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Abstract

Synthetic aspects of the molybdenum sulfide-based materials were reviewed, with emphasis on the catalytic materials. A
number of preparation methods were critically compared in this review, including molecular precursor decomposition, hydro-
thermal, soft chemistry aqueous, surfactant-aided, intercalation—exfoliation, and solid—gas reactions. In particular, the relation-
ship between the preparation techniques and the properties of the materials obtained was analyzed. Preparation of bulk
Co—Mo—S and Ni—Mo—S mixed sulfides based on the MoS, structure and eminently important for catalysis was also con-
sidered. To cite this article: P. Afanasiev, C. R. Chimie 11 (2008).
© 2007 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.

Résumé

Des aspects synthétiques des matériaux a base de sulfure de molybdéne ont été considérés, en insistant sur les matériaux cataly-
tiques. Un certain nombre de méthodes de préparation ont été comparées dans cette revue, y compris la décomposition des
précurseurs, les syntheéses hydrothermales, les syntheéses en solution par méthodes de chimie douce, les préparations en présence
de tensioactifs, I’intercalation—exfoliation, et les réactions gaz—solide. En particulier, la relation entre les techniques de préparation
et les propriétés des matériaux obtenus a été analysée. La préparation des solides Co—Mo—S et Ni—Mo—S basés sur la structure MoS,
et éminemment importants pour la catalyse a été également considérée. Pour citer cet article : P. Afanasiev, C. R. Chimie 11 (2008).
© 2007 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.
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1. Introduction

Molybdenum is one of the essential elements in mod-
ern technology. Itis also a crucial microelement in living
organisms, including humans. All molybdenum en-
zymes contain sulfur [1—5]. Many sulfur-containing
molybdenum complexes were synthesized and
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structurally characterized [6,7]. Within the various thio-
molybdate anions, the molybdenum ions are found in
different oxidation states (IV, V, and VI), and they are
bound by sulfide and polysulfide ligands in various coor-
dination modes. A close matching of the S 3p and Mo 4d
orbital energies makes easy an internal electron transfer.
As a result, the sulfur—molybdenum cores display an
extraordinary intramolecular lability. In other words,
rearrangements are easily possible where S—S bonds
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break or form as Mo atoms are oxidized or reduced,
leading to the existence of versatile structural isomers.
Synthetic aspects of molecular sulfur-containing co-
ordination compounds were extensively reviewed ear-
lier [8]. The topic of the present review is narrower: it
deals with the synthesis and properties of molybdenum
sulfides for the goals of materials chemistry. By far the
most studied among the molybdenum sulfides is MoS,,
which finds practical applications in diverse areas. A
number of methods is considered in this review, includ-
ing molecular precursor decomposition, hydrothermal,
soft chemistry aqueous, surfactant-aided, ultrasonically
assisted, intercalation—exfoliation, and solid—gas reac-
tions. The important part of this review considers various
synthetic routes to MoS, and the properties of the as
obtained materials. Though this review is mostly de-
voted to the MoS,-based materials, all known molybde-
num sulfides are briefly described. Bulk Co—Mo—S and
Ni—Mo—S mixed sulfides based on the MoS, structure
and eminently important for catalysis will be also con-
sidered when relevant. Though even more important,
supported MoS, materials (heterogeneous hydrotreating
catalysts) will only be marginally mentioned here.

2. Known molybdenum sulfides

Stable oxidation states of molybdenum range from 0 to
VI. As for sulfur in the inorganic sulfides, it is commonly
presentas S>~ or S3~ species. From the sulfides so imagin-
able, only Mo(V), Mo(IV), Mo(IIT) and Mo(II) ones were
described with more or less certitude (while only the
Mo(IV) one is important for chemistry and industry).
Oxidizing properties of Mo(VI) make impossible its coex-
istence with the S>~ ion in the neutral species. By contrast,
the total electronegativity might be reduced by addition of
a negative charge and the Mo(VI) thioanions MoSff are
relatively stable in the ionic salts and in aqueous solutions.
However, if the corresponding MoS; sulfide is isolated, in-
tramolecular oxidation of the sulfide ions and reduction of
molybdenum to lower oxidation states (V or IV) occur.
The sulfides having oxidation state of molybdenum lower
than (II) were never described. The analogy with the cor-
responding suboxides (such as Mo3;0) probably fails here,
because of the larger size of sulfide anion, which cannot
fill the interstices of the metal structure.

2.1. Molybdenum sulfides with Mo oxidation state
lower than IV

Several sulfides with lower formal oxidation states
of molybdenum have been -characterized. These
compounds are usually prepared by high-temperature

reactions including elements and simple compounds
in sealed quartz tubes. Considerable part of these works
came from the Sergent and Chevrel group.

Chevrel phase-related trigonal (R-3R) MogSg was
prepared in Refs. [9,10]. Its structure is characterized
by a MogSg motif containing octahedral Mog clusters
(Mo—Mo =2.69 and 2.86 A) inserted into a distorted
cube of sulfur atoms. The related sulfide obtained by
self-intercalation of molybdenum into MogSg host is
Moy 1§MogSg or Mo7.18Sg [11]. MogSg is a generic host
for different derivatives, so-called Chevrel phases which
can be considered as products of intercalation of different
chemical species (particularly bivalent cations such as
Pb2+) between the MogSg units. Many compounds of
this family were studied in relation to their superconduc-
tivity, for example the products of stabilization of MogSg
by halogens MogS¢Br, and MogSgl, [12].

Besides Chevrel phase-related sulfides, several other
compounds are known: monoclinic dimolybdenum tri-
sulfide Mo,S; was obtained by Khlybov et al. [13]. Its
structure was resolved and high-pressure transition de-
scribed. Mo0,S5 has a monoclinic P2/m structure with
a metallic character. The Mo and S atoms build some
complex columns of MoSg octahedral which host large
rectangular void spaces [14]. Electronic properties and
phase transitions in the Mo-chain compound Mo,S;3
were studied in Ref. [15]. The results of electrical resis-
tivity, magnetic susceptibility, and Raman scattering
measurements were presented. Phase transitions are ob-
served in this material at temperatures of 182 and 145 K
on cooling from room temperature.

Another sulfide of Mo;sS;9 stoichiometry was
obtained by Tarascon and Hull [16] together with a se-
quence of several ternary molybdenum sulfide phases
M;54Mo5S19 (M =vacancy, Li, Na, K, Zn, Cd, Sn
and TI). First the In; 4Mo;5S;9, was obtained, and
then it was shown that indium atoms can be removed
from this phase by oxidation with HCI without disturb-
ing the Mo chalcogenide network, resulting in a new bi-
nary phase Mo;5S;9. Furthermore, this phase, with an
open framework structure turns out to be an interesting
system for intercalation studies.

Despite their interesting properties and sometimes
fascinating structures, the studies of these sulfur-
deficient sulfides still mostly belong to the field of
exploratory solid-state chemistry.

2.2. Amorphous sulfur-rich sulfides: MoS3;, MoS,
and beyond

Several stoichiometric sulfur-rich sulfides were de-
scribed. None of them was obtained in crystalline
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form. In all of them molybdenum should be considered
as having an intermediate oxidation state close to V.

The amorphous MoS; compound can be obtained
either by aqueous hydrolysis of MoS3 ™~ species or by
gentle decomposition of (NH,;),MoS,. MoS3 was first
prepared by Yagoda and Fales by acidification of a thio-
molybdate solution [17]:

MoS;™ + 2H" = MoS; + H,S (1)

Alternatively it can be prepared by decomposing am-
monium thiomolybdate salt at moderate temperature:

(NH4)2MOS4 = MOS3 + 2NH3 + st (2)

The last one above 673 K further decomposes to MoS,:
MOS3 = MOSQ + 1/883 (3)

MoS; can also be obtained by anodic oxidation of thio-
molybdate [18].

The possible involvement of amorphous MoS; in the
hydrodesulfurisation catalysts [19] and its potential use
as a cathode material [20] motivated several research
groups to study it by diffraction [21—23] and extended
X-ray absorption fine structure (EXAFS) [24—27].
Other techniques were also applied, including chemical
extrusion [28], vibrational and photoelectron spectros-
copy [29]. However, the structure of this amorphous ma-
terial appeared to be difficult to elucidate. The presence
of abundant S—S bridges binding together the Mo atoms
in this amorphous solid was obvious; however, the mode
of their arrangement was questionable. Few physical
methods are suitable to study this type of solids. Those
providing direct structural information are only EXAFS
and neutrons diffraction. Some studies concluded that
MoSs; is made up of disordered chains [23], but others
postulated that it is built from Moj triangles [29].

Finally Hibble et al. provided the structural evidence
from the modeling of the neutron diffraction data
obtained for amorphous MoS; [30]. This work demon-
strated that the material is built from MoSg octahedral
linked by face sharing to form Mo,Sg units containing
metal—metal bonded dimers. These units are linked
by sharing the remaining octahedral faces of the
MoSg units to form extended chains (Fig. 1).

With respect to this discussion, note that the struc-
ture of MoS; obtained by various methods might be dif-
ferent, since polymorphism and isomerism in the Mo—S
structures are well known. At least there is no reason
why chain-like and trimeric MoS3 could not coexist.

Among the sulfur-rich molybdenum sulfides, MoS; is
the most studied one because its formation was supposed

o e 0

@M O

Fig. 1. Supposed chain structure of MoS; and its extension up to
MoSg¢ by adding new S—S bridges.

in the hydrotreating catalysts during activation. Some
authors claim that MoSj; is an intermediate product of
the oxide sulfidation to MoS, [31,32]. Whatever the truth
about the sulfidation of oxides, MoSs is surely the inter-
mediate product of MoS, syntheses from thiomolybdate.
As such, MoS; is easy to confuse with poorly crystal-
lized substoichiometric MoS,,,, containing small
fringes with abundant S3~ groups at the edges. Indeed,
both sulfides give broad XRD lines at similar 26 angles.
That is expected since, for a poorly crystalline solids, the
XDR pattern reveals radial distribution function (RDF)
which is similar in two solids; RDF is constituted from
Mo—S, S—S and Mo—Mo distances. To check which
sulfide is really present, ESR spectroscopy might be
helpful. MoS, as such is ESR-silent, but only the edge-
located Mo(V) sites give a strong paramagnetic signal.
Next, trigonal prismatic Mo(V) in MoS, gives a simple
axial signal with g | > g (Fig. 2a), whereas MoS; shows
a more complex signal extending to smaller g factors,
suggesting that molybdenum coordination is close to
the distorted octahedral (Fig. 2b). Electron-spin reso-
nance of paramagnetic species was applied as a tool
for studying the thermal decomposition of molybdenum
trisulfide [33]. Paramagnetic species were observed at-
tributed to MoS7 species, whose magnetic parameters
were different depending on which phase, either MoS;
or MoS,, was predominant.

