/3a due to the displacement of the molyb-
denum atoms from their ideal positions in the layer. This
structural model is consistent with the data from scanning tunnel-
ing microscopy ** and with the results of quantum-chemical
calculations.?* Nevertheless, since the atomic structure of the
MoS; modification under consideration has not been determined
up to now, the notation ‘1T-modification’ has to be used with
care. In particular, ‘1T-MoS,” was suggested 3 to be a product of
proton insertion into molybdenum disulfide — HY(MoS,)*~.
(Similar intercalation compounds with hydrogen are known for
some chalcogenides of the Group VB metals.3¢-37)

I11. Solid-phase intercalation of metal
dichalcogenides and the types of their intercalation
compounds

In the literature, TX, intercalation compounds with various
electron donors such as alkali metals and their complexes with
solvating molecules, transition and post-transition metals,
organic molecules (Lewis bases) and metal complexes of low
ionisation potentials are described. The main traditional methods
applied for the intercalation of powdered crystalline dichalcoge-
nides, TX», are as follows: thermally activated insertion of the
guest (metal atoms, molecules of electron-donating substances)
into the TX, interlayer space, intercalation under electrolysis
conditions where TX, is used as a cathode, and, in the case of
alkali metals, the action of reducing agents (for instance, n-butyl-
lithium or NaBH4) on TX,. The early publications concerning the
methods of synthesis and the structures of certain classes of
intercalation compounds are summarised in several reviews (see,
for example, Ref. 3—6, 38).

It has been repeatedly noticed that the crystals of Group IVB
and VB metal dichalcogenides can be intercalated by each of the
above-mentioned types of the compounds using classical methods
of solid-state chemistry, while molybdenum and tungsten dichal-
cogenides can only be intercalated with alkali metals under the
same conditions. The different reactivities of the matrices can be
explained by the distinctions in their electronic structures.
Actually, taking into account the TX, valence band model
considered above and in the framework of the rigid band model
(RBM) (which is obeyed fairly well for the majority of dichalco-
genides), the filling of the vacant matrix levels by the electrons of
the guest is expected to proceed most easily in the cases of matrices
based on the Group IVB and VB metals and should be most
hindered in the case of Group VIB metal dichalcogenides where
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d--orbitals are occupied and the electrons have to fill higher non-
bonding levels.

According to this model, a new molybdenum disulfide
1T-modification, which exhibits a metal-type conductivity, should
be more reactive in the intercalation than 2H-MoS,. This is
consistent with the fact that 1T-MoS, udergoes intercalation
with metallic mercury 3 as well as with Ag* and Cu™ cations
(see Ref. 40).

However, even with TX, the electronic structures of which
favour the acceptance of electrons, the key step of intercalation
that limits the rate of the process, is apparently a transfer of the
electrons to the matrix layers. The data on the kinetics of the gas-
phase intercalation of hydrazine into NbSe>*! as well as of the
solution intercalation of cobaltocene into TaSe, #? shows that the
filling of the interlayer space is preceded by an induction period,
which is needed for the ‘activation’ of the matrix due to its
interaction with the absorbed molecules. The limiting influence
of this step also follows from the effect of the acceleration of TiS;
intercalation with various amines upon introduction, in the
reaction system, of lithium amides or buthyllithium, which can
easily reduce the matrix layers. Probably, activation occurs due to
weakening of the layer attraction because of the transfer of a
certain number of electrons into the layers, which results in
Coulombic repulsion. This facilitates the entering of the cations
into the interlayer space.*?

It is important for the next steps of the process that cations
should easily diffuse into the interlayer space, liberating the edge
positions for the entering of new atoms or molecules (Fig. 3). The
mobilities of compounds intercalated evidently diminish with the
increase in their radii and with the augmentation of covalence of
the guest—matrix bonding. This causes rather severe conditions
for the insertion of many of the guest compounds into the
interlayer space, thus limiting the range of compounds that can
be intercalated in the crystalline dichalcogenides TX».
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Figure 3. Schematic representation of the activation of a crystalline

layered matrix in intercalation reactions;
(1) a cation; (2) a neutral molecule; (3) negative charge on the layer.

1. Compounds with molecular electron donors
In most cases, the intercalation of molecular compounds in the
dichalcogenide matrices demands long (often, for many days)
heating of a TX, powder in contact with a liquid or vaporous
intercalant.? Steric factors play an important role in this process.
For this reason, two-stage synthetic methods are often used. For
instance, TaS, was intercalated with ammonia, which was then
replaced by bulkier molecules of pyridine * or n-alkylamines.*
Entering of guests in the van der Waals gap leads to a
significant increase in the interlayer spacing (Ac), which can vary
from 3 A (in the case of NH3) to 50 A (in the case of stearamide),*
and to the essential lowering of the overall structural ordering of
the materials. In the compounds obtained, the interlayer arrange-
ment of the matrix layers is determined by the van der Waals
guest—matrix interactions and by the orientation of the guest
molecules. Therefore, there are no correlations in the stacking of
adjacent matrix layers in these compounds, i.e., the layers are
packed turbostratically. In most cases, the guest molecules are
almost closely packed in the interlayer space of the matrix, which

implies van der Waals guest—guest interaction. As a rule, the
periodicity in the guest layer appears quite weakly or not at all in
the diffraction pattern.

Intercalation compounds of this type were initially believed to
contain only neutral molecules which interact with the matrix due
to the overlap of the heteroatom lone pair of the electrons with
vacant orbitals of the matrix.**4%47 Such a viewpoint can some-
times be found in the current literature (see, for instance, Ref. 48)
though it contradicts the known data on the substantial electron
transfer from an intercalant to the vacant band of the matrix (in
particular, up to 0.3 € per atom of Ta in a compound of TaS, with
pyridine #°). Further studies revealed the presence of ions along
with neutral particles in the interlayer space. The former are
produced in various reactions accompanying the intercalation.
For instance, in the case of ammonia intercalation into TaS, at
25 °C in the absence of oxygen and water, the formation of
molecular nitrogen has been found by mass spectrometry. This
suggests the occurence of a redox reaction between the matrix and
the intercalant resulting in the formation of ammonium cations,
which are intercalated into TaS, together with neutral NHj
molecules (see Ref. 6).

NH 2
TaS; —> (NH;)(NH3),(TaSy)*~ + gN2, )

The composition of a compound of TiS, with ammonia where
the cationic species amount to 20% (Ref. 50) can be formulated as
(NH] )2(NH3).5(TiS2)?2~. On heating at 147 °C, all the neutral
ammonia molecules can be removed and the compound becomes
an ammonium analogue of the entirely ionic TX, intercalation
compounds with alkali metals.

2. Compounds with alkali metals
Alkali metals (A) can be introduced into the interlayer space of
crystalline dichalcogenides TX> by several methods:

(1) from vapour phases of alkali metals;*

(2) from the alkali metal solutions in liquid ammonia;3%:51-52

(3) from the alkali halide melts;>3

(4) by electrochemical intercalation using non-aqueous solu-
tions of alkali metal salts;38

(5) by the reaction of TX; with some alkali metal compounds
(Bu"Li/hexane, ABHy);>* 53

(6) by other methods that do not imply direct intercalation.

It should be mentioned that in the cases of heavy alkali metals
the vapour-phase synthesis (/) is carried out at elevated temper-
atures, which is accompanied by a side reaction, viz., the reduction
of TX, to a lower chalcogenide with the formation of the
corresponding A,X.* In most cases, the method (2) allows the
preparation of TX intercalation compounds with alkali metals
solvated by ammonia.?® The reduction of alkali metal thiomolyb-
dates, AuMoS,, by hydrogen provides example of the synthesis of
intercalation compounds according to the method (6).3?

Intercalation compounds A, TX, obtained in these reactions
undergo spontaneous hydration in the presence of traces of
moisture and self-ignite upon exposure to air. This makes the
investigation of their structure and properties very difficult. The
available structural data were obtained with polycrystalline sam-
ples. The attempts to synthesise single crystals of A TX, failed. It
was noted® that single crystals of titanium disulfide were
destroyed during intercalation due to strong local stresses and
deformations of its layers.

The content of alkali metals in AyTX, varies from 0.3 to
1 atom per T atom depending on the nature of A and the method
of preparation. The maximum content of alkali metal (x > 1) has
been achieved for A = Li.7 For all the AyTX, compounds,
interlayer spacing augments as the ionic radius of A* increases.

Solid-state NMR studies of LixTiS,> showed that the guest
atoms are virtually fully ionised in the compounds with alkali
metals.>® 5 Thus, taking into account the maximum stoichio-
metry of these compounds, charge transfer to the vacant orbitals
of the matrix can reach 1 € per titanium atom. In spite of the fact
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that the sulfur atoms are involved in the acceptance of the electron
density (XAFS data?!), this comes mainly to d-orbitals of
titanium since they form a lower-energy vacant band. According
to X-ray spectroscopic data, this leads to a formal reduction of
titanium. Thus, using X-ray emission TiK, spectra it was
established % that the charge states of titanium in LiTiS, and in
TiS; 5 are identical.

Electrophysical properties of the materials are changed in the
expected way due to a charge transfer. In particular, the inter-
calation of Group IVB metal dichalcogenides results in a change
in the conductivity character from semi-conducting to metallic.
On the contrary, the properties of dichalcogenide phases contain-
ing Group VB metals change from metallic to semi-conducting
with an increase in the guest metal concentration.®! Many com-
pounds of this type were found to be superconductors. To our
knowledge, the maximum transition temperature (~ 6.9 K) was
found for MoS; compounds with rubidium and caesium.*

Intercalation with alkali metals cannot always be reduced to
mere filling of the vacant tetrahedral or octahedral sites in the
initial TX, structure since this often triggers structural trans-
formations. For instance, the shift of the S— Ti— S layers one with
respect to another occurs upon intercalation of 1T-TiS», so that
the environment of the guest atoms becomes trigonal prismatic for
certain guest : host ratios. A similar structural transition has been
described for Na,TiS; and K, TiS,.3!

