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Sulfides of molybdenum and rhenium poorly crystalline were prepared by solvothermal oxidative
decarbonylation of the respective metal carbonyls with sulfur using p-xylene as solvent. The same
reaction, but in presence of hexadecylamine (HDA), was used for preparing the nanocomposites
MoS2/HDA and ReS2/HDA. The products were analyzed by X-ray diffraction analysis, scanning
electron microscopy, atomic force microscopy, and Fourier-transform infrared spectroscopy. The
products, MoS2 and ReS2, are structurally similar but morphologically different: small undefined
particles (150–300 nm) and well-defined, almost perfect microspheres (0.4–2.8 μm), respectively.
Preparations containing HDA lead to the corresponding layered nanocomposites. MoS2/HDA is a
dark solid easily separable from the reaction mixture, while ReS2/HDA remains as a suspension in
p-xylene, from which it is obtained by evaporating the solvent under vacuum. Both are layered spe-
cies with basal spacing of 33.8 Å (Mo) and 30.4 Å (Re), respectively. The preparation of thin films
of ReS2/HDA from its suspension by evaporating the solvent in the air produces small cylindrical
particles of about 0.4 × 1.0 μm in size. Differences in the behavior of Mo and Re derivatives are
discussed considering the coordination of the metal and the electronic structures of both metal
disulfides.
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1. Introduction

Transition metal sulfides (TMS) MS2 like those of molybdenum and rhenium have layered
graphite-like structures, with S–M–S layers stacked in the direction perpendicular to the
layer plane by van der Waals forces [1]. Due to this special structure, these products can eas-
ily provide active sites and high specific surface areas, particularly when they are poorly
crystalline phases or nanostructured [2]. These compounds, especially MoS2, have been sub-
ject of numerous applications in lithium batteries [3], lubricants [4, 5], hydrogen storage [6],
or as catalysts for hydrodesulfurization and hydrodenitrogenation of crude petroleum [7]. In
this latter field, ReS2 has proved to be a very active catalyst, even better than MoS2 [8]. The
possibility of incorporating foreign atoms, molecules, or ions between the layers for produc-
ing a diversity of intercalation compounds to form new materials is also an interesting
property of this kind of structure.

The intercalation of donor species into MoS2, particularly of amines, is well known [9].
However, due to the inertness of the most stable crystalline form of this sulfide, 2H-MoS2,
most intercalation products have to be prepared by exfoliation of LixMoS2 in water [10].
Such a procedure induces higher reactivity due not only to the physical effect of producing
smaller aggregates or even single MS2 layers, but also to an alteration of the electronic struc-
ture of the layers, mainly generated by a change of the geometry of the coordination sphere
of molybdenum in the MoS6 unit, from trigonal prismatic to octahedral [9]. That notwith-
standing, intercalation of dodecylamine into molybdenum disulfide has been also attained in
the production of MoS2 by oxidative decarbonylation of Mo(CO)6 with elemental sulfur
using the amine both as solvent and as template [11]. Such a decarbonylation reaction, but
without any template, is a successful method for obtaining the poorly stacked sulfides of
MoS2 and ReS2, either in bulk [12, 13] or embedded in carbonaceous composites [14, 15].
Recently, we have also experienced that the morphology of the ReS2/C composites obtained
by this reaction may be in some extent modulated by selecting the solvent [16].

In this work, we compare the morphology of the products obtained by the solvothermal
oxidative decarbonylation of neutral carbonyls of Mo and of Re with sulfur, using p-xylene
as solvent, as well as of those attained from these same reactions performed in presence of
hexadecylamine (HDA). In absence of the amine, molybdenum disulfide microparticles with
undefined shape are obtained, while rhenium disulfide particles show an almost perfect
spherical morphology, thus pointing to a particular catalytic effect of this sulfide on the
decomposition of the solvent. The presence of the amine induces the formation of typical
layered MS2/amine nanocomposites. Contrasting with its Mo analog, the ReS2 nanocom-
posite is directly obtained as very stable p-xylene suspensions from which bulk solids with
morphologies which depend on the method used for eliminating the solvent are separated.