2.2.1. MoS,, MoSs, MoS

These are all amorphous compounds without clear
chemical identity. Since no crystalline sulfides with
S/Mo ratio greater than 2 exist on the phase diagram
Mo—S, their preparations are all soft chemistry ones
and often carried out using sulfur-rich thiomolybdates.

Rice et al. prepared sulfur-rich sulfides of Cr, Mo and
W by the reaction of M(CO)s (M = Cr, Mo, W) with
sulfur in 1,2 dichlorobenzene [34]. Amorphous MoS,
compound was obtained by this route. The solid was
characterized by IR spectroscopy and demonstrated
a broad band at 516 cm™!, close to what was expected
for a compound with abundant S—S bonds. Its decom-
position as studied by DSC led to the MoS,.

Khudorozhko et al. prepared MoS, sulfide by means
of thiodimolybdate decomposition at moderate
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Fig. 2. X band ESR spectra of MoS; dried under nitrogen (a) and poorly crystalline MoS, (b) obtained from the decomposition of thiomolybdate

at 350 °C. Spectra are measured at —196 °C (liquid nitrogen).

temperatures [35]. An X-ray amorphous phase with the
analytical formula MoS, was synthesized. The authors
claimed rather by analogy that the structure of this com-
pound is similar to that of chain-like VS, sulfide. The
electronic structure of molybdenum tetrasulfide and
its lithium intercalates has been studied by X-ray emis-
sion and X-ray electron spectroscopies. The change of
electronic structure of initial molybdenum tetrasulfide
under intercalation of up to four lithium atoms per for-
mula unit was interpreted on the basis of the rigid-band
model. Further intercalation of up to seven atoms per
formula unit probably leads to a destructive change of
the one-dimensional structure of the matrix.

Recently we prepared stoichiometric compounds by
oxidation or acid condensation of thiodimolybdate [36]:

Mo,S}, + 2H" = Mo,S;; + H,S (4)
Mo,S;, + 21" = 2MoS + L (5)

The structure of these solids seems be related to
MoS;, because their XRD patterns and EXAFS spectra
show much similarity. From the great mobility of Mo—
S bonds and relative stability of the S—S bridges, it fol-
lows that new S—S bonds can be easily inserted within
the chains of MoS; (Fig. 1). Since MoS; is amorphous,
no structural hindrances would exist for such chain ex-
tensions, and we should be able to synthesize MoS,
solids in the whole range of x from 3 to at least 6 (and
even more, because S?f entities are also common in
thiomolybdates). Presumably, other stoichiometric
sulfides can be produced from the solutions of other
thiomolybdates by means of similar techniques. Their
properties are expected to be close to those of the
described sulfur-rich sulfides.

2.3. MoS,

MoS, is the molybdenum sulfide by far the most
studied in materials chemistry. It constitutes the main
active component of the existing hydrotreating sup-
ported catalysts [37]. The second main application of
MoS, is related to its tribological properties [38]. The
emerging class of new highly loaded sulfide catalysts
contain an almost pure molybdenum sulfide phase pro-
moted with cobalt or nickel as a bulk compound, mixed
with some small amounts of binders and/or textural pro-
moters. Considerable research effort was dedicated to
the synthesis of high surface area molybdenum sulfide
materials. At the same time particular morphologies
of this compound such as tubular, hollow spherical
and other are actively searched, using various chemical
approaches.

The MoS, compound is thermodynamically stable.
The standard enthalpy of formation determined by
fluorine bomb technique at 298.15K is —(65.8 +
1.2) kcal mol " [39]. Estimation of the homogeneity
range of MoS, was carried out in Ref. [40] by stepwise
annealing with H, and analyzing the gas phase. There is
no evidence for a homogeneity range of MoS, which is
free from stacking faults, i.e. this homogeneity range is
smaller than 8 x 107> mol S per mol of MoS, at tem-
peratures between 1173 and 1373 K.

MoS; has a structure built of close-packed layers of
sulfur atoms stacked to create trigonal prismatic inter-
stices occupied by molybdenum. Only relatively weak
Van der Waals bonding exists between layers, which
causes lubricant properties of MoS, similar to those
of graphite. Crystalline varieties 2H, 3R, and 1T of
MoS, were reported [41—43]. The first two differ by
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layers’ arrangement, whereas in the metastable 17 form
the coordination of molybdenum atoms is distorted
octahedral. According to Ref. [44] no surface recon-
struction or relaxation occurs in the MoS, crystal. As
follows from the structure, MoS, is a highly anisotropic
layered material. Thus, electric conductivity parallel to
the layer is 1000x greater than in the perpendicular
direction [45].

The properties of the planes represented in Fig. 3 en-
sure the most important applications of MoS,. The inert
basal (00/) planes provide lubricity and photocatalytic
properties, whereas (£00) and (0k0) edges are believed
to accommodate catalytic centers in the MoS, based het-
erogeneous catalysts of hydrotreating. It is generally
accepted by the catalytic community that the most active
“promoted” hydrotreating Co(Ni)—MoS, catalysts
contain Co or Ni atoms located at the edges of MoS,
slabs (decoration model [46]). Correspondingly, the
tasks of materials chemists developing these two types
of materials are substantially different. Highly dispersed
materials exposing many edges are desired for catalysis,
whereas oxygen-free extended monolayers are preferred
in tribology. Due to anisotropy, at least two parameters
are important for describing any MoS, dispersion: the
slabs’ average length and their stacking.

The XRD patterns of MoS, are easy to interpret: in
them the shape of the (002) peak reflects the state of
layers’ stacking, whereas the set of higher angle peaks
may provide information about the crystallinity within
the layers. Analysis on the peaks’ broadness and their
relative intensity might provide useful information
about textural parameters prior to other more sophisti-
cated characterizations.

MoS, is a semiconductor. The semiconducting gap in
MoS, results from the ligand field splitting of the Mo 4d
orbitals [47,48]. Due to the prismatic coordination of Mo

(a)

atoms, degeneration is removed from t,, orbitals. The
electronic structure of MoS, has been calculated using
either the band [49], or the ligand field [50] approaches.
It can be considered that above the occupied sulfur p-
bands there are occupied d.> and empty d>_y, d,,, d..,
d,. in the sequence followed from the ligand field split-
ting diagram. However, in many calculations a consider-
able mixing is detected between the levels d,. and
(dy_y2, dy), with sulfur p-character orbitals [51].

MoS, shows optical spectra with indirect band gaps
of 1.23 and 1.69 eV, respectively [52]. As a semiconduc-
tor it demonstrates the relationship between band gap
and particle size. Optical spectra of quantum confined
4.5-nm size MoS, particles in the solution MoS, were
studied in Ref. [53] and related to the details of zone
structure. The absorption edge of the spectrum results
from the direct transition between the I" and K points
in the Brillouin zone. The features below this edge
were observed, due to the excitonic transitions. Though
optical spectra of MoS, are strongly related to its mor-
phology, there are quite few studies in the literature on
them for the catalytic materials, for example supported
systems. Further effort in this direction, namely a thor-
ough comparative study of different model solids would
be fruitful. The work [54] can be cited as an example,
where the MoS, nanoclusters (S—Mo—S discs) were
prepared with sizes 3.5-, 4.5- and 8-nm diameter. Their
optical spectra were strongly different: 8-nm particles
had a lowest absorption maximum at 473 nm, 4.5-nm
particles had absorption maxima at 400 and 440 nm,
and 3.5-nm size particles at 362 nm.

Itis difficult to study the MoS, materials by the vibra-
tional spectroscopies. MoS, is black and air-sensitive
when highly dispersed. Therefore transmission IR stud-
ies of the unsupported MoS, pressed in pellets are hardly
possible, but rather the diffusion reflectance under

Fig 3. Van der Waals-scaled representation of a MoS, slab perpendicular to 100 (a) and 001 (b) axes of hexagonal MoS, structure. Box of en-
closure 3 X 7 x 7 A around a molybdenum atom was arbitrarily chosen. Light grey balls — sulfur; dark grey balls — molybdenum.
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controlled atmosphere should be used. If studied in air by
laser Raman spectroscopy, the samples of MoS, with
high probability are burned by the laser beam, even at
low beam power, and then they show only the MoO;
spectrum. As the Mo—S bond has relatively low polarity,
the IR extinction coefficients are low. However, Chang
and Chan [55] succeeded to observe the IR and Raman
spectra of MoS, (and amorphous MoS3) using KBr
and Csl pellets, which were rotated in the case of LRS
measurements to avoid overheat. The IR bands at 385
and 470 cm~' were observed for poorly crystalline
MoS,, while MoS; gave broad bands at 287, 335, 373
and 522 cm ™. More recently Maugé et al. studied the in-
frared spectra of the unsupported MoS,. Several features
seen in the air-exposed samples are mostly due to the
impurities, whereas the sulfide cleaned by heating in
vacuum has virtually featureless spectrum (of course,
besides the mentioned bands) [56].

The Raman signatures of single crystalline MoS, at
383 and 408 cm ™! correspond to the Eég, and Aé modes
of hexagonal MoS, respectively [57]. The band at 525—
530 cm ' often seen in the highly divided sulfide is
due to the S—S vibrations of the edge-located disulfide
groups.

Only a few core-level spectra of pure, well-defined
MoS, have been published [S8—60]. In the recent study
[60] Matilla et al. thoroughly measured the Mo 3d and S
2p spectra using different excitation energies ranging
from 200 to 350 eV for sulfur and from 280 to 400 eV
for molybdenum. The fitted core level spectra of S 2p
and Mo 3d states revealed several photon energy sensi-
tive components. The S 2p spectra consisted of three
and those of Mo 3d of four doublets. The high binding
energy component in both spectra was supposed to orig-
inate from the uppermost sulfur or molybdenum atoms
of an S—Mo—S sandwich layer of the hexagonal
structure.