Yet another type of transformation changing the geometry of
the TX, layer itself occurs in the intercalation of lithium into
1T-TaS,. In this case, the transition octahedron—trigonal prism
was found to occur in the local environment of tantalum.®? It
seems likely that the reverse change in the T metal coordination is
induced by the intercalation of Group VIB metal dichalcogenides
with alkali metals. As was found in the study of electrochemical
insertion of lithium into 2H-MoS,, the structural phase transition
appeared as a plateau in the voltammogram for the composition
Lip.1Mo0S,.57 An X-ray diffraction study of the resulting poly-
crystalline phase with the composition LiMoS, showed that
intercalation of lithium not only leads to an increase in the lattice
parameters (a = 3.36 A, ¢ = 6.30 A) with respect to those of 2H-
MoS; (a = 3.16 Aandc=2x6.15 A), but also changes the layer
stacking from the two-layered sequence to one-layered and,
consequently, the coordination surrounding the molybdenum
atoms from trigonal prismatic to octahedral. For the intercalates
with high lithium content (LixMoS,, x > 1), electronography
revealed the formation of a 2a x 2a superstructure which disap-
pears irreversibly on heating of the sample.®® This effect was
construed to be a consequence of lithium ion ordering within
octahedral vacant sites. However, the reason for the appearance of
the superstructure reflections is most likely the ordering not only
in the intercalated layer, but also in the matrix layers. This
viewpoint is supported by the Mo K-edge EXAFS data,3 %4
which demonstrated significant redistribution of the Mo—Mo
bond lengths in LiMoS,, and by the analysis of atomic pair
distribution function (PDF) % for this compound as well.

Probably, charge transfer from the other guest alkali metals to
the MoS, matrix layers results in similar changes in these layers.
For instance, electron microdiffraction and X-ray powder dif-
fraction studies of the intercalation compound Kg;MoS;
obtained by reduction of potassium thiomolybdate with hydro-
gen, revealed the existence of a 2a x 2a superstructure in the MoS,
layer.3? Taking into consideration the stacking of neighbouring
layers, the crystal structure of Ko7MoS; [also as in the case of
LiMoS, (Ref. 65)] does not have hexagonal symmetry and was
described using a triclinic unit cell with the following parameters:
a=b=66A, c=80A, a=762° f=2883° y=60.3° (the
space group P1).32

3. Layered solvates

Layered solvates of the TX; intercalation compounds with alkali
metals, A(solv), TX», can be obtained in the reaction of solvating
reagents (water, liquid ammonia, dimethyl sulfoxide, dimethoxy-

ethane, dimethylformamide) with A,TX, or in the direct inter-
calation reaction, if it is carried out in the required solvent.®¢~70
These compounds are of much interest as the direct precursors of
single-layer dispersions.

Normally, the content of alkali metals in solvated phases is
lower than in the intercalation compounds with the same non-
solvated metals. Typical x values lie in the range 0.1-0.33. For
this type of compound, the guest and host charges remain
separated, i.e. the atoms of the alkali metals remain virtually
fully ionised. For these compounds, the expansion of interlayer
spacing with respect to the interlayer spacing in the initial TX,
structure depends weakly on the ionic radius of the alkali metal
and is mainly determined by the van der Waals thickness of
solvating molecules. For this reason, the distance between the
adjacent layers may change in a stepwise manner depending on
whether the solvating molecules form a monolayer, bilayer etc. In
the case of water as a solvent, it was found that Li* and Na " ions,
which have a high energy of hydration (the ions characterised by
the ratio n/r > 1, where n is the cation charge, r is the ionic
radius /A), tend to form intercalation compounds containing two
water layers, whereas all the other cations stabilise only one-
layered packing of water in the interlayer space (Fig. 4).66-7!

Figure 4. Coordination of the intercalated alkali metal cation with water
molecules arranged in one-layer (a) or bilayer (b) packing in compounds
A (H20),TX,."!

For the majority of layered solvates, only a periodicity in the
direction normal to the layers was determined by structural
metods. Structural data are known in greater detail only for the
isolated examples. One of them represents the intercalation
compound Ky 33(H20)0.66M0S>, which has a monoclinic unit cell
with the parameters a = 5.70 A, b=324A, ¢=946 A,
B = 100.5° as was found by XRPD and electron microdiffraction
methods.3!-32 Thus, the interlayer spacing in this compound is
larger than in 2H-MoS; by 3.15 A, which is close to the van der
Waals thickness of the monolayer of water molecules.

For the series of intercalation compounds A (H>O),MoS,
(A = Li, Na, K, Cs), the ordering and dynamic behaviour of water
molecules and alkali metal cations have been investigated by
magic-angle-spinning NMR ('H, 7Li, 2*Na, '3Cs).7! It was
found that alkali metal cations have a strongly distorted octahe-
dral environment and that water molecules possess high mobility
in the intercalated layer where their chaotic motion can be
observed even at 20 °C.

In these compounds, the cations of alkali metals can be
involved in ion-exchange reactions (for instance, with alkylam-
monium cations) giving rise to new intercalation compounds.¢’

4. Compounds with transition and post-transition metals

Compounds with the composition M, TX> (M is a 3d-metal, Cu,
Ag etc.) are usually obtained by thermal synthesis at 600— 1100 °C
in tubes containing a mixture of TX, and M or a mixture of three
elements T, M and X in the appropriate stoichiometry. Note that
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this reaction, in particular, in the latter combination, can hardly
be considered as the intercalation of a layered matrix. However,
the compositions of these ternary metal chalcogenides can be
considered as intercalation compounds from the structural point
of view, because the host matrix and the guest layers can be
distinguished in their structure. Due to strong covalence of the
M —X bond, the accommodation of M atoms in the interstitial
sites of these compounds results in a small increase or, for some
3d-metals (Co, Ni), even in a decrease in the interlayer distance.”
The crystallinity of M TX, compounds is usually high. Using gas-
transport reactions (for instance, in the presence of iodine or
chlorine), single crystals of Cog»5TiS», 73 Feg 34TiSes,”* Ago sNbS»
(Ref. 75) and Ing ¢7TaS, (Ref. 76) could be grown.

In most M, TX, compounds described, the guest M atoms are
localised in the octahedral sites formed by chalcogen atoms of the
adjacent layers, though filling of the tetrahedral sites is also known
[Cu, Ag (see Ref. 77)]. Ultimate concentration of the guest atoms
in MxTX is limited not only by the number of available sites, but
also by the ‘capacity’ of the d..-sub-band part, which is vacant in
the non-intercalated matrix. According to RBM, this sub-band
can adopt 2 and 1 € per T atom in cases of Group IVB and VB
metal dichalcogenides, respectively. Actually, the maximum x
values found experimentally for M, TX; are close to the expected
values. For instance, the x values are equal to 0.75 and 0.5 for TiS,
and NbS,, respectively,’®7° when they are intercalated with
3d-metals (Mn, Fe, Co, Ni), having a formal charge 2+ over the
whole x range. The approach of the d..-sub-band to its full
occupancy may induce structural transformations as was
observed, for instance, for GayNbSe, and GaxTaSe; systems the
structures of which transformed to the spinel structure at x = 0.12
(Ref. 80). Depending on the M, TX5 phase composition, various
modes of guest metals ordering are realised or the structures
without long-range order in the guest layer are formed. The
ordering occurs where the guest atoms’ concentration exceeds a
certain value, that is, where guest—guest interactions become
significant. For instance, for intercalation compounds with the
compositions of Mo2sTX> and My33TX5, the superstructures
2a x 2a and /3 x/3a, formed due to the occupation by the
guest atom of each fourth or third octahedral vacant site,
respectively, are often observed (see, e.g., Refs 78 and 79). In the
series of related compounds (Cr,Ni)o33TX, (where T = Nb, Ta
and X = S, Se) containing the atoms of two different metals in the
TX; interlayer space, a number of structural transitions were
found 3! by X-ray and neutron diffraction upon change of the
Cr:Ni ratio. According to XAFS data,? these transitions are
accompanied by a change in the ordering of the local environment
of T atoms.

Layered ternary molybdenum sulfides with 3d-metals having
the stoichiometry Mo sMoS, were obtained by high-temperature
synthesis.®3-89 Complete X-ray single-crystal investigations were
performed for some of these compounds.®>87-88 The data
obtained, for instance, for Coo sMoS; (as well as for structurally
similar FegsMoS,) 887 demonstrate that molybdenum atoms
inside the layer have a distorted octahedral environment com-
posed of the sulfur atoms and that the closest Mo—Mo intera-
tomic distances are not equivalent (as in 2H-MoS,), but are
broadly scattered over the range from 2.75 A to 3.8 A. The
interlayer spacing in this compound is somewhat smaller than in
2H-MoS;. Syntheses of other layered molybdenum sulfides were
reported °%°! (in particular, with indium and tin) with interlayer
spacings virtually coinciding with that of 2H-MoS,, although no
detailed structural data for these compounds were given. It is
noteworthy that interaction of a TaReSes matrix isoelectronic to
2H-MoS; with indium or tin results in its intercalation, whereas
interaction with 3d-metals or with gallium leads initially to
disproportionation into TaSe, and Ta;_,ReSes_», and then to
intercalation of the phases formed.®!

Since intercalated metals donate electrons to TX,, systems
with various types of magnetic orderings [see, for instance,

Refs 61,89,92] as well as spin glasses®>%* are formed with
3d-metals.

Intercalation compounds Hg, TS, (T =Ti, Ta; x =1-1.3)
containing mercury atoms in the interlayer space®>~°7 can for-
mally be assigned to the class considered owing to their compo-
sitions. In contrast to other chalcogenides with the composition
M,TX,, these compounds are formed even at 20 °C. In the
interlayer space, mercury atoms form chains or closely packed
hexagonal sheets °7 with a ‘thickness’ close to the atomic radius of
Hg(0). Guest-to-host charge transfer is small in these compounds
and amounts to 0.2 € per Hg atom in HgTiS,. % It is of note that
2H-MoS;, does not react with mercury, whereas a metastable
phase of molybdenum disulfide obtained from LiMoS; by lithium
deintercalation (presumably, 1T modification) does react. The
formation of the chains and closely packed hexagonal sheets
stabilised by partial charge transfer is probably the characteristic
property of mercury. This feature is inherent in related layered
compounds of graphite KHgC,4 (Ref. 98) and in crystalline com-
plexes of low-valent mercury with a hexafluorometallate anion
Hg;MFe, (M = Nb, Ta).”

IV. Single-layer dispersions of metal
dichalcogenides

The exfoliation of crystalline TX, intercalation compounds in a
solvent under certain conditions, which gives highly dispersed
systems containing X — T — X single layers, was first observed for
the case of TaS; intercalated with hydrogen. The H,TaS, phase
was prepared by electrolysis of a sulfuric acid solution using
tantalum disulfide as a cathode.?® Hydration of the compound
obtained with a large excess of water led to the formation of
opalescent dark-brown solutions stable for ~ 1 h.%® X-Ray studies
of these solutions and of solutions of NbS, formed under similar
conditions have shown that the interlayer ordering is absent in
these systems.®?

