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Ultrathin MoS; nanosheets with thickness of 5-10 nm were successfully synthesized by a facile gas-solid
reaction method, using molybdenum trioxide (MoOs) and thiourea as the precursors, and then calcined
at 800-850 °C under N, for 1 h. As-prepared MoS, samples were characterized by XRD, EDS, FESEM, and
TEM. TEM and FESEM results showed that the obtained MoS, ultrathin nanosheets mainly consisted of
5-10 layers stacking of the monatomic sheets. The influence of temperature on the formation of MoS,

MoS, nanosheets was investigated. A possible two-step reaction mechanism is proposed to explain the

Multilayer structure
Gas-solid reaction

‘ . evolution process.
Nanocrystalline materials

formation of MoS, nanosheets on the basis of observations of a temperature-dependent morphology
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1. Introduction

During the past decades, MoS,, as one member of inorganic
transition metal sulfides, has elicited numerous studies because of
its unique layered structure and related interesting functional
properties. The layered structure consists of strong covalent
bonding between Mo-S atomic but weak Van der Waals attraction
between lattice layers [1,2]. This unique anisotropic layered
structure result in excellent optical, electronic and mechanical
properties and wide applications such as catalysts [3], lubricants
[4], photoconductors [5], lithium ion battery anodes [6], and
hydrogen storage [7].

To date, MoS, has been reported with different morphologies
including nanotubes [8], fullerene-like nanoparticles [1,2], nano-
plates [9,10], nanorods [11], nanoflowers [12], nanowires [13]| and
nanospheres [14]. Recently, ultrathin MoS, nanosheets have
attracted considerable attention due to its extraordinary electro-
chemical properties. And various methods have been reported on
the synthesis of ultrathin MoS, nanosheets, including scotch tape
based micromechanical exfoliation [15], intercalation assisted
exfoliation [16], liquid exfoliation [17], physical vapor deposition
[18], and hydrothermal synthesis [19]. However, up to now, it is
still desirable to develop a facile and scalable strategy to produce
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ultrathin MoS, nanosheets on a large scale in order to realize their
practical applications.

Herein, ultrathin MoS, nanosheets with the thickness of 5-10 nm
were successfully synthesized through a facile and reproducible gas-
solid reaction approach using MoOs; and thiourea as starting
materials and the effect of temperature on the morphologies of
the as-prepared MoS, samples was investigated. Furthermore, a
possible formation mechanism for the MoS, nanosheets has been
discussed in detail.

2. Experiment

Synthesis: Thiourea and MoOs5 were purchased from Sinopharm
(Shanghai) Chemical Reagent Co., Ltd. All other reagents were of
analytical grade and were used as received without further
purification. In a typical synthesis, 0.4 g MoOs and 6.35 g thiourea
were thoroughly ground for 15 min, and then the ground mixture
was loaded in an alumina boat. This boat was quickly pushed into
the hot zone of the tube furnace after the furnace temperature had
stabilized at about 850 °C under the atmosphere of nitrogen. After
calcination at 850 °C for 1 h, the tube furnace was allowed to cool
down to room temperature, and 0.363 g black MoS, was collected.
The yield of the MoS2 nanosheets is 81.7%.

Characterization: The X-ray diffraction (XRD) patterns were
recorded using a D8 advance (Bruker-AXS) diffractometer with
Cu Ko radiation (1=0.1546 nm). The morphologies of the as-
synthesized products were examined by field-emission scanning
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electron microscopy (FESEM, JEOL, JSM-7001F) and transmission
electron microscopy (TEM, JEOL, JEM-2100).

3. Results and discussion
The crystallinity, structure, and phase purity of the prepared

samples were confirmed by XRD and EDS. Fig. 1a shows the XRD
pattern of the MoS, sample fabricated by the sulfurization of MoO3

at 850 °C. All peaks in the XRD pattern can be readily indexed to
the pure hexagonal (P63/mmc space group) MoS, phase, with
lattice constants a=3.16 A and c=12.294 A, which are in good
agreement with the reported values (JCPDS card no. 65-1951). No
extra peaks are observed in the XRD pattern, indicating the high
purity of the MoS, samples. The high background intensities of the
XRD patterns may suggest the existence of amorphous materials in
MoS; [20]. An energy-dispersive X-ray spectrometer (EDS) result
as shown in Fig. 1b reveals that the sample consisted of element
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Fig. 1. (a) XRD pattern and (b) EDS of the as-prepared MoS, nanosheets.

Fig. 2. FESEM (a, b) and TEM (c, d) of the MoS, nanosheets obtained at 850 °C for 1 h.
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Mo and S, no another element is observed. Furthermore, the
quantification of the peaks shows that the atom ratio between
Mo and S is about 1:1.96, which is very close to the stoichiometric
MOSz.

