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facile method to prepare MoS2 with nanolameller-like morphology
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a b s t r a c t

MoS2 nanolamellers were synthesized by a one-step oxidation–reduction reaction in solution, in which
the (NH4)2MoS4 and H2C2O4·2H2O were used as reactants and then calcined at 800 ◦C under N2 for 1 h.
The products were characterized by X-ray diffraction (XRD), transmission electron microscopy (TEM),
vailable online 8 April 2011
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scanning electron microscopy (SEM), high-resolution transmission electron microscopy (HRTEM), X-ray
photoelectron spectroscopy (XPS) and Raman spectroscopy. The diameter and nanoplate thickness of
the obtained MoS2 nanolamellers were approximately 80 nm and 20–30 nm, respectively. These novel
structures of nanolamellers had potential applications in solid lubricants.

Crown Copyright © 2011 Published by Elsevier B.V. All rights reserved.
. Introduction

Transition metal sulfides are a large family of materials that
how many interesting functional properties. Therefore, they can
e used in many fields, such as semiconductors, super conduc-
ors and fluorescent materials [1–3]. As a useful semiconductor,

olybdenum disulfide (MoS2) generally crystallizes with a hexag-
nal lamellar structure (S–Mo–S) and is composed of sulfur layers
etween which Mo atoms are inserted [4]. Each Mo atom is
ovalently bound to six sulfur atoms in a trigonal-prismatic coor-
ination environment. The layers are held together by van der
aals’s interactions between sulfur atoms. The lamellar-type

tructures make MoS2 a useful solid lubricant for high vacuum
pplications [5], scanning probe microscopy [6], an intercalation
ost to forming new materials [7] and electrochemical hydrogen
torage [8].

Recently, preparation of novel nanostructured MoS2 and inves-
igation of their electrochemical properties are attracting more
nd more attention. Various methods have been reported on
he synthesis of nanosized MoS2 [9–24], including the gas-phase

eaction of MoO3 and H2S [10–12], thermal decomposition of
mmonium thiomolybdate [13,14], and the solid-state reaction
f MoCl5 and Na2S [15]. Sonochemistry, pulsed laser deposition,

∗ Corresponding author at: Department of Chemistry, College of Science, Shanghai
niversity, Shanghai 200444, PR China. Tel.: +86 21 66136068;

ax: +86 21 66136038.
E-mail addresses: fengxin@shu.edu.cn (X. Feng), shiliyi@shu.edu.cn (L. Shi).

925-8388/$ – see front matter. Crown Copyright © 2011 Published by Elsevier B.V. All ri
oi:10.1016/j.jallcom.2011.03.185
mechanochemical method, and hydrothermal reactions have also
been developed to prepare nanosized MoS2 at low temperature
[16–25].

In this paper, we describe a simple and low-cost route to syn-
thesize amorphous MoS2 nanoparticles by oxidation–reduction
reaction in aqueous solution, and the MoS2 nanolamellars can be
obtained by annealing amorphous MoS2 in N2 atmosphere. The
interest in MoS2 nanostructure is considered a focal at present.
Herein, the synthesis route may offer an opportunity for funda-
mental studies and technological applications.

2. Experimental

The typical preparation procedure is as follows. First, 100 mL round-bottom flask
was used to combine 70 mL deionized water. We heated it in a thermostat-equipped
heating unit with magnetic stirring at 80 ◦C. Then 2.61 g (NH4)2MoS4 and 1.26 g
H2C2O4·2H2O were added to the flask, respectively. The reaction was kept at 80 ◦C
for 1 h. The product was washed several times with ethanol and deionized water,
then dried in vacuum at 80 ◦C for further processing.

The as-synthesized MoS2 was subsequently dispersed on a quartz plate which
was then located in the hot zone of the horizontal tube furnace. Prior to heating, N2

gas at a flow rate of 200 cm3 min−1 was kept flushing for about 0.5 h to remove resid-
ual air. The temperature of the furnace was increased gradually (10 ◦C/min) until
800 ◦C. The reaction temperature was hold in this temperature for 1 h. Finally, the
product was cooled to room temperature gradually only under N2 gas atmosphere.
Then the final product was washed several times with ethanol and deionized water,
then dried in vacuum at 80 ◦C.

The obtained products were characterized by following techniques. XRD pat-

terns were recorded using Cu K� radiation on a D/max-2500 difractometer. The
morphology and structure were studied by SEM (JEOL JSM-6700F), TEM (JEOL JEM-
200CX) and HRTEM (JEOL 3010 ARP). XPS were recorded on a Perkin-Elmer PHI-5300
spectrometer, using non-monochromatized Mg K� radiation as excitation source in
vacuum of 10−7 Pa. Raman spectra were taken under ambient conditions by using
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ig. 1. XRD patterns of (a) the amorphous MoS2 precursor and (b) the sample
nnealed at 800 ◦C in the atmosphere of N2 for 1 h.