The formation of dark-blue colloid solutions was also
observed upon solvation of the intercalation compound Na,TiS»
by N-methylformamide.®® It was noticed that these solutions
remained stable in an inert atmosphere for a long time and that
the constituent single-layer species carried negative charges, which
was deduced from their movement to the positive electrode in the
electrophoresis.®®

Yet another popular method of layer separation consists of
the ultrasound promoted hydration of TX,-lithium intercalation
compounds. Frindt et al.'% pioneered the use of this method for
dispersion of LiMoS,. An analogous procedure was later used to
prepare dispersions from lithium intercalation compounds of
TiS,'%1 NbSe»,'92 TaS,,'93 WS, (Refs 104, 105) and MoSe,.!%

The structure of MoS; single layers in an aqueous solution has
been studied in detail by various methods.!®’ -1 Total decom-
position of a three-dimensional structure has been reliably con-
firmed by powder diffraction.!%¢~ 109 Such typical features of the
two-dimensional diffraction as the absence of the reflections
corresponding to translational periodicity along the ¢ axis (00/
lines series) as well as broadening and asymmetry of /40 lines (the
Warren effect %) were found to be characteristic of a single-layer
dispersion. Based on the shape analysis of k0 reflections, it was
suggested 10 that T atoms in MoS,, MoSe; and WS, dispersions
have octahedral coordination (which was additionally confirmed
in the case of molybdenum disulfide by Raman spectroscopy)
instead of a trigonal prismatic coordination of the initial TX,.
Moreover, diffraction patterns of these dispersions were found to
contain additional /40 lines which can be assigned to a super-
structure in the TX; layers.!06- 107109 For dispersions of the same
metal dichalcogenides, significant distortions of the local environ-
ment of molybdenum and tungsten atoms, in particular, the
appearance of short T—T contacts (~ 2.8—2.9 A) corresponding
to metal—metal bonds were revealed by the EXAFS techni-
que.'%6-109 Rearrangement of the energy band structure of the
(MoS,)¥~ layers in single-layer dispersions is indicated by optical
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absorption spectra where no absorption maximum corresponding
to a transition between valence and conduction band at 700 nm
typical of the initial matrix was present.'

The presence of a negative charge on the layers of disulfide TS
dispersed in aprotic media (for instance, in the above-mentioned
system Na,TiS,— N-methylformamide) appears to be evident. As
for dispersions obtained by hydration of lithium-intercalated
compounds, they were originally considered as containing only
neutral TX, layers.!00-113.114 However, experimental facts sup-
port the idea that dispersions prepared by the latter procedure are
also ionic systems which contain macroanions (TX,)¥~, retaining
partial negative charge, solvated lithium cations and hydroxide
anions.!!3 116 Actually, the interaction between water and the
initial ionic compound, for instance, Li*(MoS;)~, in which
valence electrons are present on the molybdenum disulfide layers,
should include two processes, viz., hydration of lithium cations
leading to separation of the matrix layers,

Li*(MoS2)~ + HsO —» Li*(H20),(MoSs)~ —» ?)
B Li+(H20)n + (MOSz)f,

and redox interactions between the negatively charged (MoS,)¥~
layers and water molecules leading to precipitation of MoS,.

H>O

(MOSz)_ m (MOSz)X_ + (l—X)OH_ —> (3)
HO
————— MoS,| + OH~.
—(x/)H>

Slowing down of the redox interaction (3) as the number of
electrons on the layers decreases leads to retention of a partial
negative charge on these layers for a long time. This appears to be
the reason for the prolonged (up to 24 h) aggregative stability of
aqueous dispersed systems [Li* + (Mo0S2)*~ + (1 —x) OH " l.q.
This suggestion is supported by the fact that acceleration of
crystalline MoS, precipitation occurs on removing the layer
negative charge under the action of acid or air on the single-layer
dispersion.!’>- 117 In the case of acid, the process goes rapidly to
completion and results in immediate precipitation of neutral
molybdenum disulfide at low pH values. In the case of air, the
process occurs much more slowly and includes initial precipitation
of the layered compound Lig ;(H>0),(Mo0S,)*! ~ (see Ref. 115).

[Li* + (Mo0S2)*~ + (1 —x)OH " Jaq &> 4)

0,
—> Lij,(H,0),(M0S,)"! = —> MoS;.

The composition of this compound shows directly the number
of electrons remaining on the layers of the matrix at the moment of
coagulation. Thus, the minimum negative charge needed to
maintain stability of this dispersed system in water is close to 1 €
per 10 molybdenum atoms.

V. Layered compounds obtained from single-layer
dispersions

As was noted above, the intercalation of TX, crystals using
traditional solid-state chemistry methods implies activation of
the matrix by electron tranfer to its vacant band. Because of a
rather broad band gap for the Group VIB metal dichalcogenides,
their activation can only be achieved in reactions with strong
reducing agents. Therefore, many types of heterolayered com-
pounds based on these matrices cannot be obtained by traditional
methods. In addition, such methods are of limited utility also for
other dichalcogenide matrices if potential guests are not suffi-
ciently thermally stable or their diffusion in the interlayer space of
the matrix is substantially hindered, as, for instance, in the case of
polymers. The use of single-layer dispersions as precursors for the
preparation of intercalation compounds allows one to eliminate

activation and diffusion restrictions, since the single-layers in
dispersions bear negative charge and their entire ‘surface’ is
available for absorption and chemical binding with an intercalant.
That is why single-layer dispersion is most often used for both the
preparation of the layered compounds based on molybdenum or
tungsten disulfides and the synthesis of the nanocomposites
containing polymeric molecules.

1. Compounds with organic and metal complex molecules
The formation of intercalation compounds with organic guest
molecules was observed on adding water-immiscible organic
solvents to aqueous single-layer dispersions of molybdenum
disulfide.'!® In this case, thin films of layered compounds con-
taining molecules of the solvent or dissolved organic compounds
are formed on the interface. This method has been employed to
prepare large series of intercalation compounds with benzene,
styrene, hexane,''8 tetrachloroethylene, ! 129 ferrocene '8 and its
derivatives,'?! and clusters CogXs(PR3)s (X =S, Se, Te,
R = Alk) 1'% as the guest molecules. Unfortunately, experimental
data reported in the cited publications do not allow one to make
conclusions concerning the formation mechanism of the com-
pounds obtained and, in particular, to answer the question
whether the negative charge is retained on the matrix layers.
Actually, according to the ionic model of the single-layer disper-
sion structure, the layers of metal dichalcogenides are negatively
charged. If this charge rests, at least partially, in the intercalation
compounds with neutral molecules listed above (what is more,
most of them are not electron donors) on the matrix layers, the
cations, as, for instance, Li™ or H™, have to be present along with
these molecules. Thus the lithium cations are very likely to balance
a residual negative charge of the matrix layers in the compounds
Lio.1(HNR2),Mo0S,,'?> which was found to be formed in the
reaction of neutral dialkylamines with dispersed MoS,.

It cannot also be excluded that macroanions (MoS,)*~ are
completely discharged during the formation of the layered com-
pounds. The driving force of the occlusion of neutral molecules
between the non-charged matrix layers may lie in lowering the
surface energy of quasi-two-dimensional layers due to the sorp-
tion of the quest molecules. The possibility of this mechanism is
deduced, for instance, from the precipitation of a layered com-
pound with naphthalene from aqueous lithium-containing MoS,
dispersion and a solution of naphthalene in CH>Cl,. It was
reported 23 that storage of the dispersion—organic phase system
for a long time (up to 14 days) did not result in precipitate
formation, but a precipitate of compound (C;oHs).(H20),MoS,
containing only traces of lithium was obtained upon acidification
to pH 2. As the time of stirring increased, the x-value in the
compounds obtained increased from 0.07 to 0.20.

Unambiguous proof of the ionic structures of aqueous MoS,
and WS, dispersions was obtained in the studies of their inter-
actions with cationic compounds. It was reported !> that the
replacement of lithium cations in the dispersions by cations less
prone to hydration (e.g., tetraalkylammonium cations) results in
virtually immediate precipitation of the layered compounds con-
taining monolayers of the corresponding cations. These com-
pounds contain neither water molecules as the hydration shell of
the cations between the layers nor noticeable amounts of the
halogen, which is consistent with the ionic mechanism of their
formation.

(MOSz)x7 + x R41\IJr e (R4N)xMOSZ. (5)

An analogous conclusion concerning the ionic mechanism of
the reaction was made from the study '?# of the intercalation of a
cationic cluster [Al;304(OH)24(H>0)12]” " (AL13) into MoS, and
WS, matrices using their aqueous dispersions obtained by hydra-
tion of lithium-containing intercalation compounds and washed
with water up to neutral pH. The same mechanism is supported by
the results of intercalation of AL13, Fe(,Sg(PEt‘;)é+ and Cp,Co™
into TaS; using single-layer dispersions obtained by exfoliation of
NayTa$S; in a water — N-methylformamide medium.!?- 126
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As might be expected from the ionic mechanism of the
reaction (5), the content of the intercalated cations in precipitated
products depends on the negative charge retained on the layers at
the moment of formation of a given compound as well as on the
geometrical sizes of the cations (more precisely, on the minimum
matrix layer area occupied by the corresponding cation). As was
shown for the series of compounds (R4N)MoS,,'"> 127 this
charge can reach ~ 0.3 € per Mo atom for the intercalation of
MesN*t or RMesN* cations, which form closely packed mono-
layers between the neighbouring MoS, layers. In this case, the
long-chain n-alkyl substituents R in RMesN* are oriented
perpendicular to the MoS, layers (Fig. 5). For the cations
occupying a greater layer matrix area (e.g., for R = Et, Pr, etc.),
the content of the cation x = 0.3 cannot be achieved in a closely
packed monolayer for steric reasons. Therefore, even with the
excess of R4NX salt, the charge on the MoS, single layers
decreases in the course of formation of the compounds up to the
sterically permitted value (Table 2). It can also be noted that the
packing of organic cations between the layers of molybdenum
disulfide depends on the content of cations in the compound and
that in all cases the packing giving minimum interlayer spacing

Me , Me Me_, Me Me_, Me
N\ N\ AN
Me Me Me
29A
Me $ Me_ |
/N\ /N\
R Me” Me Me” Me
Os
‘ Mo
Figure 5. Orientation of intercalated tetraalkylammonium cations in the

layered compound (C1sH37Me3N)g 2sMoS,.127

Table. 2. Composition and structural parameters for intercalation com-
pounds (R4N),MoS; obtained from aqueous single-layer dispersions.'?’

with the given guest content is realised. Thus, varying the nature
and the concentration of intercalated cations, the thickness of
organic layer in the compound may be changed from its minimum
value of ~ 5 A which is characteristic of all tetrasubstituted
ammonium cations (and corresponds to the NCj tetrahedra
orientation shown in Fig. 6) to ~ 29 A for the case of
n-CsH37MesN* (see Ref. 127).