The morphology of the obtained MoS, products was investi-
gated by FESEM (Fig. 2a and b) and TEM (Fig. 2c and d). As can be
seen from Fig. 2a, the product was composed of many aggregated
particles. Fig. 2b, the high-magnification FESEM image, presents a
clear view of the morphology. It reveals that the obtained samples
mainly comprised of nanosheets, which have an average lateral
size of about 100 nm and a thickness of 5-10 nm.

Further insight into the morphology and microstructure of
MoS, nanoflakes was gained by TEM. As shown in Fig. 2(c), the
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Fig. 3. XRD patterns of the samples obtained at different temperatures.

low-magnification TEM image discloses that the as-synthesized
MoS, particles comprised of well-dispersed sheets. The TEM image
is in good agreement with the morphology as presented in the
SEM pictures. The selected area electron diffraction (SAED) pattern
for the MoS, nanosheets is presented in the inset of Fig. 2c. The
diffraction rings can be indexed to the reflections of the molybde-
num sulfide (002), (100), (103), (105) and (110) planes. The high-
magnification TEM image, as shown in Fig. 2d, indicates that MoS,
nanosheets mainly consisted of 5-10 layers stacking of the
monatomic sheets. The interlayer separation between the MoS,
layers is about 0.63 nm, which corresponds to the (002) plane of
the MoS..

To better understand the formation mechanism of the MoS;
nanolamellars, their growth process has been investigated by
examining the samples harvested at different temperatures.
Fig. 3 depicts the XRD patterns of the samples obtained at
500 °C, 600 °C, 700 °C and 800 °C, respectively. As shown in the
figure, three lower intensities peaks can be detected after calcina-
tion at 500 °C for 1 h. And the most intensity peak among them,
which are located in 26 scale at 26°, is indexed to the (011) peak of
MoOs. The other two peaks located at 33.5° and 58.7° are
corresponding to the (100) and (110) peak of MoS,. This indicated
that part of MoOs transformed into MoS, at 500 °C. The FESEM
image of the sample harvested at 500 °C is presented in Fig. 4a. It
is observed that the particles are evidently agglomerated. With the
increase of reaction temperature to 600 °C, the (011) diffraction of
MoOs3 disappeared and the (002) peak of MoS, appeared, which
implies that MoOs has been completely sulfurized into MoS, at
600 °C. But the presence of broad and weak peaks indicates that
MoS, particles have a very small crystallite size [21]. When the

Fig. 4. SEM image of the MoS, nanosheets obtained at (a) 500 °C, (b) 600 °C, (c) 700 °C and (d) 800 °C.
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reaction temperature is further increased to 700 °C and 800 °C, the
intensity of the detected diffraction increased obviously. Moreover,
it is obvious that the diffraction peaks of crystal plane (002)
become stronger and sharper with increasing reaction tempera-
ture, suggesting the increase of the MoS, crystal sizes.

The FESEM images of the corresponding samples obtained at
600 °C, 700 °C and 800 °C are shown in Figs. 4b-d, respectively.
From Fig. 4(b), it could be found that the sample obtained at
600 °C was mainly composed of aggregated particles, which is
consisted of ultra-small nanosheets. However, when the heat-
treatment temperature is raised to be higher than 600 °C, the
lateral size of the nanosheets becomes bigger and the crystal
morphology becomes clearer with the increase of annealing
temperature.

Based on the above experimental results and the reported
strategies in the synthesis of MoS, in literatures [1,2], especially
the solid phase reaction of MoOs with S, we deduce that the
formation of MoS, in this work go through a two-step reaction. In
our strategy, thiourea instead of sulfur or H,S served as the
reductant and sulfurization agent at the same time. According to
the literatures [22] reported, thiourea rapidly decomposed at high
temperature and produced of CS,, H,NCN, and NHs. Subsequently,
CS, reduced Mo ( VI') to Mo( IV ), leading to the formation of MoS,.
At 850 °C, the reaction velocity of MoOs and CS, was very fast and
layer-like MoS, structures immediately deposited on the surface of
MoOs particles. With prolonging reaction time, the MoS, layers
were exfoliated by the impact erosion of gases and further grown,
which leading to the formation of the MoS, nanosheets. The detail
growth process is shown in the Supporting information. The
reaction routes for the synthesis of MoS, in our experiment could
be expressed as follows:

2SC(NH;), — CS+H,NCN+2NH3 (1)
3CS,+2Mo03—2MoS;,+3C0,+2S (2)

4. Conclusion

In summary, a facile route for fabricating ultrathin MoS,
nanosheets was presented by the reaction of MoOs and thiourea
in a nitrogen atmosphere at temperature of 800-850 °C for 1 h.
Ultranthin MoS, nanosheets with thickness 5-10 nm and lateral
size of about 100 nm were successfully synthesized through a two-
step reaction including thiourea decomposition and MoOs3 sulfur-
ization. The experimental results suggest that temperature plays a

crucial role in the formation of MoS, nanosheets. The approach
presented here can be extended to synthesize other metal sulfides
nanomaterial.
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