The MoS; slabs perpendicular to the (002) planes are
easily observable by the transmission electron micros-
copy (TEM), whereas basal planes tend to escape
from the observation, especially in the low-stacked
solids. In the non-turbostatic specimens, rotation of
the parallel slabs along the (001) direction may lead to
the moiré patterns (obviously of trigonal or hexagonal
symmetry) which in some cases can be mistakenly in-
terpreted as atomic structure images [61].

3. Preparation of MoS,-based materials
As a majority of metal sulfides MoS, can be prepared

by direct combination of the elements at high tempera-
ture crystalline MoS, powders have been prepared by

the elemental reaction in vacuum at high-temperature
[62] or by self-propagating high-temperature synthesis
[63]. As follows from the DSC studies on reactions of
the elements, molybdenum reacts with sulfur between
500 and 650 °C [64].

However, this review is devoted to the methods lead-
ing to some particular properties of the resulting mate-
rials. Many of them belong to the so-called soft
chemistry (chimie douce) routes, where the preparation
occurs at much lower temperatures than the correspond-
ing solid-state reaction (note that still called conven-
tional or traditional, the solid-state reactions are
reported more and more rarely, being now much less
studied than ‘“‘non-conventional” ones, e.g. sol—gel or
hydrothermal syntheses). The preparation techniques
are divided into several groups. However, this division
is sometimes arbitrary and subjective. The same prepa-
ration technique may belong to different groups. Thus
sonochemical decomposition of aqueous thiomolybdate
might be considered at once as precursor decomposi-
tion, solution reaction and sonochemical synthesis.

3.1. Sulfidation of the oxides

Probably the most studied technique of MoS, prepa-
ration is solid—gas sulfidation of the corresponding
oxides. A bunch of work has been done on it since the
procedures of sulfidation of supported oxides by mix-
tures of hydrogen sulfide and hydrogen are routinely
used to activate hydrotreating catalysts. Formation of
sulfide from the oxide requires reduction, since
Mo(VI) species should be transformed to the Mo(IV)
ones.

MOO3 + 2st —+ H2 = MOSZ + 3H20 (6)

However, molybdenum oxide species can be sulfided
as well by pure hydrogen sulfide or its mixtures with
any non-reacting gas. In this case hydrogen sulfide
works at once as a sulfiding reducing agent, being nec-
essarily decomposed to give some elementary sulfur:

MoO; + 3H,S = MoS, + 3H,0 + 1/8S; 7)

Finally, even the vapour of elemental sulfur at suffi-
ciently high temperature suits to transform the oxide to
MoS,:

2MoO; + 7/8Ss — 2MoS, + 350, (8)

Morphology control is not possible in such prepara-
tions because the reaction is topotactic and the MoOj3
dispersions are hardly available. Formation of thin
film of MoS, and further reduction of MoO5 by H,S
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occurs instead of sulfidation. Of course, MoOj3 can be
used as a precursor in the (hydro)solvothermal synthe-
ses and then the resulting process can be formally con-
sidered as oxides’ sulfidation, as suggested by Qian and
coworkers [65]. To prepare binary sulfides (WS,, MoS,,
and VsSg) from the respective oxides, the powders of
MoO; (W03, or V,05), were reacted with NH;-H,O,
and CS, in a stainless steel autoclave, which was sealed
and kept at 500 °C for 10 h. Indeed, pure sulfides were
obtained in this case. However, the oxides seem to be
dissolved in basic solvothermal brine and final reaction
of MoS, precipitation very probably occurs in the liquid
phase, rather than by solid—liquid topotactic process.
At least hydrated oxides such as MoO,(OH), become
highly volatile under these conditions. Therefore such
syntheses should be considered as hydrothermal ones.
Note that flower-like morphology of MoS, observed
in Ref. [65] is very similar to that obtained by hydro-
thermal preparations, as discussed below.

Stepwise mechanism of the bulk and supported mo-
lybdenum oxide sulfidation was extensively studied
and debated, since it is a crucial step of the activation
of industrially important hydrotreating catalysts [66—
69]. Sulfidation of molybdenum oxide using MoO5/
Si0,/Si(100) model catalysts and Moy —sulfur cluster
compounds was studied in Ref. [70]. XPS spectra of
the temperature-dependent sulfidation of MoO5/SiO,/
Si(100) model catalysts were compared with spectra of

model compounds such as (NHy4)>[Mo3S;3]-H,O and
its thermal decomposition products. The spectra showed
the presence of bridging disulfide ligands and Mo" ions.
The results of Ref. [70] suggested that the initial reaction
of the MoOj precursor with H,S/H, mixture occurs in
two steps, including an O—S exchange followed by
a Mo—S redox process. In Ref. [71] the sulfidation of
crystalline MoO; and the thermal decomposition of
(NH4)>,Mo00,S, to MoS, have been studied by means
of XPS and infrared emission spectroscopy (IRES).
Basic steps of the sulfidation were proposed. The sulfida-
tion reaction by means of reaction with H,S starts
already at low temperatures from an exchange of termi-
nal 0>~ species of MoO; for S*~. In subsequent Mo—S
redox reactions, bridging S3~ ligands and Mo’ centers
are formed. Above 200 °C, reduction occurs, transform-
ing the Mo centers to Mo*" of MoS,. Comparison of
MoOj; sulfidation with the decomposition experiments
of (NH4),Mo0O,S, suggested that terminal 0* ligands
serve as the reactive sites (Fig. 4).

Many works deal with sulfidation of supported mo-
lybdenum oxide. Thus, the effects of surface orientation
and crystallinity of alumina supports on the microstruc-
tures of molybdenum oxides and sulfides were addressed
in Ref. [72]. Sulfidation of nickel- and cobalt-promoted
molybdenum—alumina catalysts using a radioisotope
33S-labeled H,S pulse tracer method was studied in
Ref. [73]. The sulfidation of  supported

Fig. 4. (a) A particle of MoO,, covered with MoS, slabs, obtained from the sulfidation of dispersed MoO; at 400 °C. Further advancement of the
sulfidation would require higher temperatures. (b) An unsuccessfully prepared supported MoS,/Al,03 catalyst. Due to the presence of bulky oxide
particles, the sulfidation is not complete and the catalytic activity of such a system is low (PA, 1994—1996, unpublished work).
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(cobalt)molybdenum oxide catalysts was monitored by
EXAFS [74—76]. Analysis of the oxidic catalysts
showed that on the supported systems such as Mo/
Al,0O3 or Mo/TiO, the molybdenum oxide particles pos-
sess a highly distorted octahedral coordination of Mo
with Mo—O distances ranging from 1.7 to 2 A, which
differ from one support to another and depend also on
the preparation conditions. Upon sulfidation of the ox-
idic catalysts, small MoS, particles are formed and
a Mo—Mo distance at 3.16 A appears, characteristic of
the MoS, structure. The activity of these catalysts can
be controlled by optimizing the molybdenum sulfide—
support interaction.

The above-cited works are just several examples and
detailed discussion of supported MoS, systems is out of
the scope of this review. The influence of support on the
properties of MoS, catalysts was reviewed recently in
Ref. [77].

In summary, sulfidation of solid oxide precursors is
eminently important for the preparation of supported
heterogeneous catalysts. However, this method is less
convenient for the preparation of the unsupported
MoS,-based materials, if the applications at stake
require finely dispersed materials.

3.2. Intercalation, exfoliation and restacking

Being a lamellar compound with the slabs connected
only by Van der Waals interactions, MoS, may adopt
various guest species between the layers. However,
MoS, avoids direct intercalation, except for lithium.
Passing through the lithium intercalates, diverse species
can be intercalated such as naphthalene [78], amines
[79], polymers [80,81] and so on. The intercalation
chemistry of MoS, has been recently reviewed [82].

The general exfoliation and restacking scheme im-
plies first the interaction of MoS, with butyllithium,
leading to the intercalation of lithium (Li%) between
the sulfide slabs (step I, Fig. 5). Then the intercalated
material is put into contact with water; lithium is oxi-
dized, hydrogen is produced and the sulfide slabs are ex-
foliated, becoming monolayers dispersed in water (step
II). Finally some coagulating (restacking) agent X is
added and the slabs come back together, but now they
contain X and one obtains a new material of restacked
sulfide (step III). In a different approach of preparing al-
kali metal intercalated MoS,, Li is replaced by the K
cation. In this synthesis strategy the corresponding
(hydrated) K,MoS, phase might be prepared from the
direct sulfidation of K,MoS, thiomolybdate [83].

Different species may play the role of coagulant X.
Up to now, a variety of MoS, based intercalated

i
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Fig. 5. General principle of the exfoliation—restacking technique.

materials including simple organic (trichloroethylene,
styrene, phenanthroline, alkylammonium cations,
etc.), polymeric, organometallic (metallocenes, ruthe-
nium hydroxoarene complexes, etc.), and inorganic
(post-transition metals, metal hydroxides) species
have been prepared and characterized. Details on prep-
aration and characterization of intercalates with differ-
ent guests can be found in Refs. [84] (transition metal
hydroxides), [85] (tetraalkylammonium cations), [86]
(ruthenium hydroxoarene complexes), [87] (phenan-
throline/phenanthrolinium). A surfactant molecule
may stay for the X as well. In this case highly conduct-
ing Langmuir Blodgget films could be obtained [88].

The intercalation of lithium into MoS, [89,90] leads
to a change in the electronic structure of the host layers
due to a nearly complete one-electron transfer from Li
to MoS, layers. This transfer leads to a change of Mo
coordination from trigonal prismatic to octahedral and
to the clustering of Mo atoms due to displacements
from their ideal positions in the layer.

In the reaction of LiMoS, with water, lithium atoms
pass into the solution as hydrated Li* ions, and partially
negatively charged single layers of MoS, are formed.
These layers slowly discharge in the dispersion due to
a reaction with water, which produces molecular hydro-
gen and OH™ anions. Owing to a residual negative
charge on the MoS, layers, the structural changes typical
of LiMoS, are partially retained in MoS, single-layer
dispersions and in some solid intercalated materials
freshly prepared from them [91,92].

