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Thin-layered WS2 nanostructures have attracted great attention owing to their superior structures and

properties when compared to MoS2, including larger layer-spacing, higher energy gap and better photo-

thermal and lubrication properties. However, it is still challenging to prepare high-quality WS2 nanosheets

and assemble them into large quantities. In this work, we report a facile and efficient microwave-assisted

solvothermal method for the synthesis of WS2 nanostructures in N-methyl-2-pyrrolidone (NMP) using

cheap tungsten hexachloride (WCl6) and elemental sulfur (S) as starting materials. The formation of WS2
nanosheets and their controlled assembly into different morphologies (such as nanocones and nano-

worms) were studied by adjusting the reactant concentration and reaction temperature. This method has

also been successfully applied for preparation of other transition-metal dichalcogenides such as MoS2. The

resulting WS2 and MoS2 nanomaterials were characterized by transmission electron microscopy (TEM),

scanning electron microscopy (SEM), X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS) and

Raman spectroscopy. The photothermal properties of WS2 nanostructures have been investigated and it

was found that the WS2 nanosheets have the best photothermal efficiency and stable photothermal capac-

ity, exhibiting great potential for photothermal therapy and other fields.

Introduction

Thin-layered transition metal dichalcogenides (TMDs), includ-
ing MoS2, WS2, MoSe2, WSe2, and their derivatives, are be-
coming very popular because of their two-dimensional struc-
tures and unique electronic, optical and chemical
properties.1–3 Similar to graphene, TMDs have layered struc-
tures and the interlayers of TMDs are stacked together by van
der Waals forces. Each TMD monolayer consists of three
atomic layers, in which a transition metal layer is sandwiched
between two chalcogen layers.4 Unlike graphene, most of
these TMDs are semiconductors in nature and possess larger
interlayer spacing, exhibiting superior application potential in
lithium ion batteries,5,6 field effect transistors,7,8 hydrogen
evolution catalysis,9–11 biomedical applications,12,13 and many
others. The quality of TMDs and the related properties and

applications rely largely on their preparation method. There-
fore, mass preparation of high-quality TMDs with tunable
structures and morphologies is a key issue that needs to be
addressed.

A wide variety of synthetic methods have been developed
for the preparation of thin-layered TMDs. In general, these
methods can be divided into two basic categories: top-down
approaches, which include mechanical cleavage and liquid
exfoliation, and bottom-up approaches, such as chemical va-
por deposition (CVD) growth and wet chemical synthesis.2,14

Top-down methods have been widely used to produce high-
quality TMD sheets through exfoliation of various high purity
and layered TMD crystals.15–17 However, the low yield and
slow production rate of the top-down methods make them
difficult to meet the demands in various practical applica-
tions. Compared to top-down methods, bottom-up ap-
proaches are more versatile because a variety of different pre-
cursors can be used. The CVD technique has the highest
level of control among all other synthetic methods for
ultrathin TMDs and other 2D nanomaterials because it allows
scalable batch size and controllable thickness. And remark-
ably, the crystal quality, purity and properties of TMD nano-
sheets obtained from CVD methods are comparable to those
of exfoliated thin layers.18,19 The main obstacles of the CVD
method are the harsh synthesis conditions (high temperature
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and inert atmosphere) and complicated transfer of TMD
sheets from growth substrates.20 Wet-chemical synthesis
methods including hydro-/solvothermal syntheses represent
good choices for the preparation of 2D nanomaterials with
high yields, which are especially useful for applications where
bulk quantities with various sizes and thicknesses are
desirable.

Among all the TMDs, MoS2 nanosheets are the easiest to
be synthesized by a hydro- or solvothermal route. However,
only a small number of research papers report preparation of
WS2 nanosheets. For example, Chhowalla and Shin's group
successfully employed WCl6 and thioacetamide (TAA) to syn-
thesize WS2 nanosheets by a typical one-pot hydrothermal re-
action.21 This method has been widely used for various
applications,22–25 though some impurities including one-
dimensional nanostructures and tungsten oxide intermedi-
ates were found. As far as we know, WOx is commonly used
in CVD processes, whereas WOx tends to be chemically re-
duced to form zero-dimensional or one-dimensional nano-
structures rather than layered compounds via hydrothermal
treatment.21,26 It seems that this method can actually be
more useful for preparation of 3D WS2 and graphene oxide
composites rather than pure WS2 nanoflakes.27–29 Recently,
M. Terrones and R. E. Schaak et al. well synthesized WS2 and
TMD alloy nanostructures in CS2 through a relatively compli-
cated process.30 Huang's group improved the preparation of
WS2 nanosheets by mixing (NH4)10W12O41·xH2O and thiourea
via hydrothermal treatment.31 Yet it is still a great challenge
to synthesize WS2 nanosheets with controlled morphologies
and with minimum impurities such as tungsten oxides.

