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a b s t r a c t

Mono-dispersed molybdenum disulfide (MoS2) microspheres with the diameter of 2–4 �m have been
successfully synthesized with MoO3 as precursors by a hydrothermal method. The precursors, long and
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smooth MoO3 macrobelts, were synthesized through a facile route. The combined techniques of X-ray
diffraction (XRD), energy dispersive (EDS), scanning electron microscope (SEM), transmission electron
microscope (TEM), Raman spectra, and UV–visible spectrophotometer (UV–vis) were used for charac-
terization of the as-prepared MoS2. It was found that the MoS2 microspheres were assembled by MoO3

macrobelts and the belts-like structure of the precursor played a crucial role on the formation of the
MoS2 microstructures in our experiment. A possible formation mechanism of the hollow sphere-like

mina

2

ydrothermal MoS2 structure was preli

. Introduction

One-dimensional solid nanostructural materials, such as
anorods, nanotubes and nanobelts, have been the focus of exten-
ive studies worldwide because of their potential application in
anodevices [1] and functional materials [2]. Compared with these
anostructures, the hollow-sphere materials are expected to be
pplied in a broad range of areas, such as delivery vehicles for the
ontrolled release of various substances. These include drugs, cos-
etics, dyes, and inks, and for the protection of fillers, catalysts, and

igments due to their advantageous properties like low density,
arge specific area, mechanical and thermal stability, and surface
ermeability [3–6]. Therefore, a variety of chemical and physic-
chemical approaches have been employed to prepare hollow
pheres, such as: self-assembly routes [7], sonochemical process
8], hydrothermal method [9], emulsion/interfacial polymerization
trategies [10], and template-assisting techniques including “hard
emplates,” such as silica spheres [11], polystyrene microspheres
12], and “soft templates,” such as vesicles [13], and emulsion
roplets [14].

Transition metal sulfide molybdenum disulfide (MoS2), for its
nique layered structures consisting of covalently bound S–Mo–S

rilayers, continues to attract the most interest for its important
pplications in solid lubricants [15], potential hydrogen storage
16], solid-state secondary lithium battery cathodes [17], and field
mission tips [18]. To date, various methods were put forward to
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rily presented on the basis of the experimental facts.
© 2010 Elsevier B.V. All rights reserved.

prepare MoS2 including thermal decomposition [19], hydrother-
mal or solvothermal synthesis [20,21], electronbeam irradiation
activation [22], sonochemical process [23], and template synthe-
sis [24] with different molybdenum sources such as: Na2MoO4,
(NH4)6Mo7O24·4H2O, (NH4)2MoS4 MoO3 [25,26,27,28]. Among the
above approaches, many types of MoS2 micro/nano materials
with various morphologies, such as inorganic fullerene-like and
nanotubes, nanorods, nanowires, nanosheets, nanoflowers were
obtained. However, few research studies on the fabrication of
MoS2 hollow spheres were done, and the existing methods are
fascinating. However, to some extent, they also possess some dis-
advantages, such as: the use of toxic reagent, poor dispersity and
nonuniform size in product. Therefore, it is highly desirable to
develop a simple synthesis method, which can control the diam-
eter of the product and require mild conditions, ease of operation
and a benign environmentally.

In this paper, we report a novel and simple low temperature
hydrothermal method for the preparation of MoS2 microspheres
using MoO3 macrobelts as precursors. Analysis of the result mate-
rials shows that the produced MoS2 microspheres are hollowed
with diameters of 2–4 �m. Tetrabutyl ammonium bromide’s tem-
plating mechanism is presented for the formation of MoS2 hollow
microspheres under the hydrothermal process.

2. Experimental details
2.1. Synthesis of MoO3 macrobelts

All reagents were analytical grade. The preparation procedure was as follows:
20 mmol of Na2MoO4·2H2O was dissolved in 10 mL distilled water. Then 16 mL per-
chloric acid (4 mol/L) was added slowly into the sodium molybdate solution at a
speed of 20–25 s/drop under violent stirring. After that, the resulting solution was

dx.doi.org/10.1016/j.jallcom.2010.04.088
http://www.sciencedirect.com/science/journal/09258388
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ransferred into a 50 mL Teflon-lined stainless autoclave. Hydrothermal reaction
as carried out at 140 ◦C for 24 h. The lightblue precipitates were collected, washed
ith distilled water, and finally dried in vacuum at 80 ◦C for 8 h.