2. Experimental procedure

0.3 mM of Re2(CO)10 analytically pure (Sigma-Aldrich 98%), 6.0 mM of sulfur powder
(Sigma-Aldrich 99.8%) and about 8 mL of p-xylene (Sigma-Aldrich 99%) were put into a
10 mL Teflon-lined autoclave, heated at 180 °C in an electrical oven for 24 h and then
cooled naturally. A black powder suspension was obtained. The product was separated by
centrifugation, washed with diethyl ether, filtered, and dried at vacuum for 10 h, getting a
black powder, labeled as ReS2. The same solvothermal procedure was repeated using
0.3 mM of Re2(CO)10, 1.2 mM of sulfur powder, 8 mL of p-xylene, and 0.3 mM of HDA.
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The product of reaction was a black-reddish oily suspension superstable, which remains
unaltered for more than six months. After evaporating the solvent under active vacuum at
50 °C for three days, a black shiny solid was obtained, labeled as ReS2/HDA.

The same procedure above was used for preparing analogous molybdenum derivatives.
The solvothermal treatment of 0.7 mM of Mo(CO)6 (Sigma-Aldrich 99.9%), 1.4 mM of sul-
fur powder (Sigma-Aldrich 99.8%), and about 8 mL of p-xylene (Sigma-Aldrich 99%) leads
to formation of a black powder. The same reaction was repeated using the same amounts of
reagents and solvent, but adding 0.7 mM of HDA. A black precipitate which contrasts the
ReS2 nanocomposite was easily separable by centrifugation.

Bulk solid products were characterized by powder X-ray diffraction (XRD) analysis, per-
formed with a SIEMENS D5000 powder diffractometer with CuKα radiation (k = 1.54060 Å)
at 30 mA and 40 kV; scanning electron microscopy (SEM), SEM LEO 1420VP, Oxford
Instruments; Fourier-transform infrared (FT-IR) spectra (4000–500 cm−1) recorded in a Bruker
IFS 25 model infrared spectrophotometer using diluted samples in KBr disks; and atomic force
microscopy (AFM) topography images obtained using a NT-MDT NTEGRA PRIMA SPM,
obtained in semi-contact mode with 300 kHz Si probes.

Thin films of ReS2 nanocomposite from the as-prepared suspension for SEM observations
were obtained by drop casting of the dilute suspension onto a copper lamina; for AFM mea-
surements the samples diluted in p-xylene were spin coated (2000 rpm) onto mica substrates.

3. Results

The synthesis of MoS2 and ReS2 by solvothermal oxidative decarbonilation of Mo and Re
carbonyls with sulfur using p-xylene as solvent leads to formation of the corresponding
metal disulfides. XRD patterns of molybdenum and rhenium sulfides prepared by this pro-
cedure are shown in figure 1. The DRX pattern of ReS2 depicted in figure 1a is consistent

Figure 1. XRD patterns of as-prepared (a) rhenium sulfide and (b) molybdenum sulfide synthesized at 180 °C in
p-xylene.
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with the expected one for a poorly crystalline ReS2 triclinic phase with unit cell parameters
a = 6.417(4), b = 6.377(4), c = 6.461(4) (JCPDS 89-0341). The broad (002) reflection cen-
tered at 2θ = 13.4° is indicative of small size crystallites and texture effects. The protruding
DRX profile in the 2θ range 31–50° arises from the superposition of a series of broad
peaks, among them the reflections (2 0 0), (0 3 0) and (0 0 6). The observed DRX pattern
matches well with those observed for ReS2 colloidal particles [17] and fullerene-like
IF-ReS2 [13]. The DRX pattern of the molybdenum sample mainly shows two broadened
reflection profiles, centered at 2θ = 14° and 39°, respectively, which are consistent with
indexation of the hexagonal MoS2 with lattice constants a = 3.161 Å and c = 12.299 Å
(JCPDS 37-1492) [18]. The broad Bragg-reflection (0 0 2) at 2θ about 14° is characteristic
of a poorly stacked 2H-MoS2 layered phase, while the protruded profile in the range
30–48° corresponds to the collective exhibition of several reflections; among them those
corresponding to the planes (1 0 0), (1 0 1) and (1 0 3). Moreover, the reflection (1 1 0) is
detected at 2θ = 58°.