Nitrogen-contaning bases may also serve as sources of cations
that initiate the formation of intercalation compounds from MoS»
single-layer dispersions. Upon protonation in aqueous solution,
these bases are intercalated as mixtures of cationic species and
neutral molecules. For instance, the synthesis of two types of
MoS; intercalation compounds with 1,10-phenanthroline (phen)
has been described.!?® Their structures depended on the acidity of
the reaction medium. In (phen)o 1 MoS,, the flat phenanthroline
molecules are parallel to molybdenum disulfide layers
(Ac = 3.5 A), whereas, in (phen)o3MoS; (Ac = 8.8—9.4 A), they
are inclined and probably form piles (Fig. 7). Structural models
proposed for compounds with phenanthroline were confirmed by
EELS data obtained on the oriented particles. Calculations of the
volumes occupied by the guest showed that in both cases phenan-
throline molecules are closely packed in the interlayer space of
MoS,. Close packing was also observed upon MoS; intercalation
with another compound, viz., hexamethyltetraazacyclotetradeca-
neacetic acid. In this case, guest molecules were oriented parallel
to the matrix layers.!?®

However, the examples where the space between the guest
molecules is occupied by solvent molecules are also known for the
intercalation compounds obtained from single-layer dispersions.
In particular, this was observed for the above-mentioned co-

O

R eeyes

Figure 6. Orientation of Et4N ™ cations with respect to the matrix layer
corresponding to the minimum guest layer thickness.!?’
Projections onto the ac (a) and ab (b) planes.

a b
Guest Guest : host /mol mol~—! Ac /A
(CH3)4N+ 0.29 49
(CoHs)4N* 0.17 4.8
(II-C31'17)41\TJr 0.14 5.4
(H—C4H9)4N + 0.15 7.9
0.12 5.2
(H-C6H13)4N + 0.12 8.3
0.05 5.0
n-C12H25(CH3)3N + 0.16 8.2
0.15 8.2
0.08 4.8
n-Ci4H29(CH3);N ™ 0.19 12.2
0.05 5.0
n-Cy6H33(CH3)sN * 0.27 27.1
0.05 49
n-CisH37(CH;3);N ™ 0.25 29.2 Figure 7. Schematic representation of the structures of two types of
0.05 4.9 MoS; intercalation compounds with phenanthroline.!?®

(a) (phen)o.1MoSs, (b) (phen)o.3sMoS,.
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intercalation of naphthalene and water into MoS,.!?3 In the case
of MoS; intercalation with polyoxoanions AL13, their content
(0.04 mol per mol MoS,) was lower than the maximum allowed
for a closely packed monolayer (0.06 mol per mol MoS,) and up
to 20 water molecules per cluster was contained in the interlayer
space.'?* In the compound [FesSg(PEt3)3]0.0sTaS,, there are up to
40 molecules of H>O or N-methylformamide for each intercalated
cation (according to the elemental and thermogravimetric analy-
ses data).!2¢

It is worth noting that single-layer dispersions were found to
be a rather convenient ‘tool’ for the intercalation of cationic
complexes. In addition to the above-mentioned examples, prepa-
ration of the MoS, intercalation compounds with cationic
tris(phenanthroline)- and tris(bipyridine) —3d-metal comlexes,!3°
the Fe(ITT) complex with porphyrin 13! as well as with the ruth-
enium —arene aqua complexes '3? may also be noted.

In a number of examples, intercalation of complexes at room
temparature is accompanied by their chemical transformations.
For instance, the elimination of three phosphine ligands occurred
in the formation of the layered compounds from cobalt phosphine
chalcogenide clusters Co6Xg(PR3)§+ (Refs 114, 133) and their
iron-containing analogue Fe(,Sg(PEtg)é+ (Ref. 125). The inter-
calated layer thickness in the layered systems formed varied from
9.5t0 15.3 A depending on the structural features of the ligands. It
is thought that the liberated coordination sites around the metal
atom were initially occupied by solvent molecules and not by the
sulfur of the TX layers. This follows from the orientation of the
complexes in the interlayer space [with the Cs axis of the Fee
octahedron perpendicular to the layers (Fig. 8 )] proposed on the
basis of the X-ray diffraction study of the electron density
distribution along the ¢ axis in compound [FesSs(PEt3)3]0.05sTaS2
(Ac = 11.5 A).125:126 Heating at 200 °C (Refs 114, 126) as well as
the action of the electron beam in the electron microscope 33
results in the removal of residual phosphine ligands and in the
decrease in the intercalated layer thickness up to 6—8 A. Based on
these facts, it was suggested that the species with composition
CoeXg or FegSg remain in the interlayer space. Note that such
clusters are most likely chemically bound to the sulfur atoms of the
matrix layers.

Interaction of an MoS; single-layer dispersion with rutheni-
um—arene aqua complexes [(arene)Ru(H,O);]*>" may also be
accompanied by their chemical transformations. It was
shown 32 that, depending on the pH of the reaction media, the
complexes are intercalated in a monomeric form (weakly acidic

a b
arene
OH
/ N\
Ru<OH7Ru
OH

Figure 8. Orientation of intercalated
complexes with respect to the TX; layers.
(a) [FeGSg(PElg)g]o,osTaSZ (phOSphil’lC
ligands are omitted),'?’

(b) [(arene)Ru(p-OH)3Ru(arene)].
Mo0S2,'32 (¢) [M(chel)s]o.02-0.03M0S:
(chel = phen, bpy).'3°

medium) or in the form of dimeric complexes [(arene)Ru(p-
OH)s;Ru(arene)]t produced in situ due to condensation if the
reaction is carried out in a weakly basic medium. Interatomic
Ru—C, Ru—O0 and Ru---Ru distances in the intercalated com-
plexes found by EXAFS for the benzene derivative corresponded
to the distances in the known dimeric complex [(C¢Hg)Ru(p-
OH);Ru(CeHg)]*. Interlayer spacings and compositions
observed for intercalation compounds with binuclear complexes
[(arene)Ru(pn-OH);Ru(arene)]* depended on the substituents in
the ligands and were found to be 6.0 A (x =0.12), 10.6 A
(x=10.11),and 5.8 A (x = 0.06) for benzene, 1,2,4,5-tetramethyl-
benzene and 1-methyl-4-isopropylbenzene derivatives. These data
agree well with the structural model in which arene ligands are
oriented perpendicular to the matrix layers (Fig. 85) and the
complexes completely fill the interlayer space.!3?

Filling of the interlayer space of molybdenum disulfide by tris-
phenanthroline- and  tris(bipyridine)—metal ~ complexes
M(chel);2* (M = Fe, Co, Ni, chel = 2,2"-bypyridine, 1,10-phe-
nanthroline) in their reactions with an aqueous MoS; single-layer
dispersion is accompanied by partial dissociation of these com-
plexes.!30 It is evidenced by the presence of metal oxides (hydrox-
ides) in the reaction products found by M&ssbauer spectroscopy
for iron complexes as examples. The oxide compounds present as
an admixture are removed by treatment with acid. Mdssbauer
parameters of the complexes remaining in the interlayer space
conform to those of their low-spin crystalline analogues and
suggest somewhat greater distortions in ligand surrounding of
the metal in the intercalated cationic complexes.!3® Interlayer
spacings in [M(chel)s].MoS, (x = 0.02-0.03) with phenanthro-
line (8 A) and bipyridine (8.5 A) ligands are consistent with the
orientation of the C5 axis of the corresponding complexes perpen-
dicular to the layers (Fig 8¢).

It was also reported ** that MoS; is intercalated with alkali
metal complexes of crown ethers (12-crown-4, 15-crown-5 and
18-crown-6). However, the obtained layered compounds were
unstable and washing with water resulted in the extraction of the
intercalant.

2. Nanocomposites with polymers

A wide range of compounds in which the interlayer space of TX is
filled with polymeric molecules are currently
known, 101103, 134148 Qych compounds, which consist of two
extended structures differing in chemical nature, belong to nano-
composite materials. Experimental data for nanocomposite mate-
rials based on TX; and polymers are given in Table 3. It should be
mentioned that synthesis of polymer—inorganic matrix hybrid
composite materials is now taking features of the whole line of
inquiry which continues to grow in popularity (e.g., see Ref. 149).
Such nanocomposites based on metal dichalcogenides are mostly
obtained by adding aqueous solutions of a polymer to aqueous
TX, single-layer dispersions. Sometimes, other solvents are also
used as, for instance, N-methylpyrrolidinone for PANI,!33
CF3;CH>OH for Nylon-6 and decalin for polyethylene.'3® In this
case, the formation of nanocomposites can proceed in a water —
organic solvent biphasic system. For pyrrole '47 and styrene, '8 in
situ polymerisation was carried out. Pyrrole was introduced in an
aqueous dispersion as a monomer along with FeCls, and macro-
molecules formed upon its oxidative polymerisation filled the
space between the molybdenum disulfide layers. Polymerisation
of styrene is believed to occur in the interlayer space.'*® An
interesting modification of a procedure for the preparation of
these materials is a layer-by-layer deposition of the MoS; layers
from dispersions and the layers of a polymer from its solution in
poly(allylamine hydrochloride).!*? It was noted '*? that, inde-
pendent of the absorption time, the increase in the film thickness
in each cycle corresponded to one monolayer in agreement with a
growth mechanism based on the mutual compensation of the
charges of polyanions of single-layer (MoS;)¥~ and the poly-
cationic polymer.
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Table 3. Nanocomposite materials based on TX, and polymers.