.2. Synthesis of hollow MoS2 microspheres

In a typical synthesis, 0.432 g of the as-prepared molybdenum trioxide (MoO3)
acrobelts was put into 30 mL of distilled water under continuous stirring. After

0 min, 0.252 g sodium fluoride (NaF), 0.290 g tetrabutyl ammonium bromide
C16H36BrN) and 0.972 g potassium thiocyanate (NaSCN) were added to the above
olution and adjusted for a pH value to 6 with 2 mol/L HCl, the mixture was then
ransferred into a 50 mL Teflon-lined stainless steel autoclave. The autoclave was

aintained at 200 ◦C for 12 h and naturally cooled down to room temperature. The
olid products were filtered, rinsed with distilled water and absolute ethanol several
imes. Finally the products were dried in vacuum at 80 ◦C for 12 h.

.3. Electrochemical measurements

X-ray diffraction (XRD) was recorded by using a D8 advance (Bruker-AXS)
iffractometer, with Cu K� radiation (� = 1.5406 Å) at a scanning rate of 0.02/s; Scan-
ing electron microscope (SEM) images were obtained by a JEOL JSM-7001F field
mission scanning electron microscope (FESEM); Transmission electron microscopy
TEM) studies were carried out using a Japanese JEM-100CX II transmission electron

icroscopy. Roman spectra were taken under ambient conditions using a Roman
pectrometer (In via, �exc = 532 nm). A glass substrate was used as the sample holder.
V–vis absorption was recorded on a SHIMADZU UV-2450 UV–visible spectropho-

ometer.

. Results and discussions

.1. Sample characterization

The XRD pattern of MoO3 macrobelts is shown in Fig. 1. All
he peaks can be indexed to orthorhombic-phase MoO3 (JCPDS No.

5-0609, a = 0.3963 nm, b = 1.3856 nm, c = 0.3697 nm, space group
bnm). The strong diffraction peaks of (0 2 0), (0 4 0), and (0 6 0)
lanes reveal a layered crystal structure or a highly anisotropic
rowth of the oxides. Scanning electron microscopy (SEM) indi-
ates that the obtained MoO3 consists of many smooth macrobelts

Fig. 2. (a and b) Typical SEM images of the MoO3 m
Fig. 1. XRD pattern of the obtained MoO3 macrobelts.

with average width of about 0.5 �m (Fig. 2a and b). The width-to-
thickness ratios were about 2–16, and the length of the products
are up to 8 �m estimated from the TEM image (Fig. 2c), which was
consistent with the SEM images. Deduced from the preferred orien-
tation of (0 1 0) plane revealed by XRD and the belt-like morphology
shown by SEM, it is suggested that macrobelts are grown along the
(0 0 1) direction. Such crystallographic feature of MoO3 microbelts
are the same as �-MoO3 nanocrystals reported by Xia et al. [29].

Fig. 3 shows the XRD patterns of the as-prepared MoS2 micro-

spheres via hydrothermal synthesis at 200 ◦C (Fig. 3a), calcined at
700 ◦C for 1 h (Fig. 3b), and 750 ◦C for 1 h (Fig. 3c) under Ar flow. It
can be seen that the sample directly obtained from the autoclave
(a) was of amorphous structure and only a relatively weak char-
acteristic peak (0 0 2) was found, which indicated the poor-stacked

acrobelts. (c) The TEM image of the products.
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prepared MoS2. What should be noted is that the structures in our
ig. 3. XRD patterns of (a) as-synthesized MoS2 microspheres without being
nnealed; (b) the samples annealed at 700 ◦C for 1 h; (c) the samples annealed at
50 ◦C for 1 h.

ayered structure of MoS2. This can be explained by the randomness
nd the tensile force of the crystals. It has been reported that the
rystallinity of the MoS2 prepared by hydrothermal route could be
mproved by annealing at high temperature [30]. Fig. 3b shows that
he XRD pattern of the as-prepared MoS2 annealed at 700 ◦C for 1 h
nder the flow of Ar, the existence of (0 0 2), (1 0 0) and (1 1 0) peaks

ndicating the formed of IF-MoS2, but all the peaks are very weak.
ith the annealing temperature increasing to 750 ◦C (Fig. 3c), the
eak of (0 0 2) became high and sharp, which indicates that the
ell-stacked layered structure of MoS2 formed during the anneal-

ng process. And all of the diffraction peaks can be readily indexed
o the hexagonal phase of MoS2 (JCPDS No. 37-1492) with lattice

Fig. 4. SEM, EDS spectra of the MoS2 macrostru
pounds 501 (2010) 275–281 277

constants a = 3.161 Å, b = 3.161 Å, c = 12.84 Å. The shift of the (0 0 2)
peak in the XRD pattern, which is usually regarded as a key mech-
anism for strain relief of the folded structure, was observed in our
investigation [31]. In our experiment, the (0 0 2) peak shifted to
lower angle from 13.5◦ to 13.2◦ after annealed at 700 ◦C compared
to that (14.38◦) of hexagonal 2H-MoS2. The value is much larger
than that previously reported before (ca. 2%) [28], which may indi-
cate strain with higher degree deriving from the curvature of the
layers.