Upon intercalation, the local coordination geometry
of the Mo centers of the host lattice changes from trigo-
nal prismatic to distorted octahedral (as in the metasta-
ble 17-MoS,). This 2H to 1T phase transition is
accompanied by considerable changes in the band
structure, an increased electron density on the sulfur
atoms of the MoS, lattice, and the formation of different
types of superstructures [93,94].

While restacked MoS, is prepared from lithium in-
tercalates, 17-MoS, was prepared from K;MoO, by
sulfidation, subsequent reduction, hydration and
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oxidation [83]. Their comparison was useful to sort out
some confusion about the chemical and structural
identity of restacked MoS, and WS,. In 1999, the topic
was revisited by Heising and Kanatzidis [95,96]. They
questioned: are the layers of restacked MoS, neutral or
charged, and why do 17-MoS, and restacked MoS,
have different superlattices? Indeed, restacked MoS,
can incorporate both cationic and neutral species. An-
other point was: why restacked MoS, and WS, are
p-type metallic conductors? The problem to answer
if the layers are charged was that both negative and
positive ions, Li™ and OH ™, are present during the ex-
foliation. The lithium cation can counterbalance a neg-
ative charge on the layers when neutral species are
intercalated, which is a difficult element to detect.
The OH ™, which could co-intercalate with the cationic
species, can be confused with residual water.

To sort out these points, the authors studied the rela-
tionship between charge and structure in restacked
MoS, (and WS,) by elemental analysis, electron dif-
fraction, X-ray diffraction, and differential scanning
calorimetry. Alkali cations have been encapsulated in
MoS, and WS, without the presence of a co-intercalated
counterion, suggesting a negative charge in the 0.15—
0.25 electrons per M atom range. Electron diffraction
studies showed ordering of these cations between the
layers. Structure of restacked MoS, and WS, was eluci-
dated by electron crystallography. It has been concluded
that the seemingly trigonal structure is in fact an overlap
of three individual orthorhombic crystals. Using two-di-
mensional #k0 data from films for both “‘triple” and
“single” crystals, the authors showed that a severe dis-
tortion exists in the Mo/W plane, forming infinite zigzag
chains. Therefore, they concluded that restacked MoS,
and WS, are not 17 form but rather WTe, type.

The main interest of this method is to make new ma-
terials by intercalating some species between the MoS,
layers. As with sulfide itself, freshly prepared from sin-
gle-layer dispersions, MoS, exhibits substantial changes
of the Mo atom cationic surrounding, as compared to the
parent 2H-MoS,. However, in general, unless they are
occasionally cracked or strongly deformed by the chem-
ical reaction, the resulting 2H-MoS, layers should more
or less preserve their identity after exfoliation—restack-
ing, when they relaxed back to the trigonal prismatic co-
ordination. Therefore what we finally can expect from
this method is to change the stacking mode and extent
of MoS, layers, for example from turbostatic to non-tur-
bostatic. This can be a drawback if one has a goal of pre-
paring highly active catalysts. Indeed if we continue to
believe that the catalytic activity is mostly due to the
edges of the MoS; slabs, then the exfoliation—restacking

should not give any great gain of catalytic activity be-
cause it does not change the edges amount. Therefore,
in order to have a good catalyst, short slabs with impor-
tant amount of edges should be prepared by some other
technique and then they might be only altered by exfolia-
tion—restacking, for example by being intercalated with
cobalt. Depending on the view point, this drawback can
become an advantage. If the goal is a fine control of the
material properties, then exfoliation—restacking is
a good technique since it allows (at least in theory) to
change only one parameter of stacking, leaving that of
slab’s length unchanged.

3.3. Decomposition of precursors

Obtaining MoS, by decomposition of some precur-
sor implies that the sulfur necessary for the formation
of the target phase is already present inside the decom-
posing solid and not brought in it by any exterior sulfid-
ing agent (gas, liquid). On the other hand, the precursor
is decomposed directly to give MoS, and is not pre-dis-
solved in any reaction medium (in which case we will
speak about solution reactions). Therefore topochemi-
cal decomposition reactions of solids are under consid-
eration here.

Probably the first preparation of MoS, by decompo-
sition of molecular precursor (NH4),MoS, was done by
Bertzelius [97]. Somewhat later, high-surface-area
MoS, was prepared by decomposition of a MoS; pre-
cursor by Eggertsen and Roberts [98]. Rapid conversion
from trisulfide to disulfide at 723 K by sudden introduc-
tion of the MoS; sample into the hot zone yielded an un-
usually high surface area of 158 m%/g, whereas slow
decomposition (heating rate 20 K per min) produced
much lower surface areas. Closer inspection of this
work’s results leads to the conclusion that the surface
areas changed rather irregularly and the important pa-
rameter was rather the MoS; conditioning, but the
fact of high-surface-area MoS, preparation is sure.

In recent years, many works have been carried out on
the decomposition of thiomolydbates or other sulfur-
containing coordination compounds of molybdenum.
The simplest molecular precursors are ammonium thio-
molybdates. Many thiomolybdates were prepared and
structurally characterized [99,100]. All of them give
MoS, as an ultimate decomposition product.

The thermal decomposition of thiomolybdate
(NH4),MoS, was described earlier by Brito et al. [101]
and occurs according to the above-mentioned reactions
(2,3). The intermediate formed trisulfide has been re-
ported to be stable till about 673 K; at higher tempera-
ture it decomposes to elemental sulfur and MoS,. The
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solids obtained from thiomolybdate decomposition at
400 °C in H,S/H, flow possess specific surface areas
of ca 50—60 m*/g. Due to good reproducibility of prop-
erties, they can be used as a reference for unsupported
MoS, catalysts to compare with other, more sophisti-
cated preparations [102]. A typical thiomolybdate de-
composition product is constituted by stacks of 4—7
slabs having 5—8-nm length, as exemplified in Fig. 6.

Walton et al. carried out the in situ study of ammo-
nium thiomolybdate decomposition [103], using pow-
der X-ray diffraction and MoK edge EXAFS.
Isothermal decomposition at 120 °C led to MoS; which
was stable at this temperature. No intermediates were
detected between (NH,4),MoS, and MoSs, in agreement
with earlier studies.

By analogy with the decomposition of monomeric
salt, similar stepwise decomposition route can be sup-
posed for thiodimolybdate [104]:

(NH4)2MOQS12'2H20 g MOzsll + 2NH3 =+ st

+2H,0 9)

MOlel g 2MOSZ + 7/8Sg (10)

Alternatively, when the decomposition was carried
out under hydrogen, the last reaction might be partially

Fig. 6. MoS, slabs morphology for the product of decomposition of
ammonium thiomolybdate at 400 °C in H,S/H, flow (PA, 1999, un-
published work).

or totally replaced with the reaction (11), which has the
same expected mass loss as the reaction (12).

MOQS“ + 7H2 - 2MOS2 + 7st (11)

Thermal analysis and mass spectrometry results
[104] corroborate these equations. The TDM salt
decomposed to give amorphous molybdenum sulfide
(MoSs 5) as the intermediate product with simultaneous
emission of NH; and H,S. The amorphous nature of the
MoSs 5 solid follows from the X-ray powder pattern.
Textural properties of MoS, obtained from the
(NH4)>Mo0,S, decomposition are better (70—80 m2/g,
mesoporosity in the 2—8-nm range) compared to the
products of monomeric thiomolybdate decomposition.

Earlier, the decomposition of thiomolybdates such as
those including (NH4),Mo03S3 to crystalline 2H-MoS,
has been studied extensively by Miiller et al. [105—
108]. Topochemical relationship was supposed between
the trinuclear cluster in the thiomolybdate and the dis-
position of Mo and S atoms in the resulting 2H-MoS,.

Leist et al. showed that different ammonium thiomo-
lybdates could be decomposed by heating in sealed
quartz tubes, and in dynamic vacuum to 673 K, yielding
onion-like MoS, with open edges [109]. It was noted
that the precursor (NH4)>,Mo03S 5 -H,O shows decompo-
sition behavior that is distinct from that of other ammo-
nium thiomolybdates, in that its conversion to MoS, is
characterized by a sharp exothermal event. The expla-
nation provided was the topochemical nature of the re-
action resulting from the structural relations between
precursor and product. The HRTEM images in this
work showed bent layers and the authors claimed their
observation to be novel, so being them resembling the
fullerene-like materials, however, not closed, but with
the opened pores. It is worth noting that bent layers
are very common in the dispersed MoS, materials and
that the contrary is rather rare. However, this encour-
aged the authors to investigate the textural properties
of their X-ray amorphous MoS, as obtained. The
measurements of surface area, the pore diameter and
volume showed that thermal decomposition of
(NH4),Mo03S 3 -H,O resulted in materials with advanta-
geous textural properties. Both the heat treatment and
the presence of vacuum were necessary for porous
materials to be obtained. The authors suggest that the
driving out of volatile materials from the precursor
and the ability of the MoS, slabs to form curved
surfaces lead to the morphologies with large pores.
Yet stability issues were not addressed in Ref. [109].

Worth emphasizing that the decomposition condi-
tions play a crucial role on the materials’ properties,
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probably more important that the exact nature of the thi-
omolybdates used. Thus, our (unpublished) experience
with trimolybdate was quite negative: we obtained mo-
lybdenum sulfide with specific surface area of only sev-
eral square meters per gram. In that case we used large
hydrothermally obtained (NH4),Mo3S,3-H,O crystals
and activated them at 673 K by the H,S/H, mixture. It
shows how different the conclusions may be if the au-
thors do not use the same decomposition procedures.

Besides all-sulfur thiomolybdates, the salts of par-
tially oxygen-substituted MoOS3~ MoOS3~ and
MoO5S?~ ions are known and relatively easily avail-
able. Their decomposition may also be used to produce
highly dispersed MoS, materials and active Co—Mo—S
heterogeneous catalysts [110].

In the last years, a number of works appeared on the
preparation of dispersed molybdenum sulfide catalysts,
using thermal decomposition of molecular precursors
containing some organic part or doped by some extrane-
ous organic species [111—113]. It appears that if the
molybdenum sulfide contains at least several percent
of carbonaceous matter, its textural (and catalytic) prop-
erties are greatly improved. Chianelli [114] was the first
to point at the stabilizing role of carbon for the proper-
ties of sulfide catalysts. Since then, much research has
been done on the topic and the positive role of a carbo-
naceous species was confirmed. These species can be
contained in the precursor such as molybdenum naph-
thenate [111] or in the sulfidizing agents like DMDS.
They might be introduced in the form as well of oxy-
genated organic admixtures [115,116] as of templating
surfactants, either ionic or non-ionic [104]. Whatever
the introduction way, the mechanism of their action
seems to be similar.