Composition Ac/A 6 /Q=1cm~! Ref. Composition 2 Ac/A o /Q~!'cm~! Ref.
Poly(ethylene oxide) as the polymer Poly(propylene glycol) as the polymer
(PEO);.0MoS; 8.35 0.02 136, 138 (PPG)o.sMoS, 8.25 0.20 136, 138
(PEO)0.92MoS; (see®) 10.1 0.10 136, 138 Poly(vinylpyrrolidone) as the polymer
Lio.12(PEO); 34MoS; 8.4 — 139
Lio1(PEO)1 0.1 sM0S5 30 — 101 (PVP)o.76Mo0S> 14.95 0.003 136, 138
Lio.1(PEO)o.sMoS: 5.4 0.0005 145 (LPVP;O\‘;“PNbS;% S gz 1‘3“1) igi
Lio.1(PEO)1 (M0S: 10.2 0.0066 145 L}o.z(PVP)o.as ; (z) s 24.7 ' 1o’
Lio.0o(PEO) 2sM0S2 80 o 144 io.2( )1.28(H20)0.35TaS, . .
Lio21(PEO); ¢MoS, 10.0 0.061 134 Methylcellulose as the polymer
Nayg.13(PEO)o.sMoS> 6.4 0.0011 134 (MCel)g26Mo0S, 14.25  0.0004 136, 138
Ko.22(PEO)s.sMoS> 33 0.047 134 Poly(ethylene imine) as the polymer
Rbo.17(PEO)o.sMo0S> 35 0.084 134
Cs0.45(PEO); ¢MoS, 10.0 0.0004 134 (EEI)o.ssMosz 405  0.005 136, 138
Ko 1(PEO)y sMoSa 48 — 140 Lix(PED)o5:TaS, 40 125 103
Ko.1(PEO); 2MoS; 90 _ 140 Li«(PED);2(H20)o.56TaS, 30.8 0.18 103
Mo 3(PEO) sTiS, (M = Li, Na) 82 — 101 Nylon-6 as the polymer
Lio.1s(PEO)1.14(H20)0.56(PbS)1.18(TiS2)2 8.5 — 146 (Nylon-6)3 6MoS, 1135 <106 136, 138
Lig.25(PEO)1.79(H20)0.85 (PbS)1.18(TiS2)2 8.4 — 146 .
Li.(PEO),MoSe, 79 _ 101 Polyethylene as the polymer
(PEO).04NbSe, 133 250 102 [(CH2),]sMoS> 4.15 <10-¢ 136, 138
(PEO)(.80NbSe; P 12.5 240 102 Polyaniline as the polymer
Lio 2(PEO)1.36TaS, 96 19 103 (PANI).3sM0S» 104 04 135, 136
Ll()g(PEO)]_@gTaSz 95 30 103 1 1 h 1
Lio2(PEO); 51(H20)0.23TaS, 9.2 22 103 Polypyrrole as the polymer
Lio2(PEO)o.75(H20)0.06TaS> 9.1 17 103 (PPY)o.24MoS; 45 — 147
Poly(allylamine) as the polymer
see® 8.65 — 143

Note. The following notations are used: PEO, poly(ethylene oxide); PPG, poly(propylene glycol); PVP, poly(vinylpyrrolidone); MCel, methylcellulose;

PEI, poly(ethylene imine); PANI, polyaniline, PPY, polypyrrole.

2 The composition displays the content of monomer units per TX, formula unit. ® Low-molecular polymer with M, < 10000 is used. ¢ Film obtained by

layer-by-layer deposition of polymer and MoS,.

Most polymer-containing nanocomposites were obtained
with the use of molybdenum disulfide single-layer dispersions
(see Table 3). The same approach was also used for other
dichalcogenide matrices which can form dispersions, such as,
NbSe,,'92 TaS,,193 TiS, (Ref. 101) and MoSe».!0'. A misfit com-
pound (PbS); 15(TiS,)> has also been used as a matrix in the
synthesis of nanocomposites with polymers.!'4® In the structure of
this compound, uncommensurate layers!>° alternate in the
sequence S—Ti—S---S—Ti—S---PbS. Synthesis of the nanocom-
posite was carried out by intercalation of lithium folowed by the
exfoliation performed directly in an aqueous PEO solution. The
data from X-ray and electron diffraction analysis '4¢ are consis-
tent with the viewpoint that the polymer molecules fill the van der
Waals gaps only between the adjacent TiS, layers.

It was noted for many examples, that alkali metal cations enter
into the interlayer space (0.1-0.2 atom per T atom) along with a
polymer, 101,103, 139,140, 144,145 Thig agrees with the retention of the
charge separation between the guest and the host in these
intercalation compounds as in the case of compounds with
molecular guests.

The cations situated in the interlayer space of metal dichalco-
genides may form complexes with polymers. This is particularly
characteristic of PEO. Based on the analysis of 2’Na NMR
spectra, it has previously been noted that strong cation —polymer
interactions take place in related systems with aluminosilicates.!>!
Similar conclusion has been made from the study of ’Li NMR
spectra and electron density distribution in Li(PEO),MoS;
phases 193 as well as from the data from IR spectroscopy obtained
for Liy(PEO),(PbS), 15(TiS>)2.'46 Complexing properties of poly-
(ethylene oxide) with respect to alkali metals have been specially

used for the preparation of the nanocomposites with MoS,.!3*
Precipitation was carried out from aqueous solutions of PEO and
ACI (A is an alkali metal). The nanocomposites obtained con-
tained no chlorine and relative amounts of A and PEO depended
on the nature of the alkali metal. Thicknesses of the polymer-
containing layers also depend on the nature of the metal and vary
in the reaction products from 3.3 to ~ 10 A (see Table 3). This is
apparently due to the difference in geometry of the complexes
formed by the metal with the polymer units.

13C NMR studies of the conformation of poly(ethylene oxide)
in the nanocomposite Lig g9(PEO); 2sM0S> do not give an unam-
biguous answer to the question about the polymer packing. It was
found that ~ 90% of the O —C —C— O fragments of the polymer
chain are in the gauche conformation, whereas, according to the
calculations, the content of such fragments in stretched polymer
molecules inscribed into the tunnels of 8 A diameter should be
50% and 100% upon chaotic and spiral packings, respectively (in
the latter case, all the gauche conformers are of the same sign).!#*
It should be mentioned that spiral packing is characteristic of
PEO-ACI complexes.!>? Yet another model accounting for
possible solvation of lithium cations by oxygen atoms of the
polymer is that polymer units form flat rings resembling crown
ethers, with the oxygen atoms being directed inward. In this case,
the content of O —C— C—O fragments in gauche conformations
(with the alternating signs) may amount to 75%. This percentage
may be exceeded which requires that the conformational equi-
librium of C — O — C —C chain fragments are shifted from trans to
gauche conformers.

As was pointed out in many publications dealing with nano-
composites of molybdenum disulfide and polymers, the electrical
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conductivity (o) of the nanocomposites markedly increases with
respect to that of MoS,; ¢ values were found to be ~ 6 x 10—
(Ref. 134) or 2x10=7 Q—! em~! (Ref. 145). Despite the differ-
ences in the ¢ values (¢f. Table 3, compounds with PEO), this
increase has been well established for the nanocomposites with
both conducting (e.g., PANI) and non-conducting (e.g., PEO)
polymers. The exception is provided by the compounds with nylon
and polyethylene for which no increase in conductivity was
observed. The fact that electrical conductivity of nanocomposites
slightly increases with temperature and that these materials
exhibit Pauli paramagnetism at 50—300 K 136:13% allow one to
attribute them to semimetals. The increase in electronic conduc-
tivity in the nanocomposites based on MoS; is usually associated
with a structural rearrangement of the layers of the initial MoS,
(and a corresponding change in the type of its electronic structure)
from 2H (semiconductor) to 1T (semimetal) modification during
the dispersion process. In some cases, the conductivity of the
compounds was found to decrease gradually on ageing or on
heating at 100—200 °C. This is interpreted as a gradual structural
reverse transition 1T — 2H which has earlier been observed 3! for
pure 1T-MoS,. However, it should be noted that the 1T modifi-
cation is apparently stabilised in the presence of a polymeric guest
or/and the charge on the matrix layers. This is deduced from the
fact that the transition to the 2H-structure manifested as an
exothermic effect in the curves of differential thermal analysis
occurs at higher temperatures (up to 177 °C) for the nanocompo-
sites than for pure 1T-MoS, (94 °C).138

Conductivity is noticeably higher for polymer-containing
nanocomposites based on the Group VB metal dichalcogenides
than for their analogues based on MoS,. However, conductivity of
the former is lower than that of the corresponding non-interca-
lated TX>, as could be expected from band structure consider-
ations.

The nanocomposites considered also possess ionic conductiv-
ity (i) along with electronic conductivity (c.). It was shown 43
that the ionic conductivity of Lip (PEO);MoS, is
~10-°Q~! cm~!, while o./o; is 103. The ionic conductivity of
this compound is obviously caused by the mobility of lithium ions
which is significantly higher in the nanocomposites than in
LixMoS,. For instance, at 25 °C the diffusion coefficient of
lithium in Lip ;MoS; equals 4 x 10~ '3 cm? s— !, whereas it reaches
51012 and 10" cm?s~! in Liop;(PEO);MoS, and
Lio.1(PEO)o.sMo0S;, respectively.!4’

At a temperature of 14— 15 K, a metal —insulator transition is
observed for MoS;-based nanocomposites,!3® while NbSe,- and
TaS,-based compounds exhibit superconductivity at cryogenic
temperatures.!?> 103 The highest temperature of the transition to
the superconducting state, 7. = 7.1 K, which is virtually equal to
T. for a non-intercalated matrix [7.2 K (see Ref. 3)] was found for
(PVP)0.14NbSe,.192 In the cases of TaS, nanocomposites with
PEO, PVP and PEI, an increase in 7, (up to 2.5-2.9 K) as
compared with T, of the initial 2H-TaS, (0.8 K) was observed.!03

3. Compounds with metals and metal hydroxides

The formation of precipitates upon addition of metal salts to
single-layer dispersions has been observed in the earliest publica-
tions describing the behaviour of dispersed TX,. Thus Lerf and
Schéllhorn % pointed to the precipitation of compounds with
non-established structures upon action of lanthanum salts on TiS»
dispersion in N-methylformamide. The precipitation of powdered
compounds upon action of salts of various metals (Al, In, Ni, Co,
Ce, Sr, Cd, Zr, Zn, Pb) on single-layer dispersions was observed by
Gee et al.'> In the authors’ opinion, these were the ‘inclusion
compounds’ containing metal hydroxides distributed throughout
the MoS, matrix.

However, more recent studies on the reactivity of molybde-
num disulfide dispersed in water showed that the compounds
formed may differ in their nature, the latter being determined by
both the nature of metal cations involved in the interaction and
the reaction conditions. If the alkali metal cations are present in

solution, the corresponding layered solvates A,(H»0),MoS;
(A =1Li, x=0.12; A =K, x = 0.2) are precipitated from single-
layer dispersions, the same solvates are also formed in the
exchange of intercalated organic cations with cations A™ (see
Ref. 115). In the presence of metal (M) cations able to form
coordination bonds with sulfur atoms of the MoS, layers, two
reaction pathways are possible. One of them leads to the for-
mation of compounds similar to the above-described ternary
molybdenum sulfides M MoS,, the other leads to the filling of
the interlayer space with metal hydroxo compounds (Eqns 6a,
6b).