The morphologies of the MoS2 products were primarily investi-
gated by SEM measurement. Fig. 4a and b show that the obtained
samples were microspheres dominating with an average diameter
of about 4 �m (few of them are 1–2 �m), along with several broken
hollow spheres. A High-magnification SEM image (Fig. 4c) shows a
typical hollow sphere, indicating that the spheres are hollowed, and
the thickness of the hollow-sphere shell is about 150 nm. It should
be noted that the shell consists of several layers and can be regarded
as a nestification of several hollow spheres. Some scientists vividly
called them “onion” structure [32] or “Russian doll” structures. This
is very crucial to understanding the formation mechanism. The EDS
of SEM images of MoS2 powder was shown in Fig. 4d, which was
the direct evidence for the conclusion that except for Mo and S (ele-
ments of MoS2), no other elements such as O, (elements of MoO2)
existed. Moreover, according to quantitative analysis of EDS, the
molar ratio of Mo to S was found 1:2.07, which was almost consis-
tent with the stoichiometric MoS2 within experimental error.

The structural characterization and the hierarchical nature
of the MoS2 microspheres were further examined by TEM and
high-resolution TEM (HRTEM) observations. Fig. 5a shows several
spheres, which furthermore prove the hollow structure of the as-
experiment have many defects, this can be seen from the varying
distances between the planes and bent lattice planes (as shown in
Fig. 5b), to our knowledge, the existence of these defects may help
to release some strain in the folded layer. More details for MoS2

ctures obtained via a hydrothermal route.
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Fig. 5. TEM (a) and HRTEM (b) and (c) images of t

fter annealed are illustrated by HRTEM studies in Fig. 5c, which
ndicate the IF structure of the products with several layers. As a

ean value of the distance between the two lattice fringes, the
0 0 2) planes, is 0.62 nm.

Further studies revealed that the initial concentration of
16H36BrN had great influence on the evolution of MoS2 mor-
hologies. For example, when no C16H36BrN was added and kept
ther reaction conditions constant, only belt-like products were
btained (Fig. 6a). Magnified SEM image (Fig. 6b) further reveals
hat the dimensions of the products were in accordance with that
f the MoO3 precursors. This can be explained by the facts that
ithout the presence of C16H36BrN, no vessels were formed in the

eaction process, so the morphology of the MoO3 macrobelts did
ot change significantly. Increasing C16H36BrN concentration to
.01 M, spherical structures with the diameter of about 4 �m were
ormed (Fig. 6c), but the proportion of this structure is rather low.
ig. 6d is a representative SEM image of the product as-prepared at
higher C16H36BrN concentration, namely 0.15 M, from the image,

he diameter of the hollow nanospheres is estimated to be 4 �m
lso. However, once the concentration of C16H36BrN was increased
o 0.3 M, the aggregation of MoS2 particles is seriously and the
ispersion property is bad (as shown in Fig. 6e and f). Too low
oncentration (such as 0.01 M) and too high concentration (such
s 0.3 M) of C16H36BrN all could not lead to the formation of hol-
ow spheres with good dispersion. The latter may be due to that
he intercalating and intertwisting among these high molecules
annot be neglected, which lead to a high surface free energy of
he MoS2 particles, thus make the aggregation rather serious. The
nfluence of the solvent was also investigated in our experiment.
ig. 7 showed the SEM images of the products prepared with pure

thanol as solvent. It can be seen that nearly all of them were of a
pherical morphology, but with good dispersion and smaller parti-
le size (2 �m). A Magnified SEM image (Fig. 7b) indicated that the
urface of the MoS2 sphere is rather rough. The possible reasons
aybe lies in the fact that in the pure ethanol system, it is easy
S2 annealed at 700 ◦C for 1 h under the flow of Ar.

to achieve super-saturation, which is beneficial to the formation
of small nanoparticles. Furthermore, in the nucleation and growth
process, the existence of the ethanol solvent can prevent the hard
aggregation between the non-bridging hydroxyl group and the par-
ticle surface. However, our present understanding of the formation
mechanism to the MoS2 sphere in the system of pure ethanol is still
limited, more in-depth studies are in progress.