WS2 and other TMD nanostructures have been applied in
photothermal therapy.32,33 To reduce the side effects and
drug resistance of chemotherapy,34,35 photothermal therapy
is an alternative cancer treatment approach that employs a
photo-absorber to convert laser radiation to heat to ablate
cancer cells because the tumor cells are more sensitive to
heat than healthy cells, and thus, hyperthermia can kill target
cells with minimal side effects. Furthermore, a near-infrared
(NIR, 808 nm in particular) laser is preferred as it is able to
penetrate skin and tissues to a reasonable depth.36,37 Devel-
oping highly efficient photo-absorbers is one of the key tech-
nologies for photothermal therapy.

Herein, we report a facile and effective microwave-assisted
solvothermal method for the synthesis of high-quality WS2
nanomaterials with controllable sizes and morphologies. We
used N-methyl-2-pyrrolidone (NMP) as the synthesis medium
and tungsten hexachloride (WCl6) and sublimed sulfur (S) as
initial reactants. WCl6 can be well dissolved in NMP, which
helps to avoid non-reducible WOx. This fact is very beneficial
for the formation of uniform and high-quality WS2 nano-
materials. NMP is a polar solvent with a high boiling point.
The microwave-assisted strategy is based on special heating
mechanisms, dipolar polarization and ionic conduction.38 In
addition, NMP provides a reducing environment and is one
of the most suitable solvents to disperse TMD nanomaterials.
The effects of reactant concentration, reaction time and tem-

perature on the resulting products are investigated in detail.
By adjusting the reaction conditions, we are able to synthe-
size WS2 nanosheets with different morphologies including
hierarchical cone-like and worm-like WS2. As a new devel-
oped photothermal reagent, the photothermal performances
of WS2 with different morphologies were compared. This fac-
ile and effective route has also been successfully applied in
the preparation of other layered transition-metal materials,
such as MoS2.

Experimental
2.1 Materials

Tungsten hexachloride (WCl6, 99.0%), molybdenum penta-
chloride (MoCl5, 99.6%), N-methyl-2-pyrrolidone (NMP,
99.0%) and sublimed sulfur (S, 99.5%) were purchased from
Aladdin Industrial Corporation. All reagents were used as re-
ceived without further purification. Ultrapure water (18.2 MΩ

cm) obtained from a Millipore Milli-Q purification system
was used throughout the experiments.

2.2 Preparation of layered WS2 and MoS2 nanomaterials

A multi-mode microwave parallel synthesis system (XH-800S,
China) at a frequency of 2.45 GHz was used to perform the
synthesis of WS2 and MoS2. In general, certain amounts of
WCl6 and elemental sulfur were dissolved in NMP (30 mL)
with simultaneous vigorous stirring for about 30 min to form
a homogenous mixture. After that, the resulting mixture was
transferred into a 50 mL microwave reaction kettle for the
microwave-assisted solvothermal synthesis. Black precipitates
formed after 6–8 h. After cooling to room temperature, it was
centrifuged and the solid was washed with distilled water (3
× 20 mL) and ethanol (3 × 20 mL). The black powder was
then dried under vacuum at 50 °C for 12 h. The resulting
WS2 nanomaterials were then annealed at 850 °C for 1 hour
at 2 × 10−3 mbar. Details of the reaction conditions including
the amount of precursors, the reaction temperature and the
time during the solvothermal synthesis for three different
morphologies of WS2 are listed in Table S1.† Layered MoS2
nanomaterials can be synthesized using the same procedure
using MoCl5.

2.3 Characterization

Transmission electron microscopy (TEM) images were
recorded on a TEM-2100 electron microscope at 200 kV
(JEOL, Japan), and high-resolution transmission electron
microscopy (HR-TEM) was conducted on a TEM-F200 electron
microscope at 200 kV (JEOL, Japan). TEM samples were pre-
pared by the deposition of 5 μL dilute solution on a copper
grid and subsequent drying at ambient temperature prior to
analysis. Scanning electron microscopy (SEM) was performed
on a GeminiSEM-500 equipped with an energy dispersive
X-ray spectroscope (EDS) at 30 kV (Zeiss, Germany). X-ray dif-
fraction (XRD) patterns were recorded on a D8 ADVANCE
X-ray diffractometer using Cu-Kα radiation (λ = 1.5418 Å) at
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an operating voltage of 30 kV and a current of 10 mA (Bruker,
Germany). Diffraction patterns were collected from 10° to 80°
at a speed of 8° min−1. X-ray photoelectron spectroscopy
(XPS) was carried out at room temperature on an ESCALAB
Xi+ spectrometer (Thermo Fisher Scientific, US) with a double
anode Al/Mg target X-ray source (400 W). The C 1s peak at
284.8 eV is the criterion for all binding energies. We have
considered the Shirley background in the process of fractal
fitting. Raman spectroscopy with irradiation at 532 nm was
performed on a YVON HR800 Raman spectroscope (Horiba,
Japan, 10 mW) from 200 to 600 cm−1. UV-vis-NIR absorption
spectra were obtained using a Lambda35 UV-vis spectropho-
tometer (PerkinElmer, US).