The morphology of the as-prepared samples of both metal sulfides (ReS2 and MoS2) is
compared in figure 2. While the SEM image of MoS2 shows an irregular granular morphol-
ogy [figure 2(a)], ReS2 is obtained as spherically shaped particles [figure 2(b)]. The rhenium
sulfide microspheres are smooth and have diameters in the range 0.4–2.8 μm. Molybdenum
sulfide particles are, in turn, much smaller with diameters ranging between 150 and
300 nm.

Considering the well-known tendency of layered TMS for intercalating donor species, for
instance, alcohols, amines, and particularly, amine-based surfactants, the preparation of
MoS2 and ReS2 by solvothermal oxidative decarbonylation reactions described earlier was
also performed in the presence of HDA. In spite of chemical and structural similitude of
both products, the reaction mixtures obtained after the solvothermal treatment of both car-
bonyls are very different. In the case of molybdenum (MoS2/HDA), a black precipitate is
obtained, easily separable from the solvent (p-xylene) by centrifugation. A SEM image of
this product is shown in figure 3(a). Contrastingly, the reaction with rhenium carbonyl leads
to a very stable oily emulsion which remains unaltered for months. From the latter may
be obtained a solid product but only after evaporating the solvent under active vacuum
(ReS2/HDA). A SEM image of this bulk solid can be seen in figure 3(b).

Figure 2. SEM images of samples obtained at 180 °C: (a) MoS2 and (b) ReS2.
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XRD patterns of the products obtained in presence of HDA, illustrated in figure 4, reveal
that in both cases there is at least a (0 0 l) Bragg reflection at low angles, a feature typical
of intercalated layered nanocomposites [1, 19]. The low angle reflections most relevant in
the pattern of the MoS2-based product [figure 4(a)] at 2θ = 2.61 and 7.97° may be indexed
as corresponding to the (0 0 1) and (0 0 3) crystal planes. From them an interlaminar dis-
tance of about 33.8 Å is inferred. This value is similar to that observed by Vanchura et al.
[11] for a MoS2/amine intercalate obtained through a reaction similar to that discussed here,

Figure 3. SEM images of composites obtained at 180 °C: (a) MoS2/HDA and (b) ReS2/HDA after active vacuum
solvent extraction.

Figure 4. XRD patterns of as-prepared rhenium and molybdenum sulfide composites synthesized at 180 °C in
p-xylene in presence of HAD: (a) MoS2/HDA and (b) ReS2/HDA.
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but using the same amine instead of a conventional solvent. Since the basal spacing in these
compounds is near to that of a surfactant double layer, the nature of these nanocomposites
could be rationalized in a first approximation by applying a geometrical modeling as fre-
quently done for analyzing this kind of nanocomposite, namely considering that these
MoS2/HDA composites in bulk arise from stacking single, MoS2 layers flanked on both
sides by a self-assembled monolayer (SAM) of surfactant molecules. Such a representation
is formally equivalent to the intercalation of a surfactant double layer into the interlaminar
space of the layered metal sulfide. There, the interlaminar distance is determined by the
length of surfactant hydrocarbon chain and the orientation of the long molecular axis of the
latter with respect to the surface of the inorganic sheet. The stability of the nanocomposites
principally depends on two variables, namely the interaction of the polar head of the surfac-
tant with the host and, often in important amount, by the van der Waals interactions
between hydrocarbon tails of the surfactant. Therefore, actual interlaminar distance and the
degree of order in such structures depend on the possibility of optimizing these variables.