. M** H,0
[Li* + (M0S2*~ + (1—x)OH Joq ————»
M, MoS, (62)
[: M,(OH),,, _ «(H20).MoS, (6b)

Obviously, the type of the compound formed is determined by
the tendency of metal cations to form sulfide derivatives with
MoS, or oxo(hydroxo) compounds in an aqueous medium.
Thermodynamic characteristics of sulfide macroanions
(MoS,)¥—, in particular the stability constants of their complexes
are not known, while the characteristics of binary sulfides are well
known. Therefore, for a large series of metals, the compositions of
intercalation compounds formed were correlated with the differ-
ence in solubility products (pKsp) of the corresponding metal
sulfides MS, and hydroxides M(OH),.!>* It was noted that, if
Kp[MS] and Kp,[M(OH),] differ by 2—4 orders of magnitude
(Mn?*, Fe2*, Co?*, Ni?"), compounds with alternating
S—Mo—S and hydroxide-like M(OH~),_ (H,0)}" layers are
formed [see Eqn (6b)]. The cations characterised by
Kp[MS]— Kpo[M(OH),] ~ 101104 (Pb2*, Cd?*) exhibit a
strong tendency to form coordination bonds with sulfur atoms
of MoS,, but can yet be intercalated in the form of hydroxo
compounds upon increase in pH. It is only in the case where the
difference mentioned exceeds 16 orders of magnitude that the
formation of ternary sulfides (6a) dominates in single-layer
dispersions.

a. Phases intercalated with hydroxo compounds

Upon precipitation of aqueous MoS, single-layer dispersions in
the presence of hydrated rare-earth [La’*, Er3*, Th*" (see
Ref. 155)] or 3d-metal cations, aqua(hydroxo) compounds fill
the interlayer space.!>3 135 Freshly precipitated compounds with
rare-earth elements possess distinct layered structures and are
characterised by a large increase in the interlayer distance (for
instance, in the case of Er3", Ac value reaches 9.8 A), However,
amorphisation of these compounds occurs in a few hours. This
may be explained by the tendency of intercalated cations to form
compounds with a high (up to 8 — 12) and variable content of water
molecules in the hydration shell and it is the loss of these molecules
on ageing that causes amorphisation.

The parameters of layered MoS, compounds with 3d-metals
remain invariable at room temperature for a long time. For the
substances formed in the interlayer spaces of these compounds,
both the composition (atomic M:0O ratio determined by
EELS '1%) and the local structure [interatomic M —O and M---M
distances determined by EXAFS for the compounds with Mn, Co,
Ni (see Refs 64, 156—158)] are close to those of the corresponding
metal hydroxides M(OH),. These hydroxides themselves are
known to have a layered hexagonal structure in which the metal
atoms occupy the octahedral sites between two closely packed
layers of the hydroxide ions (which corresponds to the polytype
IT in the classification of transition metal dichalcogenides).!>®
For some crystalline 3d-metal (Mn, Fe, Co, Ni) hydroxides, the
parameters a of their hexagonal lattices, defining the M---M and
anion—anion distances inside the layer, are close to those of
MoS,, the deviation being in the range of a few percents
(Table 4). Commensurability of the lattices of two substances
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Table 4. Structural parameters (A) of intercalation compounds
[M(OH)2]i/2Mo0S; and the corresponding metal dihydroxides M(OH)»
determined by powder diffraction and EXAFS.!58

M [M(OH),]i 2MoS, M(OH),

C A(? 'M—-0 'M---M C 'M—-0 M---M
Mn 11.3 5.1 2.20 3.29 4.68 2.23 3.33
Co 11.3 5.1 2.08 3.15 4.64 2.10 3.18
Ni 11.5 53 2.06 3.11 4.60 2.07 3.14

different in nature obviously favours the formation of the struc-
ture with alternating metal sulfide and metal hydroxide layers
(Fig. 9) in a single-layer dispersion.

2+

[Li* + (M0S2)*~ + (1—x)OHJay ——» @

—_— [M()j(OH)] ,X(HZO)X]“ (MOSz)X7 e

O MYy MM(OH)MoS; + (x/2) H,0 (7a)
{ M()_j(OH)MOSQ + (X/Z) H2 (7b)

Presumably, in the formation of compounds with 3d-metals,
the extended two-dimensional aqua-hydroxo-clusters
[Mo.5(OH); — «(H20):]* " (MoS,)*, which compensate the negative
charge of the disulfide monolayer, are initially produced on the
surface of (MoS,)*~ single layers [Eqn (7)]. During precipitation
and ageing, the structure of these intercalated clusters is trans-
formed into a thermodynamically more stable structure of pure
metal hydroxide through replacement of water molecules by OH ~
anions. Such a transformation can occur upon oxidation of part of
the ions M(II) in the guest layer by oxygen leading to a mixed
hydroxide M(IL,111)(OH), [reaction (7a)] and also upon reduction
of water molecules with evolution of molecular hydrogen [reac-
tion (7b)].130

It is obvious that the reaction (7a) is favoured by the ability of
metal ions to adopt a higher oxidation state. It has been shown by
means of >’Fe Mdssbauer spectroscopy and electron microscopy
that the reaction of single-layer dispersion with Fe(1l),q follows
this pathway and that the product contains Fe(II) and Fe(1I) in
the oxygen environment.''® Temperature dependence of the
Mossbauer spectra of the iron-containing compound indicates
that magnetic ordering occurs simultaneously for both iron forms

MOS2

M(OH),

MOSz

Figure 9. Alternating monolayers of MoS, and M(OH); in the layered
compound.

in a narrow temperature range (~ 10 K). This suggests the
presence of both these forms in a single structure. The character
of the transition points to a small size of magnetic domains and
their narrow size distribution. The formation of a joint structure
by both forms of iron is also deduced from the occurrence of a
thermally activated fast electronic exchange between them, which
results in the appearance of an iron state with intermediate
Mossbauer parameters at 300 —380 K. 160161

The reaction pathway (7b) is realised in the case of compounds
with Co(11) and Ni(II). Measurements of magnetic characteristics
of the precipitated products point to the occurrence of both the
Co?" (u = 5.2 ug) and Ni>™ (u = 3.2 pup) ions in the octahedral
environment characteristic of the corresponding metal hydrox-
ides,'©2 while the interatomic distances in the intercalated layer are
consistent with those in M(OH), as was mentioned above.
Complete substitution of OH~ for H,O probably takes a long
time, so the MoS; layer in the intercalation compounds continues
to bear partial negative charge. This agrees with the prolonged
conservation of characteristic distortions in the matrix layer (the
set of non-equivalent Mo—Mo distances %+ 137-158 and a super-
structure in the plane of the layers 193) in these compounds.

b. Phases intercalated with metals

Compounds with the composition MyMoS, (M = Cu, Ag, Cd,
Hg, Pd, Pb) formed where the (Mo0S,)¥~ layers act as polysulfide
macroligands were obtained by precipitation of single-layer dis-
persions in the presence of the cations noted.!5* 164166 Judging
from the M — S distances, the intercalated metal atoms form direct
covalent or ionic—covalent bonds with sulfur atoms of the matrix
layers (EXAFS data 154 165.166) Tt is of note that there are no
direct analogues to the above-mentioned compounds among the
known ternary molybdenum sulfides obtained by high-temper-
ature synthesis where the S— Mo — S layers are only present in the
structures of compounds with 3d-metals [V, Cr, Fe, Co (see
Refs 83—-89)]; the other metals [e.g., Ga and Al (see Ref. 167)]
form compounds with a spinel structure.

In the dispersions, the charged molybdenum disulfide single-
layers exhibit reducing properties with respect to the cations
characterised by the positive redox potentials.’>* For instance,
for Ag?*,Pd?>* and Hg? ™", their reduction products [Ag(0), Pd(0),
Hg,? "] were obtained along with the M, MoS, phases.!3% 165,166
In the case of Cu?™, the reduced Cu* cations were incorporated
into the layered compound formed. Hence, all the copper atoms in
the prepared Cug.3sMoS; had the oxidation state + 1.19 Exper-
imental data show that the single-layers (MoS,)* reduce metal
cations if the layer charge x exceeds some threshold value. The
maximum layer charge equal to 1€ per Mo atom in LiMoS,
decreases during the dispersion (which is accompanied by hydro-
gen evolution) and subsequent ageing, thus lowering the reducing
ability of the (MoS2)*~ layers. The composition of compound
Cuj 3sMoS, formed upon the action of Cu?* ions on the MoS,
single-layer dispersion indicates that this charge can reach ~ 0.7¢
per Mo atom in the freshly prepared dispersions and that the
single-layer no longer reduces Cu?>™ when the charge decreases to
~ 0.35€ per Mo atom (see Ref. 165).

Structural parameters for the MxMoS, phases are given in
Table 5. Itis clear from the Table that the increase in the interlayer
spacing is small for various metal atoms introduced into the MoS»
matrix, but it increases with the increase in the sizes of the guest
cations. It is of note that a comparison of either Ac for this
compound or the radii of the intercalated cations with the sizes of
the interstitial vacant sites between the sulfur atoms (octahedral of
~ 0.7 A radius and tetrahedral of ~ 0.4 A radius) does not allow
unambiguous determination of the type of occupied vacancies
since the MoS, matrix itself may be essentially distorted and ‘the
thickness’ of its layers may change. For instance, in the crystalline
Cop.sMoS; (prepared by high-temperature synthesis), the coordi-
nation environment of molybdenum is octahedral and the inter-
layer distance is 5.72 A,%7 i.e., the thickness of the S—Mo—S
layers is smaller by ~ 0.5 A in this compound than in non-
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Table 5. Interlayer spacings (c), interlayer spacing expansions with respect to MoS; (Ac) and parameters of the local environment of the guest atoms for

ternary sulfides M MoS; obtained from single-layer dispersions.

Compound c/A Ac /A Radius of the M”* cation according Nm—s rm-s/A  Coordination poly- Ref.
to Shannon for the indicated hedron for M
coordination number (C.N.)
r/A n+ CN.
Cug.3sMoS; 6.25 0.1 0.60 1+ 4 3.1 2.29 tetrahedron 165
Pdy.4sMoS; 6.2 0.05 0.64 2+ 4 2,62 2.33 " 154
(60% Pdo 2sMoS, +40% Pd)
Hgo20MoS» 6.3 0.15 0.69 2+ 2 1.1 2.37 strongly distorted 154
octahedron
Hgo.0oMoS, — — — — — 1.9 2.38 the same 166
Hgo.32MoS; — - — — — 1.5 2.37 " 166
Cdo.20MoS> 6.55 0.4 0.78 2+ 4 4.0 2.55 tetrahedron 154
AgossMoS» 7.0 0.85 1.00 1+ 4 1.02 2.40 strongly distorted 154
(95% Ago.s2MoS, + 5% Ag) tetrahedron
Agos1MoS; — — — — — 1.6 2.43 the same 166
Pbo.1sMoS; 7.1 0.95 1.19 2+ 6 5.7 2.87 octahedron 154

@ The Nm—s value as calculated for a pure phase of ternary sulfide.

intercalated 2H-MoS; in which the environment of molybdenum
is trigonal prismatic.