Fig. 8 displays the typical Raman spectra of the unannealed
and annealed MoS2 samples. It can be seen that the unannealed
MoS2 sample has two main peaks at about 378 cm−1 and 404 cm−1,
whereas, the annealed MoS2 sample has three main peaks at about
286 cm−1, 380 cm−1 and 406 cm−1. According to Verble’s research
[33], Raman peaks of hexagonal phase of MoS2 appeared at about
287 cm−1, 383 cm−1 and 409 cm−1. It is thus certain that the Raman
peaks in Fig. 6 are attributable to hexagonal MoS2. The Raman peak
intensities of the annealed MoS2 sample are stronger than those
of the unannealed indicated the high crystallinity of the annealed
MoS2 sample, which are all in accordance with the XRD report. The
UV–vis spectrum of the bulk MoS2 and as-prepared MoS2 spheres
is shown in Fig. 9. It displays stronger absorption in the blue region
and weaker absorption in the red region. Compared with the bulk
MoS2 (340 nm), the absorption peaks for the hollow spheres are
markedly blue-shift (335). These suggest that the hollow macro-
spheres have obvious quantum confinement effect, which is also
consistent with the results of XRD.

3.2. Formation mechanism

Based on the experimental procedures and the results, we
believed that it was an C16H36BrN’s templating mechanism that

should be responsible for the formation of MoS2 as illustrated in
Fig. 10. On the research of the growth process of the hollow struc-
tures using ionic liquids, Nakashima and Kimizuka [34] concluded
that the ionic liquids (ILs) could form many micro-sized droplets in
the solution under proper experimental conditions. In our experi-
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Fig. 6. SEM images of the obtained MoS2 structures with different con
ent, the (C4H9)4NBr consisting of (C4H9)4N+ cation could form
any vesicles in water at an appropriate concentration. On the

ther hand, the F− ions can enhance the dissolution and reaction
f MoO3 by nucleophilic substitution [35], the reaction process can

Fig. 7. SEM images of the obtained MoS2 structures wit
ation of C16H36BrN: (a, b) 0, (c) 0.01, and (d) 0.15, and (e, f) 0.3 mol/L.
be expressed as follows:

2MoO3 + 2F− → MoO4
2− + MoO2F2 (1)

MoO2F2 + 2H2O → MoO4
2− + 2F− + 4H+ (2)

h pure ethanol as solvent. C16H36BrN: 0.03 mol/L.
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on the formation of the MoS2 hollow microspheres, an experiment
ig. 8. Raman spectra of the as-prepared MoS2 samples. (a) Before annealing treat-
ent; (b) after annealing treatment.

It is well known that surfactant cation and metal oxo anion
an co-organize to form periodic surfactant/inorganic composites
aterials, given that the charge density at the surfactant/inorganic

nterfaces matches well [36]. Thus the MoO3 macrobelts (actu-
lly in the form of MoO4

2− ions) of the precursor solution can
bsorb to the surface of these vesicles layer upon layer overlay
y the electrostatic interaction. This process provides nucleation
omains for the hydrothermal reaction between MoO4

2− and

2−, which were released from SCN− upon a hydrolyzation pro-
ess, serve as the reducing agent and sulfur source, the hollow
pheres were formed during the hydrothermal reaction. Fig. 11a
ividly displays the process of several MoO3 macrobelts absorbed
o the surface of two vesicles. From the above discussion, we can

Fig. 10. Illustration of the formation mechani

Fig. 11. (a) The process of the MoO3 macrobelts absorbed to the surface of two
Fig. 9. UV–vis spectrum of the (a) bulk MoS2; (b) as-prepared MoS2 spheres.

conclude that the possible reaction route may be expressed as
follows:

NaSCN + 2H2O + HCl → NH3↑ + H2S ↑ + CO2↑ + NaCl (3)
4MoO3 + 9NaSCN + 10H2O + 7HCl → 4MoS2 + NaSO4

+ 7NaCl + 9NH3↑ + 9CO2↑ (4)

In order to further investigate the effect of the belt-like MoO3
using commercial MoO3 was carried out while other condi-
tions were the same. Fig. 11b is a typical SEM image of the
MoS2 sample prepared by hydrothermal process with commer-
cial MoO3. It can be seen that there are no microspheres but

sm of the microsphere MoS2 structure.

vesicles. (b) SEM of the obtained MoS2 structures with commercial MoO3.
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here are irregular particles. The above fact demonstrates that
elt-like structure is key in the formation of the MoS2 micro-
pheres.

. Conclusion

In conclusion, hollow MoS2 microspheres with the diameters of
–4 �m have been successfully synthesized via a facile hydrother-
al route by adding tetrabutyl ammonium bromide as an additive.

t was found that the as-prepared MoS2 are hollowed and the shell is
f a multi-layer structure. A possible growth mechanism for the hol-
ow structure has also been tentatively proposed on the basis of the
xperimental results. On the one hand, the strategy described here
s of particular interest for the synthesis of IF-MoS2 spheres with
ollow structure and might be extended to other layered materials.
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