The XRD pattern observed for the composite of ReS2/HDA is qualitatively similar to that
of MoS2/HDA just discussed. There is a Bragg peak at 2θ = 2.9° which would correspond
to the plane (0 0 l) and an interlaminar distance of about 30.4 Å [figure 4(b)]. However, this
broad diffraction peak is practically the sole relevant in this diffractogram, thus pointing to
a layered product, but more poorly stacked than the MoS2/HDA. Indeed, the average thick-
ness of the particles estimated by the Scherrer formula using the reflection (0 0 l) in the
DRX pattern of the rhenium nanocomposite accounts approximately to two layers/particle,
while the average thickness of the MoS2/HDA crystallites measured by the same method
indicates an average value of approximately 20 layers/particle. This is in line with the rela-
tively lower crystallinity of the rhenium sulfide commented before.

The presence of amine in the hybrid product ReS2/HDA was corroborated by analyzing
the FT-IR spectrum of the sample. This analysis was also useful for identifying the type of
carbonaceous materials formed during the solvothermal reaction, which, according to some
previous results [Aliaga et al.] appear to be involved in the formation of ReS2 microspheres
in this kind of reaction. The two characteristic bands arising from the symmetric and asym-
metric stretching vibration modes of the CH2 groups in amines are observed at 2851 and
2922 cm−1, respectively. A series of stretching vibrations of N-H bonds with different degree
of association appears to give a broad, low intensity band in the range 3500–3000 cm−1,
probably together with aromatic-C–H absorptions (vide infra). The N–H deformation vibra-
tions, which are observed as an absorption relatively strong at 1636 cm−1 and a medium
weak one at 901 cm−1, also point to hydrogen-bonded NH2 groups. The amine-C–N stretch-
ing vibration is assigned to a broad peak of medium intensity at 1092 cm−1. In addition to
the absorption IR spectrum of HDA, also detected are a series of bands which agree well
with many of those in spectra of the poly(p-xylylene (PPX) described in the literature [20].
The stretching C–C vibration in the aromatic-ring is observed at 1454 cm−1, while the ring
deformation vibrations, in plane and out of plane, are detected at 608 and 500 cm−1, respec-
tively. The frequencies of the aromatic ring C–H deformation vibrations, in and out of plane,
are observed at 1030 and 804 cm−1, respectively. The spectrum also shows two well-defined
peaks at 2023 and 1911 cm−1 which are assignable to rhenium carbonyl. This is indicative
that in spite of careful washing of sample, part of the unreacted metal precursor remained
trapped in the matrix nanocomposite/PPX.

In addition to the separation of bulk ReS2 nanocomposite by vacuum drying, the prepara-
tion of thin films by evaporating the solvent in air was also attained. Films were deposited
by dispersing/drying a few drops of the dilute suspension in p-xylene upon substrates
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appropriate for either SEM or AFM analysis. As observed in the SEM image in figure 5(a),
the deposit performed without sonication is mainly formed by dendritic agglomerations but
neither lamellas nor spheres were detected. A better approach to observe the morphology of
these particles is AFM. A series of AFM micrographs of films deposited by spin coating
are illustrated in figure 5(b)–(d). In spite of the relatively high dilution of the pristine sus-
pension, tiny agglomerates like those illustrated in figure 5(c) were always observed. How-
ever, deposits obtained from the same suspension, but sonicated previously for about
45 min, permit to detect [figure 5(d)] that these agglomerates are mainly formed by small
cylindrical particles with diameters around 0.4 μm and about 1 μm in length.

4. Discussion

The solvothermal oxidative decarbonylation of both molybdenum and rhenium carbonyls
with sulfur, using p-xylene as solvent, is an appropriate strategy for obtaining the corre-
sponding disulfides. Although the products often are not pure phases, have imprecise stoi-
chiometries and/or produce composites with carbonaceous species not well defined, they
always have the property of being poorly crystalline layered disulfides, and therefore

Figure 5. ReS2 nanocomposites: (a) SEM dendritic morphology, (b)–(c) AFM of sonicated suspension, (d) detail
of (c), and (e) cross section analysis of (d).