EXAFS data has been used to estimate the type of coordina-
tion environment of intercalated metals.!3* 16516 The type of
coordination of the guest atoms M with sulfur atoms is primarily
determined by the preferable coordination polyhedra of M, both
in TX, compounds with metals prepared by high-temperature
synthesis and in M MoS, compounds obtained from single-layer
dispersions. Thus Pb?™ ions occupy the octahedral vacancies
while Cd?*,Pd?*, Cu*t and Ag* ions have tetrahedral surround-
ings, non-distorted for cadmium and distorted to a variable degree
for palladium, copper and silver. For the two last-mentioned
metals, the displacement of their atoms to one of the vertices inside
a tetrahedral vacancy is assumed based on both the experimental
results and comparison with the structures of related sulfide
compounds. The strongest distortion of coordination polyhedron
in the interlayer space of M MoS, is probably characteristic of
mercury compounds because the basic site occupied by mercury is
strongly deformed to realise the most suitable near-linear coordi-
nation for Hg(11) with S atoms.

The Mo K-edge EXAFS 134:165.166 and, in some cases, X-ray
and electron diffraction 9% data showed that the layer matrix in
M, MoS, sulfides obtained from single-layer dispersions is dis-
torted owing to the formation of Mo— Mo bonds. At the same
time, due to covalent guest—matrix bonding, these compounds
are distinguished among the intercalation compounds prepared
from single-layer dispersions by their most structural ordering. In
particular, X-ray diffraction data '%® indicate that three-dimen-
sional correlations in the layer stacking (rather than turbostratic
packing) for the distances of 50—70 A is characteristic of copper
and silver compounds.

VI. Structural transformations of the chalcogenide
matrices in the formation of single-layer
dispersions

A study of the atomic structure of the TX, layers in both the
dispersions and the layered materials precipitated from them is a
non-trivial task because the subjects of investigation are layered
nanostructured species, in many cases thermodynamically meta-
stable, characterised by the absence of a long-range order and by a
strong anisotropy of the interatomic interactions. Only scarce
information can be obtained by XRPD for such compounds (even
for those precipitated) since the diffraction is essentially two-

dimensional in character owing to turbostratic packing and does
not allow the unit cell structure to be completely determined. For
this reason, structural studies of these materials require the
application of a combination of instrumental and calculation
methods. These were mainly carried out for materials based on
molybdenum and tungsten disulfides because of their potential
practical use and also owing to unusual structural transitions
found in their quasi-two-dimensional layers.

The distinctions between the atomic structures of the MoS,
(WS,) layers present in single-layer dispersions or in the precipi-
tated products and those of the most stable 2H-modifications
have repeatedly been observed using physical methods, first of all,
EXAFS, 64109, 154,157,158 and  X-ray and electron diffrac-
tion.109:163.165,169 The main feature of the local order in the
layered compounds formed is the redistribution of T---T distan-
ces. For MoS, compounds, three non-equivalent Mo---Mo dis-
tances (~ 2.8, ~3.2and ~ 3.8 10\) were observed in the EXAFS
spectra instead of one (3.16 A) distance in 2H-MoS,. The shortest
Mo—Mo contact in the modified layer corresponds to the
formation of a metal — metal chemical bond.

Currently, it is agreed that the Mo(W) atoms in the layered
compounds prepared from the single-layer dispersions have an
octahedral rather than a trigonal prismatic (as in 2H-MoS, and
2H-WS,) coordination environment. Though this supposition is
not experimentally verified to date, it appears to be quite probable
taking into account the partial retention of the negative charge on
the TS, layer in all the following consecutive transformations:
LiTS, — dispersions — precipitated layered compound. Even the
first calculations of the band structure carried out in the early
1970’s showed that the octahedral coordination becomes more
energetically advantageous for the molybdenum atoms upon
adding of 1€ per Mo atom to the conduction band formed mainly
by the 4d-orbitals of molybdenum. Thus, at least part of the atoms
in the charged (TS,)*~ layer should be in the octahedral environ-
ment. Indirect evidence for the octahedral coordination has been
reported.®” In addition, this coordination is well established by
X-ray diffraction analysis for single crystals of ternary sulfides
Mo.sMoS; prepared by high-temperature synthesis.®* % As in
LiMoS,, the formal oxidation state of molybdenum in these
layered derivatives of molybdenum disulfide remains + 3. For
LiMoS, and materials prepared from dispersions, all the struc-
tural models are based on the octahedral coordination of molyb-
denum postulated for the metastable modification 1T-MoS,.3!

Calculations by the extended Hiickel method in the rigid band
approximation showed '7° that the Fermi surface is characterised



136

A S Golub, Ya V Zubavichus, Yu L Slovokhotov, Yu N Novikov

by nesting  in the case of the layered systems with an octahedrally
coordinated central atom with d? or d? electron configuration. In
such systems, the metal atom sublattices are unstable, they
undergo distortions to form charge density waves (CDW) unrig-
ing this symmetry. In same sence, CDW formation is analogous to
the Jahn—Teller distortions in molecular systems,!”! while the
splitting of the partially filled degenerate orbitals leading to
lowering of the overall energy of the system may serve as an
analogue of the splitting of partially filled d-sub-band of the metal
atom causing the appearance of an energy gap between the filled
valence band and the conduction band in the case of infinite quasi-
two-dimensional layers. The most probable result of the distor-
tions is the formation of triangular clusters or infinite zigzag
chains built of metal atoms.!3- 170171

The calculations of the LiMoS; structure with optimisation of
the geometry by DFT FLAPW (Density Functional Theory, Full-
Potential Linearised Augmented Plane Wave) method showed 172
that the formation of a 2ax 2a superstructure (zigzag chains
formed by rhombus-shaped clusters of molybdenum atoms) low-
ers the energy of the system. The results obtained, namely, the
lengths of the contracted and elongated (with respect to the
lengths in the initial 2H-MoS,) Mo — Mo bonds in the optimised
LiMoS; structure are consistent with the EXAFS results obtained
at the Mo K-edge.® The same type of ordering is present in the
structure of LiMoS,, which was simulated based on the analysis of
PDF obtained from X-ray diffraction data (Fig. 10 a).%> Accord-
ing to this model, the structure as a whole is characterised by a
triclinic symmetry (a =6.963 A, b=6.386A, ¢=625A,
o= 88.60° B =289.07° 7 = 120.06°; the space group P 1).

According to the data from X-ray single crystal analysis, the
clusters consisting of molybdenum atoms are also present in the
molybdenum ternary sulfides obtained by high-temperature syn-
thesis.8” For instance, the zigzag chains with direct Mo—Mo
bonds exist in the CogsMoS; structure, which contains four
symmetrically independent molybdenum atoms in the unit cell
(Fig. 10b). Taking into account the layer stacking, the crystal
lattice of CogpsMoS, belongs to a face-centered monoclinic
syngony (the space group Cc, Z =4, a=11.793, b = 6.548,
¢ =12.680 A; p =115.5°) and the relationships between its
parameters and the parameters of 2H-MoS; (ao, co) are as follows:
a~2V3ay and b ~ 2a, csinf & ¢o. Thus, the displacements of
the molybdenum atoms in CopsMoS, with respect to their

T The regions of the Fermi surface coinciding with each other upon parallel
transfer of the electron quasi-pulses in space.

Figure 10. Schematic representation of the chains formed by molybde-
num atoms in the ab plane in LiMoS; (a) ¢ and Cog sMoS; (b).%7

Figures indicate (in A) the values of interatomic distances contracted as
compared with 2H-MoS.

positions in the 2H-MoS; layer can also be approximated with a
2a x 2a superstructure.

From EXAFS and X-ray diffraction studies carried out on the
single-layer dispersions themselves, it was suggested that the
molybdenum atoms in the single layers are displaced from their
positions in the hexagonal a x a structure and form rhombuses
(Fig. 11 a, b). This should result in two Mo —Mo distances (2.8
and 3.8 A) and multiplication of the in-layer parameters of the
unit cell to 2a x 2a.17-19% Such a model fits the experimental data
best of all provided the molybdenum atoms are displaced by
0.45 A along the a-axis of the unit cell (a = 3.27 A). Redistrib-

2a

6

&0
vas
o &
[o)

S, : 8
Q

Q— Figure 11. Dispositions of molybdenum
atoms in the ab plane for a hexagonal
Q— unit cell a X a (a) and models of its order-
ing with formation of tetramers (2a x 2a)
Q‘ (b), trimers (v/3a x v/3a) (¢), trimers con-
nected in the networks (2ax2a) (d),
Q' infinite chains (2a x a) (e).
The Mo — Mo bonds are given in bold.
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ution of the Mo—Mo distances and the superstructure 2a x 2a
were also observed in the MoS; layered compounds with interca-
lated metal hydroxides '7-138% and metals (Cu, Ag) % obtained
from dispersions. For the latter compounds, the comparison of
X-ray diffraction and electron diffraction data showed that the
2a x 2a superstructure was characteristic of most particles of the
sample, however, yet another type of a superstructure, namely,
V/3a x \/3a was present. The latter type of ordering, also found by
scanning tunneling microscopy and electron diffraction in
1T-MoS, [the oxidation product of the layered solvates
K.(H>0),MoS; (see Ref. 32 and 33)], can be described as a result
of trimerisation of the molybdenum atoms giving triangular
clusters (Fig. 11 ¢).

Based on the data obtained by EXAFS and electron diffrac-
tion for the precipitated MoS, dispersion, another variant of the
cluster-like ordering of molybdenum atoms was proposed
(Fig. 11 d).%* This model assumes the displacement of molybde-
num atoms in the ab plane of the 2H-MoS; layer by ~ 0.5 Ato
form a trigonal unit cell (space group P3, a = 6.5 A) containing 2
and 4 independent molybdenum and sulfur atoms, respectively.
Thus, this type of ordering can be considered as being derived
from a 2a x a superstructure in the hexagonal cell. It is worth
noting that the above-considered models imply an existence of
only two M —M distances in the matrix layer, the short and the
long (2.8 and 3.8 A for MoS; derivatives), and do not imply the
intermediate distance (~ 3.2 A) which is usually detected by
EXAFS in the products precipitated from dispersions. This
contradiction can be caused by the inhomogeneity of the nano-
materials in which both distorted and non-distorted fragments of
the layers are present % or by the inadequacy of the models.