Raman spectrometer (Almega Dispersive Raman, �exc = 532 nm). A glass substrate
as used as the sample holder.

. Results and discussion
The XRD patterns shown in Fig. 1 indicated that the crystallinity
f the MoS2 samples could be greatly improved by the annealing
reatment. The above results indicate that the structures become

ore integrated and 2H–MoS2 with characteristic peaks of (0 0 2),

ig. 2. TEM images of the samples of (a) the amorphous MoS2 precursor and (b) the
ample annealed at 800 ◦C in the atmosphere of N2 for 1 h.
Fig. 3. SEM images of the sample annealed at 800 ◦C in the atmosphere of N2 for 1 h.

(1 0 0), (1 0 3), and (1 1 0) appears at the annealing temperature
of 800 ◦C (indexing JCPDS file No. 37-1492). Fig. 1 confirms the
presence of MoS2 prepared from (NH4)2MoS4 by the following
oxidation–reduction reaction in aqueous solution:
(NH4)2MoS4 + H2C2O4 → MoS2 + 2CO2 + 2H2S + 2NH3

As shown in Fig. 1, compared with the amorphous MoS2 pre-
cursor, the annealed MoS2 sample has a high and sharp diffraction

Fig. 4. HRTEM images of the sample annealed at 800 ◦C in the atmosphere of N2 for
1 h.
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Fig. 5. X-ray photoelectron spectra of the sample annealed at 800 ◦C in N2 atmo-
sphere for 1 h.

F
a

p
M
o
w
f
b

S
h
m
l
p
T
2

o
a
n
l

a
p
O
b
s

[
[

[

[
[
[
[
[
[

[

[
[

ig. 6. Raman spectra of (a) the amorphous MoS2 precursor and (b) the sample
nnealed at 800 ◦C in the atmosphere of N2 for 1 h.

eak of (0 0 2), which indicates that the nanolamellar structure of
oS2 formed during annealing treatment (Fig. 2(b)). The sample

f annealed MoS2 shows that it consists of homogeneous particles
ith an average diameter of ∼80 nm. The high Gibbs free energy

orces these particles to agglomerate and they are difficult to divide
y an ultrasonic wave.

The typical SEM images are depicted in Fig. 3. The low-resolution
EM image (Fig. 3(a)) shows that the yield of nanolamellars is very
igh and more than 95%. Furthermore, the SEM image with high
agnification (Fig. 3(b)) represents the morphology of nanolamel-

ars. The SEM images further indicate that the obtained MoS2
articles are aggregates with dimensions well below 100 nm.
he plate thickness of the nanoplate structures is approximately
0–30 nm.

According to its HRTEM images (Fig. 4), the brim with a thickness
f ∼25 nm in the prepared nanolamellar MoS2 particles at 800 ◦C
nnealed in the atmosphere of N2 for 1 h presented obviously lami-
ated structure with a little aberration. The approximately 1.43 nm

attice fringes correspond to the 2H–MoS2 (0 0 2) layers.
A typical XPS spectrum of the sample annealed at 800 ◦C in the

tmosphere of N2 for 1 h is shown in Fig. 5, which indicates the

resence of Mo, S, and unvoided surface contamination of C and
from absorbed gaseous molecules. The ratio of Mo/S calculated

y measuring the areas of Mo and S cores is close to its chemical
tiochiometry.

[
[
[
[
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Typical Raman spectra of the unannealed and annealed MoS2
samples are shown in Fig. 6. With the wavelength used, the data
obtained were resonance Raman. Although the peak intensities had
great difference, the unannealed and annealed MoS2 had the analo-
gous peak positions at about 405, 375, 350 and 280 cm−1, consistent
with the literature [24]. According to the literature [25] normal
Raman peaks of MoS2 appeared at about 380 and 408 cm−1. In
the resonance Raman spectrum, besides the enhancement of those
peaks at 405 and 375 cm−1, some new peaks at about 350 and
280 cm−1 were obtained. In the measurement, if the laser power
was too large and focused on the sample for a long time, the MoS2
sample would be partially oxidized and a peak at about 340 cm−1

might appear.

4. Conclusions

In summary, the amorphous MoS2 was obtained by a one-
step oxidation–reduction reaction in solution. Because of the rich
sulfur bonds broken and the unsaturated bonds eliminated by
controlling the annealing temperatures, MoS2 with nanolamel-
lar morphology can be obtained by annealing the amorphous
MoS2 in N2 atmosphere. The nanolamellar MoS2 has an aver-
age diameter of approximately 80 nm. The plate thickness of the
nanoplate structures is approximately 20–30 nm. This paper may
offer an easy way to prepare other metal sulfides nanolamellar
particles.
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