2.4 Photothermal experiments

The WS2 nanomaterial suspension was placed in a plastic
tube (10 × 10 × 20 mm3) at a distance of 10 cm from the laser
source (808 nm wavelength and spot size 0.75 cm2) at a
power density of 1.5 W cm−2. The temperature curve for the
suspension was recorded within 10 min using a digital ther-
mometer (accuracy 0.11 °C, OMEGA Engineering Inc.) and
OM-CP Data Logger software.

Results and discussion

The WS2 nanosheets and assemblies were synthesized
through a facile, high-throughput and low-cost microwave-
assisted solvothermal process (Scheme 1). Compared to the
long synthesis time of the traditional hydrothermal method
(>48 h), the microwave-assisted solvothermal reaction is con-
siderably faster (within 8 h), with a high yield (>90%) and
satisfactory reproducibility. NMP was selected as the solvent
because it can dissolve well both WCl6 and S and its dipolar
polarization and high boiling point make it suitable for the
microwave-assisted solvothermal process. In addition, NMP
provides a reducing environment to minimize the formation
of WOx. The morphologies of resulting WS2 were controlled
by adjusting the reactant concentration, reaction time and
temperature.

Firstly, the effect of reaction temperature on the WS2 mor-
phology was investigated and it was found that the structure
of the resulting WS2 is sensitive to temperature as indicated
by the SEM analysis of the obtained products at varying tem-
peratures (Fig. 1). At the same concentration of WCl6 and S

with the same reaction time, WS2 nanoworms with some ir-
regular nanoparticles were formed at 200 °C (Fig. 1a). When
the reaction temperature was increased to 220 °C, uniform
and hierarchical WS2 nanoworms with a bigger diameter
were obtained (Fig. 1b). When the reaction temperature was
further increased to 240 °C, WS2 nanosheets with sizes over
300 nm were formed (Fig. 1c). It is clear that the reaction
temperature is a key factor in controlling the morphology of
WS2, as the growth of WS2 is controlled simultaneously by
the thermodynamics and the kinetics of the reaction.39 The
nucleation rate and crystal growth rate increased with in-
creasing reaction temperature. However, if the crystals grow
too rapidly then the formation of larger nanoworms will be
less possible, as the alignment of large nanosheets requires
longer time.

The effect of WCl6 and S concentrations on the morphol-
ogy of WS2 was also studied at 220 and 240 °C, respectively
(Fig. 2). The SEM analysis shows that at 220 °C, WS2 nano-
worms were always obtained when the reaction time and
temperature were kept constant. However, when the WCl6
and S amounts increased from 0.112 g and 0.18 g to 0.446 g
and 0.72 g, respectively, the diameter of the nanoworms also
increased accordingly (Fig. 2a–c). At 240 °C, three kinds of
WS2 structures (nanoworms, nanosheets and nanocones)
were formed at different reactant concentrations (Fig. 2d–f).
In all cases, the molar ratio of WCl6 to S was kept at 1 : 20
since excessive amounts of S can potentially provide a favor-
able reducing atmosphere to promote the reaction. We no-
ticed that the high concentration of WCl6 (0.892 g WCl6 in 30
mL NMP) resulted in the formation of WS2 nanocones, and
the medium concentration of WCl6 solution (0.446 g WCl6
dissolved in 30 mL NMP) benefited the formation of nano-
sheets. However, the low concentration of WCl6 (0.112 g
WCl6 in 50 mL NMP) was beneficial for the formation of hier-
archical WS2 nanoworms.

Scheme 1 Schematic illustration of the preparation of WS2 nanostructures.