Based on the data from scanning tunnelling microscopy for
the MoS, films precipitated from the dispersions,!'!-173 a less
symmetrical model of the atom ordering which includes the
formation of infinite chains (Fig. 11 ¢) was proposed. This type
of ordering can be described by using 2a and «a as the periods of
translation along the a- and b-axis of the initial hexagonal
structure or by taking an orthorhombic unit cell with the param-
eters v/3a x a in the ab plane (where a is a parameter of the initial
hexagonal cell). It should be mentioned that this type of super-
structure was found by scanning tunnelling microscopy and
electron microdiffraction also in the layered solvates with potas-
sium K(H>0),MoS; at 0 < x < 0.3.3233 Based on the analysis of
electronograms, a similar type of ordering was proposed for
precipitated MoS, and WS5.16% In this case, the symmetry of the
layer was described using a two-dimensional group pg and the
following parameters for the unit cell (for MoS,): a = 5.47 A,
h=3.16 A, y = 90° This corresponds to the shortest Mo— Mo
distance of 2.92 A, which is larger by ~ 0.1 A than the distance
inferred from the EXAFS spectra. In the electronograms of the
multi-layered particles of the materials studied, the same
authors '° often observed a hexagonal 2a x 2a superstructure
which can appear due to stacking of three orthorhombic v/3a x a
structures rotated by 120 ° with respect to each other.

Itis of note that only displacements of the molybdenum atoms
in the ab plane are allowed for in the above-considered models.
Meantime, the well established metal dichalcogenide structures
are known, where the CDW modulations lead to puckering of the
TX, layers. An example is given by the rhenium diselenide
structure '7# representing a strongly distorted 1T polymorph
with puckered layers (space group Pl, a = 6.72 A, b=660A,
c=673A,0=1049°=91.8°y = 118.9°). The mean devia-
tion of the rhenium atoms from the layer plane is ~ 0.1 A. The
rhenium atoms have a strongly distorted octahedral environment
consisting of selenium atoms (interatomic Re — Se distances are in
the range of 2.35-2.66 A), and form zigzag chains of irregular
Re4 rhombuses with Re — Re bonds along the s-axis. The motif of
‘clustering’ in ReSe» is close to that proposed for LiMoS; based on
the calculations and PDF data, though the MoS; layeris flat in the
latter case.

Figure 12. Projections onto the ab (a) and ac (b) planes and determination
of the parameter of puckering for the T atom layer with puckering of WTe,

type.

Another type of structure ordering with puckered layers was
found for WTe, (Ref. 175) in which the tungsten atoms are also in
strongly distorted octahedral environment and form infinite
chains (Fig. 12 a, b). Using the model with such puckered layers
and considering the diffraction and EXAFS data altogether, the
parameters of layer puckering (4, in Fig. 12 ¢) were found 1% to
be 0.46, 0.45 and 0.09 A for single-layer dispersions of MoS,,
MoSe,, and WS, respectively. It is of note that, upon precipita-
tion of MoSe; from dispersion, the chains of the atoms are
retained in the layer, while the puckering disappears.

In fact, the same type of chain (a structural motif of WTe,) but
a flat variant was earlier used to describe the structure of the
precipitated WS, on the basis of PDF data analysis.'’® The
structure was characterised as monoclinic (space group P112,
a=327TA,b=571A,¢c=1231 A,y = 88.48°). It is important
that the existence of all the three metal—metal distances in the
distorted layer can be explained employing this model.

Thus, the in-layer structure of the molybdenum- and tung-
sten-based dichalcogenide matrices dispersed to single layers is
modulated by regular distortions with formation of direct metal —
metal bonds and these modulations extend for at least tens of
Angstroems. It is noteworthy that the electronic interactions of
the initial MoS, and MoSe> matrices with dopant atoms on their
surfaces also result in the modulation of their structures, but in
this case the modulations are of local character and do not extend
for more than one Mo — Mo distance.!”” Note that the variations
of superstructure proposed by various researchers may display
real dissimilarity in the geometry of the layer in different com-
pounds or even in different particles of the same material.
Modification of the layer structure depending on the charge
retained on the layer after the formation of the intercalation
compound (or, on the time of ageing for precipitation of non-
intercalated dichalcogenides TX>) appears to be quite probable.
This follows, for instance, from the difference in the layer
geometry between the dispersed and precipitated MoSe»,!% as
well as from the dependence of the relation between three
Mo —Mo distances on the guest content, which has been found
in the study of a large series of MoS, compounds with various
guests. 178
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VII. Possible applications of the materials
obtained with the use of single-layer dispersions

Layered nanostructured TS»-based materials prepared through
single-layer dispersions have considerable potential in heteroge-
neous catalysis,!7?~ 185 as lubricants, ¢ reagents for the extraction
of heavy metals,'®* chemical sensors,'8” novel magnetic materi-
als, 88189 and superconductors.!0?

Currently, highly-dispersed molybdenum disulfide doped
with 3d-metals (Co, Ni) is the most efficient commercial catalyst
for oil hydrorefining. That is why the attempts to use the materials
based on the re-precipitated MoS, in the hydrodesulfurisation
processes appears to be justified.!3% 190 Moreover, these materials
were proposed as highly active and selective catalysts for hydro-
genation of carbon monoxide to methane 81184 and for coal
liquefaction.'®3 The increase in activity of the Pt/Al,O3 supported
catalysts of methane oxidation are also achieved with the MoS,
monolayer deposited onto the Al,O3 particles.!8?

In industry, pure molybdenum disulfide has a large-tonnage
application as the base for antifriction composites and solid
lubricants exploited in wide temperature and pressure ranges as
well as in chemically corrosive media and vacuum. Intercalation
of MoS, with organic compounds, which has become possible
with the advent of the single-layer dispersion technique, allows
preparation of tribomaterials with enhanced properties as com-
pared with those of materials obtained by mixing the components
in the same composition.'® An approach to produce magnetic
lubricants for ferromagnetic surfaces based on the precipitated
molybdenum disulfide doped with 3d-metals appears to be of
interest.!o!

The single-layer dispersions of MoS, are able to bind the
heavy-metal cations (first of all, Hg? ") and thus can be considered
as potential extractants, for instance, in waste-water purifica-
tion.'%* In this case, the original MoS, and metallic mercury can
easily be regenerated on heating the Hg,.MoS, formed at relatively
low temperature (~ 400 °C) under vacuum, and molybdenum
disulfide can be repeatedly used in, at least, 3—5 working cycles
with retention of its binding capacity.

It was proposed '#7 to use thin partially crystalline, oriented
MoS: films supported on Al,Oz and doped with platinum metals
in sensitive and selective detectors of molecular hydrogen. Elec-
troconductivity of such films depends linearly on the concentra-
tion of H» in the environment. Unlike the traditional sensors
based on semiconducting transition-metal oxides, the systems
mentioned can operate in the temperature range of 25—150 °C.
They are stable in many oxidising and reducing gaseous media.

Upon thermolysis of metal-containing intercalation com-
pounds of metal dichalcogenides, nanosized metal clusters dis-
tributed within the layered TX, matrix are formed. Such materials
may exhibit unique magnetic properties and are thus candidates
for various applications in microelectronics. 8- 189 In addition, the
oriented films in which the interlayer distance can be widely varied
are of potential interest for optics, e.g., for developing novel X-ray
mirrors and monochromators.!%?

The currently available heterolayered compounds based on
TX, and polymers have attracted the attention of many research-
ers as nanostructured conductors and ionic conductors. It has
been mentioned that NbSe,-based nanocomposites can be used
for designing plastic superconductors.!02

VIII. Conclusion

At present, the method for intercalation of metal chalcogenides
based on their dispersion to single layers has gained acceptance
among the techniques of solid-state chemistry. With this method,
it is quite easy to construct layered compounds at room temper-
ature using extended TX, structural units and the reagents
introduced into solution.

It should be mentioned that the studies performed to date have
mainly been focused on the synthetic aspects. Their prospects have

been showed and the advantages of a single-layer dispersion
technique for the synthesis of novel intercalation compounds
have been revealed. As shown above, this method permits one to
introduce a rather wide variety of the quests in the materials, viz.,
cations and neutral molecules of organic substances, polymers,
polynuclear organometallic complexes, metal cations and metal
hydroxide clusters. The method allowed one to extend essentially
the range of TX,-based layered compounds, first of all, the
intercalation compounds of molybdenum and tungsten disulfides
as well as nanocomposite materials based on different TX, and
polymers.

Coincident with manifestation of the advantages, the direc-
tions of method perfection have been revealed. It appears that
they include, in particular, the use of new non-aqueous solvents
providing stability to dispersed systems and possibilities of carry-
ing out further operations for ‘assembling’ layered compounds. In
most studies, aqueous (or aqueous-organic) media were used,
which imposes special requirements on the nature of the guest.
This problem can partly be overcome by performing the reaction
in two-phase systems using aqueous media for dispersion and
water-immiscible solvents for dissolving the guest. However, the
guests sensitive to hydrolytic decomposition cannot be used even
in this combination. Besides, such a procedure, which implies the
formation of layered compounds on the interface, makes its
isolation difficult and was used until now only for the preparation
of materials in the form of films.

Yet another direction of method perfection is the enhance-
ment of structural ordering of the compounds obtained. Usually,
this is not high because the ‘assembling’ of layered compounds
proceeds under non-equilibrium conditions. This may have the
following consequences:

— non-uniformity in filling of the interlayer spaces by the
guest and difficulties in the regulation of the chemical composi-
tion, especially with a low guest content (typically, the minimum
content is limited by the composition for which the system does
not yet contain the macroscopic phase of non-intercalated TX>
under the given conditions of synthesis; besides, the solvent
molecules or alkali metal cations can enter into the interlayer
space along with the guest molecules);

— turbostratic stacking of the layers;

— in most cases, the impossibility of raising structural
ordering of the materials obtained by annealing, because heating
even at moderate temperatures (100—200 °C) often initiates
structural transformations and deintercalation processes.

It is obvious that further optimisation of the characteristics of
the compounds should be conducted taking into account the
specific fields of application (e.g., electronics, catalysis, coating
production) of each type of material, since the specialists working
in these fields make different demands to the degree of ordering of
the nanostructures obtained.

It should be noted that information on the structure of novel
intercalation compounds is fragmentary. Often, new compounds
are characterised by the only structural parameter, viz., by the
interlayer spacing expansion obtained from the XRPD data.
More detailed studies of the atomic structures of both the
intercalated layer and matrix layers are not numerous yet. The
investigations of the material morphology are almost absent.
Nevertheless, a comprehensive approach applied in some cases
allowed one to establish the chemical nature and local structure of
the guest layer, to reveal and to analyse distortions of the host
matrix induced by intercalation and to propose the structural
models for the studied classes of intercalation compounds not
contradicting the body of experimental data.

In our opinion, yet another prospective direction of research
exists which has not been sufficiently developed yet. This is the
study of the reactivities of two-dimensional structures of TX, and
the guest in the layered compounds precipitated from dispersions.
The ability of such ultra-dispersed systems to undergo chemical
transformations may differ essentially from the reactivity of the
corresponding components in a bulk sample and this can also be
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used for producing novel materials with various practically
valuable characteristics.
The research was financially supported by the Russian Foun-
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Russian Academy of Sciences (in the framework of the pro-
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