3890 J.A. Aliaga et al.
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potentially useful as heterogeneous catalysts [2]. However, in spite of many similarities, the
morphology of resulting sulfides is different: MoS2 is obtained as small particles while
ReS2 almost quantitatively produces well-formed spherical microstructures. This appears to
be an effect of the solvent. Indeed, as discussed in a recent study on the effect of the solvent
upon this type of reactions to be published elsewhere [16], the formation of spherical
shaped products occurs preferentially in systems in which the reaction medium includes sol-
vents or reactants that may be transformed into amphiphilic species able to produce
micelle-like aggregates. Although aromatic solvents like p-xylene do not belong to this
class of solvents, we do hypothesize that the structuration of spheres relies on the formation
of PPX during the reaction. Results indicate that this rarely occurs in the case of ReS2. Con-
trastingly all attempts to detect this polymer in the preparation of MoS2 failed. This fact
could be a reasonable point to explain the different morphology of both products, corrobo-
rating moreover our hypothesis about the particular ability of ReS2 to catalyze the polymeri-
zation of p-xylene at relatively low temperatures.

As expected, the presence of HDA in the oxidative decarbonylation of Re2(CO)10 with
sulfur, similar to that of Mo(CO)6, leads to formation of a nanocomposite in which the
amine appears to be located in the interlaminar space of the layered ReS2. However, con-
trary to the case of MoS2/HDA nanocomposite, which is insoluble in the reaction medium
[figure 2(d)], the ReS2/amine derivative remains as a rather stable suspension. This points
to a relatively low reticular energy, agreeing with its poor layer stacking capability.

The peculiarities of the ReS2/amine nanocomposite described here highlight the influence
of the procedures used for its separation on the morphology of the solid. A fast elimination
of solvent leads to a cylindrical morphology, e.g. thin films [figure 5(b) and (e)], while with
an evaporation of the solvent slower (vacuum) produce lamellae [figure 3(a)]. These results
can be rationalized in a first approximation by considering two fundamental aspects
involved in these systems, namely differences in the electronic structure of both Mo and Re
sulfides and the amphiphilic properties of the HDA.

Recently Tongay et al. [21] reported an interesting comparative analysis of the electronic
and atomic structures of these two sulfides. Both solids are lamellar structures, consisting in
a stack of nearly planar layers formed by metal and sulfur atoms joined by covalent ionic
bonds relatively strong. However, they differ in the coordination geometry of the metal
atom as well as in the interaction between the metal centers. In 2H-MoS2, the most stable
form of this sulfide, the layers are formed by independent MoS6 units in which the metal
has trigonal-prismatic coordination, while in rhenium sulfide the metal has an octahedral
coordination distorted by the formation of a Re–Re bond between neighboring ReS6 units
[8]. The latter entails a different electronic distribution resulting in a lower polarity within
the ReS2 sheet. This eventually leads to a minimization of the van der Waals interactions
between the layers to an extent that according to these authors, the behavior of bulk ReS2
in the bulk would be similar to that of a single sheet [21].

Small reticular energies and high degree of disorder observed for ReS2 and ReS2/amine
are in line with the minimal interaction between the layers observed in bulk ReS2 already
commented. The low polarity inside ReS2 sheets also makes the interaction with donors like
amines relatively weak thus avoiding the formation of densely packed SAMs. Although
such effects can explain the different solubility of Mo and Re products, this appears to be
not enough to understand neither the stability of the ReS2 suspension nor the dependence of
the morphology of the products of the procedure used for eliminating the solvent. As men-
tioned above, these systems have to be also analyzed by considering the self aggregation of
the surfactant in the reaction medium.