Tetraalkylammonium thiomolybdate decomposition
was extensively studied by Alonso, Chianelli and col-
laborators. The catalytic properties of MoS, and WS,
catalysts obtained from the organics-containing thio-
salts decomposition were found to depend strongly on
the processing atmosphere, and heating conditions
[117]. Large variations in surface area have been ob-
served, from a few to several hundred square meters
per gram [118,119]. Decomposition of tetraalkylammo-
nium thiometallates (NR4)>MS; (M =Mo or W) at
350 °C in a flowing gas mixture H,S/H, yielded highly
dispersed catalysts MoS, or WS, [120]. Thiosalt
decomposition is interesting as a method for obtaining
better textural properties [121].

In situ technique involves heating the catalyst precur-
sor and the reaction mixture containing a reactant, for
example dibenzothiophene, in a closed pressurized reac-
tor. In this process the simultaneous catalyst synthesis

and catalyst activity measurement occur. There are sev-
eral reports [112,122,123] on in situ decomposition of
ammonium thiosalt precursors into high-activity and
high-surface-area unsupported MoS, and WS, catalysts.

Thus, recent work [124] reports the development of
a new technique for synthesizing highly porous unsup-
ported catalytic materials. An isostatic pressure was
first applied to the catalyst precursor in an open flow,
and then heat was applied. Under this condition, as
the organic components gradually decomposed and
left the material, the voids left behind are immediately
filled by the gas (pressure medium) in flow. The result
was a very porous material with uniform pore size dis-
tribution. As the synthesis pressure increased, both sur-
face area and catalytic activity of the materials
produced increased. The catalytic activity value in-
creased by a factor of 2 when the pressure increased
from 6.9 to 55.2 bar. When N, gas was used as pressure
medium it resulted in highly porous materials but low
activity. H, appeared to be the ideal gas for both pres-
sure medium and reducing agent. Co-promoted MoS,
catalysts synthesized at 96.5 bar and 573 K showed
particularly high catalytic activity [124].

In the methods described in this section, formation of
the solids occurs upon the eruption of gaseous decompo-
sition products from the body of the precursor towards its
surface. By this reason, very strong impact of the decom-
position conditions was observed, such as heating rate and
final temperature, gas nature, its pressure and its flow rate.
It can be compared to making bread in a bakery: whether
the bread will be soft or hard and will it be covered with
a crust depends on the pate composition but not on how
the furnace is operated. The analogy can be supported
by Fig. 7, where the same precursor decomposed in differ-
ent conditions is represented. The products have very dif-
ferent morphology and if the conditions are not
appropriate, a thick crust is formed (Fig. 7b).

The analogy can be continued even further, saying that
only some empirically adjusted receipts are available
from the literature and not any quantitative theories
which would allow predicting MoS, morphology from
a given set of precursor composition and decomposition
conditions. Elegant as such, these methods often leave
out of scope the questions of the thiomolybdate precursor
preparation. Unfortunately, the latter might be laborious
and industrially unfeasible. All literature techniques on
the preparation of thiomolybdates include toxic and ex-
pensive ammonium sulfide or even worse, they require
H,S bubbling through the liquid reaction mixture.
From the applied point of view, this might be the main
drawback of such preparations, as any others which use
thiomolybdates. The solution may come from the



170 P. Afanasiev /| C. R. Chimie 11 (2008) 159—182

optimization of the precursor preparations making them
more user-friendly.

3.4. High temperature syntheses of MoS, nanotubes
and fullerenes.

The discovery of nanotubes of carbon and carbon ful-
lerenes has attracted great attention in the last years be-
cause of various interesting properties associated with
their small dimensions and high anisotropy, including
quantum effects [125,126], potential use as efficient field
emitters and exceptional mechanical strength [127].
Nanotubular shape of matter appeared to be a brand
new concept. Several reviews were published on the sub-
ject in the latest years, see for example [128].

At the same time a revision of values occurred in
chemistry, and particularly in materials science, putting
a strong accent onto the quasi one-dimensional and
closed shell hollow objects of any kind. They were re-
valorized in the fields where they were previously con-
sidered as undesirable or just as insignificant curiosities.
Thus, those structural chemists who previously consid-
ered obtaining of holey crystals as failed tentatives to
grow good-quality monocrystals could see them much
more positively as “‘microtubules”. The revisions of
this kind can occur by scientific but also by social rea-
sons [129]. Earlier examples of such revisions included
renaming critical phenomena and non-linear instabil-
ities to ‘‘synergetics” and ‘‘catastrophes theory”.

More recently, due to the advent of the “nano” science
field, well-known colloids and catalysts become new
and fashionable “‘nanoparticles”.

For many years onion-like structures of MoS, and
WS, were routinely observed by the researchers work-
ing with sulfide catalysts in the highly loaded supported
and unsupported catalysts. Usually they were observed
in the case of incomplete sulfidation of oxide particles.
Such particles had an onion-like structure and possessed
an irregular faceted shape (see Fig. 4 of this review).
However, after the discovery of fullerenes a new glance
was given at this type of objects, mostly due to the
works of Tenne et al. [130—132].

Finding that curled-up dichalcogenide sheets can
also form tube-like objects and fullerene-like nanopar-
ticles demonstrated that synthesis of nanotubes made
of atoms other than carbon may be possible; 15-nm-
diameter tubes made of tungsten and molybdenum
disulfide have been reported [133,134]. The ultralow
friction and wear properties of MoS, fullerene-like par-
ticles [135] make inorganic fullerenes promising lubri-
cant materials. Fullerenes and nanotubes of MoS, have
been prepared using reaction of MoOjz micron-scale
particles with H,S at 800—950 °C [136,137]. Under
similar conditions MoS, wires and tubes have been
prepared. Thus microtubes with diameters of several
microns and single walled MoS, fullerene nanotubes
were both synthesized by iodine vapor transport of
MoS, powder in vacuum at 740 °C by Remskar et al.

Fig. 7. Porous morphology of the MoS, obtained from decomposition of the precursors: (a) heating of the (NR4),MoOS; (R = Et) at 400 °C, H,S/
H, flow, heating rate 10 min~'; (b) heating of the same precursor at 400 °C, N, flow, heating rate 2 min~! (PA, 2001).
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[138,139]. Nanotubes with zigzag arrangements within
the tube walls can be obtained by evaporation of MoS,
at 1300 °C in H,S [140].

While direct evidence was given of MoS, nanotubes
preparation, it was not the case of fullerenes. In 1999 Par-
illaetal. [141] argued that the analogy of onion-like slabs
reported by Tenne et al. to the carbon fullerene family
falls short because no small preferred structure has
been found. They obtained nano-octahedra of MoS, of
discrete sizes in the soots prepared by laser ablation of
pressed MoS, targets. These nano-octahedra had edge
lengths of about 4.0 and 5.0 nm and according to the au-
thors may represent the first true inorganic fullerenes.
This point seems to be generally accepted now. Currently
MoS, nano-octahedral are believed to be the smallest sta-
ble closed-cage structures of MoS,, i.e., the genuine inor-
ganic fullerenes. Structure and stability of such MoS,
fullerenes was addressed recently in [142]. A combina-
tion of the experiments and density functional calcula-
tions with molecular dynamics annealing was used to
elucidate the structures and electronic properties of octa-
hedral MoS, fullerenes obtained by laser ablation. Tar-
gets of MoS, were laser-ablated and the soots analyzed
by TEM. Multilayer nano-octahedra of MoS, were
observed with 1000—25,000 atoms (Mo + S), in agree-
ment with calculations.

As any hot research topic, fullerenes and nanotubes
attract much effort and many disputable results are pub-
lished. For example the fullerene-catalyzed and iodine-
transported growth of “MoS, nanotube bundles” was
reported in Ref. [143]. The reaction was carried out at
1010 K for 3 weeks in sealed tubes between MoS,, io-
dine and fullerene. The resulting ‘“‘nanotube bundles”
contained 0.3 atoms of I per MoS, unit. The unit cell
of the hexagonal close-packed ‘““bundles’ was reported
to be 0.40 nm along the bundle axis and 0.96 nm per-
pendicular to the bundle, which are the dimensions
characteristic for a compact molecular solid cell, not
an assembly of (tightly packed as they could) individual
solid objects. Moreover, according to the model
proposed, the closest sulfur atoms of the adjacent
“nanotubes” are separated by 0.35(1) nm, which corre-
sponds to their Van der Waals diameters, whereas the
distances within the “tubes” interior are even smaller
and certainly correspond to the S—S binding. That
means the “nanotubes’, if any, are by no means hollow
and their chemical identity is rather unclear, especially
as concerns molybdenum coordination and its binding
with iodine. Whatever they are, hardly one can consider
these objects, as morphologically modified MoS,. Note
that using the logic of Ref. [143], many known and in-
nocent chemical compounds containing in their

structures chains or tunnels, may be reconsidered as
the “bundles of nanotubes”. On the other hand, due
to attractiveness of this topic, in many papers the prep-
aration of inorganic fullerenes or nanotubes was
claimed without sufficient ground. Thus, for example
the synthesis of nanocrystalline MoS, and WS, was de-
scribed by Vollath and Szab6 in Ref. [144]. The synthe-
sis was performed by means of the reaction of the
hexacarbonyls with H,S in microwave plasma. The au-
thors state that the particles exhibiting nested fullerene-
like structures and polyhedron-shaped crystals were
found. However, from the TEM images presented in
the paper it follows that only a very small minority of
MoS; slabs are similar to IF, if any.

As stated, this topic attracted considerable research
effort and great number of the variations of the nano-
tubes and fullerenes’ preparation techniques have
been published since. Detailed discussion of all them
is out of the scope of this review. The state of the field
has been recently reviewed by Tenne [132]. Here note
that all such preparations include only high-temperature
treatment (800 °C or more) as long as the results seem
reliable and correspond to some real nanotubes and/or
fullerenes. From the catalysis point of view, it would
be interesting to check whether the curved basal planes
do demonstrate some modified properties. Indeed, un-
like monoatomic thickness graphite plane, MoS, slab
is triatomic. Therefore it is much more rigid and just
cannot be curved without creating an important amount
of defects breaking trigonal prismatic coordination of
Mo atoms. In other words, a large part of Mo atoms
should be in a modified environment, either by addition
of an extra sulfur atom into the coordination shell or by
creation of a vacancy. If the curvative is controlled by
means of the nanotubes, size control, they might
provide very interesting model systems for catalysis.