Crystalline disulfides 3891
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The micelle behavior of simple surfactants like HDA may be described in a reasonably
satisfactory approach, taking into account the effective molecular dimensions of the
surfactant molecule in the medium; for instance using the “critical packing parameter,”
R (R = v/(a0 lc), where v is the volume of the hydrocarbon chains, a0 the optimal head-
group area, and lc the critical chain length) [22]. Linear amphiphilic species with values
of R near to 1 (cylindrical-shaped effective geometry), in general tend to form laminar
aggregates, while those with conical shapes –R values greater or lower than 1– shall form
aggregates with different degrees of curvature. The value of R for HDA, which in water
is near one, is drastically reduced in a nonpolar medium due to solvation of the hydrocar-
bon chain, so it is expected that in p-xylene this surfactant will form inverse micelles.
Therefore, it is very probable that the reaction of the metal carbonyl with sulfur occurs
within these micelles. In the case of molybdenum sulfide, the layers have relatively high
polarity being thus able to interact with surfactant polar heads. The higher this interaction
the more effective will be the segregation of solvent from the amine. This causes a reduc-
tion of the critical packing parameter of the surfactant, thus increasing its tendency to
form laminar double layer aggregates. Such supramolecular structures became further sta-
bilized by interacting with metal sulfide layers, producing finally the precipitation of the
nanocomposite. In the case of ReS2, the low polarity and scarce stacking ability of this
compound avoid the segregation of the solvent from the amine, remaining unaltered the
inverse micelles already commented. Thus, the sulfide encapsulated in such aggregates
remains as a stable suspension in the reaction medium. However, during the drying pro-
cess under active vacuum, the solvent is forced to evaporate from the suspension, thus
inducing an increment of the concentration of the surfactant until a point allowing the
formation of a layered nanocomposite. This leads to a solid which is similar to the
molybdenum derivative but more disordered. A slow evaporation of solvent at normal
atmospheric pressure, as that occurring in the formation of the thin films described before,
appears to stabilize an intermediate situation in which quasi-cylindrical surfactant micelles
are formed. These aggregates would act as templates for generating the nanocomposites
with the worm-like morphology of the particles observed in figure 5(d) and (e).

5. Conclusion

Molybdenum and rhenium sulfides as well as their nanocomposites with HDA have been
synthesized by oxidative decarbonylation of molybdenum and rhenium carbonyls with ele-
mental sulfur under solvothermal conditions. In all the cases, poorly stacked layered prod-
ucts are obtained. However, the morphology of the products, particularly the degree of
order in their solids, is different.

The products of the synthesis of molybdenum sulfide and of its nanocomposite with
HDA prepared under the reaction conditions described here are similar to other poorly crys-
talline solids obtained by a variety of different methods. This procedure is also excellent for
easy obtaining of poorly crystalline ReS2 in the form of almost perfect spherical aggregates.
ReS2, like molybdenum and other transition metal disulfides, is also able to produce layered
nanocomposites by intercalation of amphiphilic species like HDA. In this particular case,
moreover, the morphology of the product could be modulated not only by the nature of the
surfactant but also by selecting the strategy used for separating the solid products from the
reaction mixture.
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Differences observed between the sulfides and their nanocomposites with HDA of
molybdenum and rhenium appear to correlate with their coordination geometries in these
compounds. Different to the trigonal-prismatic coordination of MoS2, rhenium has an octahe-
dral coordination sphere which is distorted due to a Re–Re bond between ReS6 neighboring
units. This makes its properties somewhat atypical. For instance, a rather low polarity inside
each layer, that affects the interlayer interactions; this, up to the extreme that bulk ReS2 can
behave like a single sheet [21]. Main results discussed in this work – solids with depressed
stacking ability, the low affinity for donor species and morphological dependence of
strategies for synthesis and separation of the solids – are good examples of peculiarities of
the chemistry of rhenium disulfide.

Considering the potentiality of rhenium disulfide for diverse applications including heter-
ogeneous catalysis, further studies for testing the relevance of preparation procedures
described here are in course.
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