3.5. Hydrothermal and solventothermal preparations

Hydrothermal syntheses is a rapidly developing field
nowadays. Probably the most important number of new
compounds in solid-state chemistry is currently being
prepared by this method. Naturally, sulfides’ prepara-
tions were tried as well in these conditions, including
MoS,. Many recent papers report on such synthesis. In
them, either the precursor already contains sulfur such
as thiomolybdate and then simple hydrothermal decom-
position might be sufficient, or it can be an oxide-state
precursor. In the last case some sulfiding agent should
be added (ammonium sulfide, thiourea, sulfur). Any
general theory or even a predictive empirical approach
for the preparations of this type is actually lacking,
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therefore we deal more with the standalone preparation
examples with varying synthesis parameters. Below
we discuss some of them in order to analyze the possibil-
ities of the method.

The hydrothermal synthesis allowed obtaining mo-
lybdenum sulfide with original morphology. Thus, in
Ref. [145] we prepared MoS, by means of hydrother-
mal reactions of ammonium thiomolybdate. The reac-
tion temperature and the acidity of the reaction
mixture are key parameters, determining the nature
of the products obtained. Varying these parameters,
pure phases of needle-like (NH4),Mo03S,3 crystals or
highly dispersed MoS, with very long layers have
been prepared. They appeared to be interesting model
solids to study the nature of catalytic function in the
sulfide systems. Indeed, the length and stacking of
the MoS, slabs are significantly different from those
of samples obtained by thermal decomposition of the
same precursor.

The surface areas of hydrothermal MoS, solids ob-
tained in Ref. [145] were about 80—100 m2/g, which
is somewhat lower than those of carbon-stabilized sam-
ples. However, their stability was high, and being free of
carbon, they were also free of its influence on the cata-
lytic properties, whatever the last. Such a set of solids
gives a good opportunity to study the structural sensitiv-
ity of the hydrogenation HYD and hydrodesulfurization
(HDS) reactions. Indeed, there is still no agreement in
the literature on the role of the sulfide morphology in
the hydrotreating activity of MoS,-based systems. The
relative role of catalytic sites located at the rims and
at the edges inside the MoS, stacks was supposed to
be unequal in the HYD and HDS reaction, but because
of the lack of appropriate model materials, no final so-
lution was obtained for this problem. The detailed dis-
cussion of this complex problem is beyond the scope
of this review and was treated in earlier reviews (e.g.,
Ref. [146]). In the work [145] we have seen that the
HYD/HDS activity ratio was inverted in these experi-
ments as a function of the catalyst morphology. There-
fore control of Mo sulfide catalyst selectivity via the
change of its morphology is indeed possible. Still the
problem of rim-edge activity and the role of curved
basal planes is unresolved.

Other recent examples of hydrothermal MoS, prepa-
rations can be found in the literature. Hydrothermal syn-
thesis of MoS, and its pressure-related crystallization
were studied by Peng et al. [147]. In this work ammo-
nium molybdate (NH4)¢Mo,0,4-4H,0, elemental
sulfur, and hydrazine monohydrate reacted in an auto-
clave at 170—200 °C in the range of reaction times
from 72 h to 30 days. The morphology was similar to

that presented in Fig. 8. No specific surface area was
reported.

Bokhimi et al. [148] studied thermal evolution in air
and argon of nanocrystalline MoS, synthesized under
hydrothermal conditions. Nanocrystalline molybdenum
sulfide was synthesized between 150 and 225 °C under
hydrothermal conditions starting from ammonium hep-
tamolybdate and thiourea. Samples were characterized
by X-ray powder diffraction, electron microscopy,
nitrogen adsorption, thermal analysis and infrared spec-
troscopy. According to the authors, the initial MoS,
crystals were bent and associated in bundles that formed
worm-like grains interacting with each other to produce
spherical grains aggregated in clusters. However, the
specific surface area of the materials obtained were
rather small (about 10 m%*/g). The morphology had
again the flower-like aspect (the authors call it worm-
like), which seems typical for the hydrothermal
preparations.

In Ref. [149] hydrothermal synthesis of MoS, nano-
wires was reported. The authors claim to obtain the
MoS, nanowires with diameters of 4 nm and lengths
of 50 nm by a hydrothermal method using MoO5 and
Na,S as precursors in a 4 mol/l HCI solution at
260 °C. The as-prepared MoS, had BET surface area
of 107 m*/g. The technique is simple, the precursors
are convenient, and the properties of obtained MoS, ad-
vantageous. However, there seems to be no evidence of
the announced nanowire structure (see discussion in
Section 3.4). The solids look similar to other hydrother-
mal preparations and consist of long stacks of slabs
which agglomerate to give flower-like (or worm-like)
morphology as discussed above.

Simple solution route to uniform MoS, particles with
randomly stacked layers was reported in Ref. [150].
MoS, particles of uniform size (ca. 70 nm) consisting
of random and loosely stacked layers have been synthe-
sized from hydrazine solution with (NH4),Mo03S 3 as the
precursor at 180 °C for 16 h under hydrothermal condi-
tions. The particles were characterized by X-ray diffrac-
tion (XRD), X-ray photoelectron spectroscopy (XPS)
and high-resolution transmission electron microscopy
(HREM). The influences of reaction conditions are dis-
cussed, while a mechanism is proposed to explain the
formation of this peculiar morphology.

Tian et al. [151] report on synthesis of MoS, nano-
tubes and nanorods by hydrothermal technique at
180 °C. The preparation included reaction of MoO;
with KSCN at 160, 180, 200 and 220 °C. The reaction
mechanism was inferred from the analysis of the dried
supernatant portion. The obtained MoS, had a mor-
phology of micron-sized rods and tubes, with the walls
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Fig 8. (a) TEM image of the MoS; layers obtained by hydrothermal decomposition of ammonium thiomolybdate (cf. Fig. 6). (b) SEM image of
the same specimen. Preparation conditions are close to those described in Ref. [145].

constituted by typical “hydrothermal MoS,” sheets.
The large size of the rods and their complex morphology
allow supposing that the reaction included dissolution of
oxide and diffusion of the dissolved species (presumably
molybdate MoO3 ), where they react to give sulfide. In
any case, whatever the exact reaction mechanism,
a MoOj; can obviously be dissolved due to the basic
pH of the thiocyanate solution.

Peng et al. prepared tube- and ball-like amorphous
MoS; by a solvothermal method [152]. Reaction mixtures
contained ammonium molybdate [(NH4)¢Mo0,0,4-4H,0],
elemental sulfur, lithium hydroxide monohydrate,
(NH4),COj3 and hydrazine monohydrate. Pyridine was
used as a solvent. The reaction temperature was
190 °C and duration 24 h. In this case obvious tubular
and hollow spherical morphology was obtained, unlike
the previously described preparations.

Analyzing this set of examples, we see that a variety
of precursors and sulfiding agents can be used in this
type of syntheses, in the range of temperatures approx-
imately from 150 to 300 °C. The general tendency for
the materials is to have an opened flower-like morphol-
ogy, with the slab’s length greater than that obtained by
other techniques, probably due to advanced slabs
growth under conditions allowing efficient mass trans-
port. The stacking is not very high probably because
the growing slabs are separated by the solvent mole-
cules. The sheets have often ‘“rag-like” shape similar
to that reported by Chianelli et al. [153].

As a general criticism of this field as a whole it can
be stated that often the papers reporting on the hydro-
thermal preparations just jump straightly to the mate-
rials without much care about chemical issues, trying
neither to characterize them in depth nor to test their im-
portant properties for the applications. Often we do not
know whether all the components added to the reaction
mixture were necessary. The hydrothermal brines are
used somewhat as a kind of magic hat from which
this or that animal suddenly goes out. The materials
as obtained are numerous and often seem to be interest-
ing. However, in most cases only some general charac-
terizations are presented as XRD and microscopy
images. Better communication would be desirable be-
tween the inorganic chemists who are directly involved
in the studies of (photo)catalytic or lubricant properties
of the MoS,-based materials. The hydrothermal prepa-
rations of MoS, are still waiting for their rationalization
and systematic study, as concerns the mechanisms and
the relations between the products’ properties and the
reaction conditions.

3.6. Solution reactions

In our classification solution syntheses are those in
which no hydrothermal or solvothermal conditions are
applied (i.e. no increased pressure of the solvent in
the reaction mixture), but the target MoS, precipitates
from a homogeneous solution. Very few works satisfy
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this criterion. Less restrictively, the precipitate can be
not only MoS, but also some sulfur-rich sulfide. The lat-
ter can be further transformed topotactically to MoS, by
thermal decomposition. Slow solution reactions leading
to amorphous precipitates seem to provide the best po-
tential for the control of morphology. Indeed, in this
case the precipitation is isotropic, similar to the TEOS
hydrolysis in water (and we know how rich are the pos-
sibilities of morphological control in this latter case).
Since amorphous isotropic particles are growing, no
strong difference of energy between different morphol-
ogies should be expected. Therefore slight variations of
parameters are sometimes sufficient to obtain strong
variations of the precipitates’ morphology, as illustrated
below.

To produce MoS, directly in the aqueous solution,
thiomolybdate precursor was applied [154—156]. Since
the latter already contained sulfur, the treatment neces-
sary was reduction with some strong enough and easy-
to-remove agent, which was hydrazine. (NH4),MoS,
(ATM) was dissolved in water and reacted with the de-
sired amount of N,H,-H,O with an ammonia or a HCI
solution (for adjusting pH).

Formation of MoS, was possible in the pH range 7—
10. Too low a pH leads to precipitation of amorphous
MoSj; according to the reaction. On the other hand, the
samples prepared at too high a pH contain some impuri-
ties of MoO; (seen in the XRD pattern of the samples

heated in nitrogen to 773 K). This fact can be explained
by progressive hydrolysis of ATM to oxomolybdate,
which reacts further with hydrazine, giving MoO,.

The reaction allowed obtaining very short and ran-
domly oriented fringes of MoS,. The surface area of
the so-obtained sulfide was from 100 to 150 m2/g, but
the great part of the surface was due to edges as can
be directly seen in Fig. 9. Therefore very high catalytic
activity is available. The reaction may be conducted in
the presence of any appropriate support slurry; then
highly active supported hydrotreating catalysts may
be obtained [155,156].

Precipitation of sulfur-rich sulfides from the mixed
solvents with their further transformation to MoS, was
studied in Refs. [36,157,158]. This series of works has
been initiated by “nanotubes fever” and by our inability
to explain the genesis of some tubular morphologies
observed in the experiment. Indeed, in most cases the
tubules are produced due to the well-understood physi-
cal mechanisms, such as the strain release in the incom-
mensurate lamellar structures [159] or assembly of some
organic surfactant, or more generally due to some tem-
plates for which tubular morphology is well understood
[160]. However, several syntheses of inorganic tubules
did not fit to any of the known categories. Among
them are for example the amorphous phosphorous
nitride [161] and molybdenum sulfide hollow tubes
[152,157] for which the physical mechanism of the

Fig. 9. (a) SEM morphology of MoS, obtained in aqueous solution at 90 °C from the thiomolybdate reduction by hydrazine. (b) TEM image of
reduction of a spherical agglomerate in dried specimen. Weakly stacked and very short fringes are seen, but MoS, identity is not doubtful. The

preparation conditions are similar to those of Ref. [154].
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tubules and hollow sphere formation was unclear. How-
ever, despite the very different chemistry involved, the
reported syntheses have some important similarity: the
inorganic solids obtained are amorphous, whereas
hollow or filled spheres and tubules coexist in them.
As for the preparation conditions, they are carried out
in the mixed solvents in the presence of dissolved elec-
trolytes. The important point is that no external surfac-
tant was added to the reaction mixtures to obtain such
structures. These observations made us suggest that a gen-
eral mechanism exists, leading to the amorphous hollow
balls and tubules. The mechanism is supposed to be some-
what similar to that known for the micelles formation and
vesiculation of lipids. In Ref. [158] we showed that the
morphology of the amorphous MoS, (and MoS, further
obtained from it) might be controlled by the change of
the ionic strength of the reaction mixture. Moreover, the
types of morphologies similar to those known for the ves-
icles and tubular membranes are subsequently produced
when the synthesis conditions are modified.

The morphology of the MoS, precipitates was stud-
ied for the reaction of (NH,4),Mo0,S, (ammonium thio-
dimolybdate, ATDM) in water—acetone solutions in the
presence of varying amounts of different electrolytes,
such as NH4SCN, KCl, (NH4),SO,4 or (NH,OH,)HSO,.
To obtain vesicle-like and tubular structures, the content
of the dissolved electrolyte should lie in the appropriate
range, depending on its exact chemical composition.

The electrolyte amount was found to be the key param-
eter, controlling the morphology obtained.

At low electrolyte content, microspheres were
dominating (Fig. 10a). However, already at 1% concen-
tration of the electrolyte added, the precipitate morphol-
ogy is strongly changed. The surface of precipitate is
not anymore smooth but covered with holes of different
size. At the same time, at low electrolyte content, large
vesicle like hollow spherical objects are sometimes ob-
served. Further increase of the electrolyte concentration
leads to production of tubular particles. The tubules are
bent and heterogeneous in size, their diameter spans
from tens to several hundreds of nanometers
(Fig. 10b). Such a polydispersity is typical of the tubular
vesicles of lipids [162]. The broad size distribution of
the objects (tubes in the figure) suggests that the free en-
ergy of these metastable structures corresponds to flat
and ill-defined minima in the variables’ space (compo-
sition—temperature—ionic force). Heterogeneity of size
and variable abundance of the structures also suggest
that the difference in the formation energy of such
objects is comparable to kT.

The effects observed are electrolyte non-specific, i.e.
the same types of structures are produced while the elec-
trolyte amount in the reaction mixture increases. More-
over, the electrolytes which are differently placed in the
Hoffmeister series (strongly salting out (NH4),SO,,
weakly salting out KCI, or salting in NH4SCN)), provided

Fig. 10. (a) MoS, microspheres obtained in the mixed acetone—water solution without electrolyte. Preparation conditions are close to those of
Ref. [158]. (b) Heterogeneous-size MoS, microtubules formed in the same solution in the presence of (NH4),SO,4. There was no template or any
surfactant added to the reaction mixture. Preparations are similar to those applied in Ref. [36].
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the same effect. This behavior resembles strongly the
behavior of the assemblies of amphiphilic molecules as
a function of the packing parameter, while the system
obeys the qualitative rules outlined by Israelachvili
et al. for the organic micelles [163]. The variations of
the ionic force are known to influence the size and the rel-
ative stability of the liposomes and vesicles [164,165].
Independently of the exact chemical structure of the spe-
cies, the main idea was that carrying out a slow polymer-
ization reaction in a mixed solvent in the presence of an
electrolyte provides the possibility for growing oligo-
mers to produce complex patterns. Imperatively, some
short-range attraction and long-range repulsion forces
must be present in a system for any space ordering to oc-
cur. In our case, the role of short-range attraction can be
tentatively attributed to the interactions of the electrolyte
ions with the ionic and polar Mo=0 moieties of the
growing oligomers, whereas selective structuring of
water and acetone around the differently charged areas
of the oligomers should correspond to the long-range re-
pulsion. The common theoretical basis of description of
such systems should present a natural extension of the
existing approaches. Indeed, though the theories describ-
ing the formation of micelles and vesicles have been
developed having in mind the organic amphiphilic mole-
cules, the physical equations derived and the general
rules of behavior following from them are indifferent to
the exact chemical nature of the objects.

Low-temperature solution route to MoS, large fibers
was reported by Liao et al. [166]. In this preparation,
(NH4)>,Mo3S; was added to ethylenediamine at room
temperature and stirred for 10 h. The black powder
was collected and then annealed at 400 °C under N, at-
mosphere. It is not clear whether the MoS, was really
obtained in the solution, since the properties of an-
nealed solids are reported (and in this case MoS, should
be formed anyways). Rather large size of the particles
allows supposing that no dissolution of the precursor
seemingly did occur in the reaction mixture but the pro-
cess was topochemical reaction of thiomolybdate with
liquid phase.

At last, the non-aqueous solution synthesis should
be mentioned, where the controlled size single-layer
MoS, disks were prepared as in Refs. [53,54]. This
preparation used an inverse micelle where MoCly
was dissolved in ternary tridodecylmethylammonium
iodide hexanol and octane, then reacted with H,S or
aqueous ammonium sulfide. The chemical reaction is
obvious and includes exchange between chloride and
sulfide anions through the micelle walls. Such prepa-
rations, though hard to imagine at a large scale, pro-
vide a fine size control of nanoclusters. An

intriguing finding was made in Ref. [54] that the clus-
ters of sizes 3.5, 4.5 and 8 nm can be prepared from
polydisperse clusters, i.e. they correspond to the min-
ima of free energy.

Overall, it seems that the solution preparations at low
temperatures have great potentiality. However, often
only amorphous MoS, or ill-defined products are ob-
tained and not directly the target MoS,. Their further
heating is needed to obtain MoS, with well-established
chemical identity. Provided the decomposition products
keep the morphology of initial amorphous precipitate,
solution reactions can represent a powerful technique
of morphological control.

3.7. Surfactant-assisted preparations

The syntheses using surfactant addition to improve
the properties of the MoS, product can all be alterna-
tively classified as hydrothermal or solvothermal tech-
niques, or solution syntheses. What is important and
makes them a separate group is the role of surfactant
and its evolution during the synthesis. The MCM-in-
spired preparations of non-siliceous solids, including
phosphates, non-siliceous oxides or chalcogenides
were extensively studied in the last years. However, rel-
atively few papers dealt with VI group sulfides, proba-
bly because of the lack of slow solution reactions which
could be conveniently modified by the surfactant intro-
duction. The works can be divided into two groups:
those where some mesophases were identified, having
low-angle XRD reflections and those where meso-
phases were not observed (or even were not researched)
but the surfactant was applied just as a scaffolding
species, in order to improve the textural properties of
the synthesized solids.

In our work [110,167] we targeted first of all the syn-
thesis of highly active hydrotreating catalysts. Therefore
the ordering of porous system of the resulting solids was
only of secondary importance. In Ref. [167] the
surfactant-assisted preparation was carried out using
the same reduction reaction of thiomolybdate by hydra-
zine precursors as in Ref. [154]. The only difference was
the addition of cetyl-trimethyl-ammonium bromide
(CTAB) to the reaction mixture. As a result, nearly per-
fect monolayers of MoS, were obtained, and they were
stable after activation at 400—500 °C in the mixture
H,S/H,. These preparations had specific surface area
up to 210 m?*/g, one of the highest ever obtained for
this compound. No mesophase was observed in the dried
materials and we suppose that the surfactant plays in this
case essentially the role of a scaffold, either before or
after thermal activation.
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In Ref. [110] the reaction applied and the surfactant
added were completely different, but the idea of using
a surfactant as a textural promoter was the same. The re-
actions of Co(Il) or Ni(Il) salts with thiomolybdates
were used to generate the amorphous precipitates
(12,13). The precipitates were further activated by con-
ventional H,S/H, treatment at 400 °C. The reactions
(12,13) appear to provide a good ratio between Mo
and Co(Ni) in the precipitate, which is further trans-
formed to an unsupported catalyst.

Co*" + MoS2~ — CoMoS, (12)
Co** + Mo,S}, — CoMo,S), (13)

The key point for obtaining highly dispersed catalysts
using these reactions was the proper choice of the
solvent and the organic admixture playing a role of tex-
tural promoter. Indeed, without the surfactant the aque-
ous reaction of thiomolybdates with Co(II) or Ni(Il)
salt solutions led to the immediate formation of black
precipitates, but their further sulfidation produced solids
with quite low HDS activities. A real improvement was
only achieved after the addition of a textural promoter,
which is a non-ionic surfactant of the alkylaryl-polye-
thylenglycol family (substances commercially known
as Tergitols or Tritons). Another necessary admixture
to the reactions solutions was ethylene glycol (EG):
without it the addition of non-ionic surfactant led only
to a moderate improvement of catalytic properties. As
an explanation we speculated that EG acts as a solubiliz-
ing agent whereas the surfactant acts as a scaffold.

The precipitates obtained from the mixed solvent—
surfactant solutions had a smooth morphology (Fig. 11).
Sulfidation transformed them to fine dispersions, which
according to the XRD contained only a MoS, phase
without any cobalt-containing crystalline phases. Riet-
veld refinement of the patterns gives the value of stack-
ing for the (002) broad peak, in the same sequence as that
of the specific surface area values. Transmission micros-
copy of the sulfided catalysts shows the presence of short
MoS, fringes as a unique component of the solid. The
EDS study revealed that the solids are highly homoge-
neous, keeping almost the same Co/Mo atomic ratio.
These catalysts demonstrated exceptionally high HDS
activity in the hydrodesulfurization of substituted diben-
zothiophene molecules, five times higher than that of the
commercial catalyst of Ref. [110].

In the work of Ref. [168] micelle-assisted fabrication
of necklace-shaped assembly of inorganic fullerene-
like molybdenum disulfide nanospheres was stated.
The preparation included anionic surfactant. In a typical
synthesis, Na,MoO, was reacted with hydrazine mono-
hydrate and CS, in the presence of 1-octanol and so-
dium laurylsulfonate (SDS) at 140 °C for 24 h. Closer
inspection of the results of this work shows that the
particles have a typical “hydrothermal MoS,” mor-
phology. The linear assemblies of agglomerates are
present; the slabs of MoS, are bent, but no evidence
of closed “fullerene-like” shells was obtained.

The second group of works includes those where the
authors pursued the goal of obtaining mesophases which
would give small-angle XRD signature. The problem in

Fig. 11. (a) Monolayers of MoS, obtained from the reduction of thiomolybdate by hydrazine in the presence of CTAB [167]. (b) Morphology of
the dried pre-catalyst from the precipitation of Co?™ with thiomolybdate in the presence of non-ionic Triton surfactant [110].
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these studies was to preserve the ordering of pores after
the removal of the surfactant. Mesolamellar molybde-
num sulfides with intercalated cetyl-trimethyl-ammo-
nium cations have been first prepared by Wang et al. at
room temperature and under mild hydrothermal condi-
tions [169]. In the hydrothermally treated sample, alter-
nate dark and bright stripes are shown in the TEM images
and the dark stripes were attributed to the inorganic mo-
lybdenum sulfide layers. However, the presented IR
spectra suggest the formation of some partially hydro-
lysed oxoanions or amorphous MoS;-like interlayer,
but not of MoS,. The two mesolamellar sulfide com-
pounds are thermally unstable. The surfactant cations
in the compounds start to decompose at about 200 °C
with disappearance of the lamellar structure.

In Ref. [170] we obtained layered mesophases using
the reaction between thiomolybdate and CTAB (14) and
tried to transform it into mesolamellar MoS, hybride
phase. Chemical composition and IR spectra of the
products allowed supposing that an exchange reaction
takes place:

2CTABr + (NH,),MoS,; — (CTA),MoS, |
+ 2NH,Br (14)

An XRD pattern of the layered structure was obtained
with the three peaks observed in the low-angle region
can be treated as (001) series with maximum d-spacing
equal to 30.5 A. Further reduction of (CTA),MoS, by
hydrazine was tried under mild conditions. Due to
open structure of the starting material (CTA),MoS,, hy-
drazine molecules could penetrate inside the inorganic
layers and react further with [MOS4]27. However, as are-
sult of such treatment the interlayer thiomolybdates
were transformed to dimeric oxothiomolybdates rather
than reduced to MoS,:

2[Mov'S,]*” + 2H,0 — 2™ — [M0Y0,S,(S,),]"
+2H,S (15)

At the same time the lamellar structure was preserved
but the order of layers perturbed. Thermal decomposi-
tion of (CTA)MoOSs, in argon flow led to formation
of highly dispersed material having BET surface area
400 m*/g. However, the layers’ ordering completely dis-
appeared due to the decomposition of the surfactant.

Recently, Kanadzidis and coworkers prepared Co—
Mo—S mesophases [171]. The cobalt and nickel ions
were combined with MoS3 ™ anions in the formamide so-
lutions of the alkyl-pyridinium surfactant molecules

CnPyBr, with n ranging from 12 to 20. The reaction mix-
tures were treated at 80 °C for several hours. Low-angle
Bragg peaks in the range of distances 3.5—4.5 nm were
observed in the XRD patterns of the products and lamel-
lar mesostructure was put in evidence by TEM, in agree-
ment with XRD. Unfortunately the mesostructure
collapsed after heating above 673 K. Nevertheless the
way of catalyst preparation through the Co(Ni)Mo—S
mesophases seems to be interesting to pursue further.

Polycrystalline tubulenes and highly disordered
sheets of MoS, were obtained in Ref. [172] by precipitat-
ing ammonium thiomolybdate solutions [(NH4),MoS,]
with two different tetraalkylammonium surfactants used
as templates, hexadecyltrimethylammonium bromide
[CH;3(CH,);5N(CHj3)3Br] and tetrabutylammonium hy-
droxide [(CH3(CH,)3),NOH]. The surfactant-templated
hybrid phase (R4N—MoS,) showed the (001) diffraction
peak series characteristic of a lamellar mesostructure.
The hybrid phase was decomposed at temperatures
above 600 °C, yielding a MoS, phase, which show un-
usual well-aligned bundles of tubulenes and sponge-
like morphology.

As a summary, the surfactant-aided preparations
showed their utility as concerns the improvement of tex-
tural properties of the materials obtained. However, no
convincing evidence of obtaining MCM-like molybde-
num sulfide was given as yet.

4. Conclusion

As can be seen from this review, for the preparation
of highly dispersed MoS,, a great variety of methods is
now available. Within every technique further subdivi-
sion is possible, e.g. when talking about decomposition
of molecular precursor, it can be static or dynamic; ex
situ or in situ; the precursor can be thiocarbamate, thio-
molybdate, thiocyanide and so on. Yet nothing has been
said on such methods as electrochemical deposition of
MoS, thin films [173—175] and CVD—MOCVD re-
lated techniques [176—181], molten salt [182,183]
and sonochemical preparations [184—186].

Overall, MoS, is a readily available compound which
is easily formed under various reaction conditions. More-
over it seems to be an ultimate product of almost any pre-
cursor decomposition and/or solution reaction at
moderately high temperature if the active sulfide species
and some reducing conditions are provided. That is prob-
ably why molybdenite is the naturally occurred mineral
and the main source of molybdenum for industry. One
can therefore easily propose yet other methods of MoS,
synthesis. Thus, it can be expected that in the near future
someone will come up with the microwave-assisted
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preparations of MoS, or those using as a medium imida-
zolinium-type ionic liquids (or, better, both combined).
However, for any new method of MoS, preparation to
present some interest now, the important points are those
of simplicity and/or the possibility to obtain MoS, with
some original properties. The challenge is therefore not
just to obtain MoS,, but to obtain it simply, not expen-
sively and with desired properties.

As a material and especially as a catalyst, MoS, still
presents an interesting unresolved problem, concerning
the relationship between its morphology, as seen by
XRD and TEM, and its textural properties, as measured
by gases’ adsorption. That means, one may get a sample
of MoS, showing some nice slabs of sulfide, both by
length and by stacking resembling for example ex-thio-
molybdate, but without any apparent reason having very
low surface area according to nitrogen adsorption BET
measurements. This fact is well known by the re-
searchers working with MoS,-based catalysts, but has
never been explained (and never referenced). Indeed,
for the unsupported MoS, catalysts after typical HDS
catalytic tests (several days at 623 K, 0.1 MPa of hydro-
gen) the surface area drops usually by several times, e.g.
from 60 to ca 15—20 m*/g. At the same time no substan-
tial change occurred according to XRD or TEM obser-
vations. This was not due to coking because the amount
of carbon in the used catalyst was low. Some prepara-
tion techniques not including carbonaceous species
also give this effect. Thus, this author observed a sample
(obtained from the molybdenum nitride sulfidation)
which had only 0.5 m?/g specific surface area but which
was virtually undistinguishable by XRD and TEM from
the 60 m?*/g ex-thiomolybdate reference. This is very
probably due to the fine details of the fringes packing.
A study clarifying this problem could be interesting.
To address this point, simultaneous TEM, BET and
small-angle scattering (SAXS, INS) might be helpful.

The role of the bent basal planes remains an intrigu-
ing issue to understand. Though curved planes are om-
nipresent in the hydrotreating catalysts, the models
existing now represent only flat hexagons (since re-
cently, triangles) of MoS, and focus only on their edges.
However, many findings contradict the simple edge dec-
oration model of MoS, catalysts, see for example
[120,187]. The questions therefore are: what is the co-
ordination of molybdenum in the curved planes? Are
the curved basal planes totally inactive? A systematic
study taking advantage of currently available MoS,
model solids with versatile morphology would be emi-
nently relevant to sort out these points.

Finally, despite all the efforts made, the morphology
control still remains a challenge. If many papers cited

in this review claim that morphology control is achieved,
no one really provides a technique of control, i.e. repro-
ducible fine tuning of the MoS, properties by varying
some synthesis parameters (unless we consider as such
the decrease of surface area vs. sintering temperature,
but this is rather a degenerate case). The only exceptions
are probably the syntheses in the inverse micelles [54],
but they are excessively complicated. What the earlier
works provide is only (hopefully) the repeatability of
properties or at best the qualitative change of morphol-
ogy type as a function of preparation conditions. Apply-
ing different methods from the procedures published,
qualitatively different MoS, specimens are now avail-
able, e.g. strongly stacked with short fringes or weakly
stacked with long fringes, or monolayer MoS, slabs.
However, what would be eminently interesting for catal-
ysis and photochemistry is to be able to vary indepen-
dently the fringes stacking and their length within one
unique technique. Doing that within narrow range and
getting specimens with stable stacking/length parameters
would allow being more quantitative in the evaluation of
different models of catalytic performance, as well as the
quantum effects. To meet this challenge a technique
should be developed in which the parameters of nucle-
ation, growth and agglomeration of the MoS, slabs
would be separately variable.
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