Fig. 1 SEM images of WS2 by reaction of WCl6 (0.446 g, 1.125 mmol)
and S (0.72 g, 22.5 mmol) for 7 h at (a) 200 °C, (b) 220 °C and
(c) 240 °C.
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The effect of WCl6 and S concentrations on the morphol-
ogy of WS2 can also be explained by the thermodynamics and
kinetics of the reaction. Though the crystal growth rate and
nucleation rate are faster at higher reactant concentrations,
the nucleation rate is significantly faster than the crystal
growth rate at high reactant concentration, which leads to
the formation of cone-like aggregates. The crystal growth rate
was inversely proportional to the nucleation rate at medium
reactant concentration and as a result, loose nanosheets were
formed. However, only nanoworms formed at lower reactant
concentrations because of the relatively slow nucleation and
crystal growth rates.

Previous reports of synthesis of WS2 nanomaterials required
long reaction time.21–26 To examine the dependence of the
structure of products on the reaction time, we analysed the
product structure by freezing the reaction at different intervals
with different reactant concentrations. The SEM analysis shows
that at 240 °C, WS2 nanoworms and nanosheets were formed
within 6 h (Fig. 3a and d). When the reaction time is extended
to 7 h, uniform WS2 nanoworms and nanosheets are obtained
(Fig. 3b and e). By further increasing the reaction time, the
morphologies of the WS2 nanostructures exhibited only negligi-
ble change (Fig. 3c and f). Therefore, the optimized reaction
time is 7 h for this reaction. Compared to the long synthesis
time of the traditional hydrothermal method (>48 h), this
microwave-assisted solvothermal reaction is considerably
faster, and the obtained products are quite uniform due to the
evenly distributed microwave heating.

The morphologies and interlayers of the obtained WS2
nanoworms, nanosheets and nanocones were analysed in
more detail (Fig. 4). The hierarchical worm-like WS2 nano-
particles consist of WS2 nanoplates stacked together, each of
about 150 nm in size (Fig. 4a and b). The WS2 nanosheets
are composed of loose aggregates of ∼300 nm nanosheets
(Fig. 4c and d). The interlayer spacing of WS2 nanosheets,
obtained from the HR-TEM images, is measured to be 0.65
nm, which can be attributed to the (002) plane (Fig. 4e), indi-
cating that the WS2 nanosheets have multi-layer structures.
The in-plane lattice spacing is about 0.29 nm (Fig. 4f), which
can be attributed to the (101) plane. The cone-like WS2 are
aggregates of small nanoplates (Fig. 4g), and their (101) and
(110) diffraction could be clearly observed in the SAED pat-
tern, indicating that WS2 nanocones have hexagonal phase
structures. In fact, this facile microwave-assisted
solvothermal method could also be used for preparation of
other TMDs such as MoS2 nanoworms and nanocones (see
ESI† Fig. S1).

The crystal structures of the WS2 nanostructures in Fig. 4
were further examined by X-ray diffraction (XRD) (Fig. 5a).
The diffraction peaks were well consistent with the hexagonal
phase of WS2 (JCPDS card no. 87-2417). The peak at ∼14.84°
was assigned to the (002) planes of WS2. The two peaks cen-
tered at 33.41° and 58.64° are attributable to the correspond-
ing (101) and (110) planes of layered WS2, respectively, which
matches well with the results of the SAED pattern in Fig. 4h.
The locations and intensities of the diffraction peaks of the

Fig. 2 SEM images of WS2 obtained at (a–c) 220 °C and (d–f) 240 °C
for 7 h. (a and d) WCl6 (0.112 g, 0.282 mmol), S (0.18 g, 5.625 mmol);
(b and e) WCl6 (0.446 g, 1.125 mmol), S (0.72 g, 22.5 mmol); (c and f)
WCl6 (0.892 g, 2.25 mmol), S (1.44 g, 45 mmol).

Fig. 3 SEM images of the WS2 products at 240 °C with reactant
concentrations at (a–c) WCl6 (0.112 g, 0.282 mmol), S (0.18 g, 5.625
mmol); (d–f) WCl6 (0.446 g, 1.125 mmol), S (0.72 g, 22.5 mmol). (a and
d) 6 h; (b and e) 7 h and (c and f) 8 h.
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nanocones, nanosheets and nanoworms are somewhat
shifted, probably depending on the crystallization of samples.
Generally, nanocones have the best crystallinity because their
peaks shift to the right with the increase of crystallinity. A
special peak marked as #2 in Fig. 5a at 18.27° is probably
caused by the remaining impurities including oxides and sul-
fides. In contrast, the #2 peaks for MoS2 is negligible (see
ESI† Fig. S2) because MoS2 is not easy to be oxidized during
the preparation process and there are a few impurities be-
tween interlayers after annealing.40 It is noteworthy that the
#2 peak of the hierarchical worm-like WS2 is also very weak
probably because only a few impurities can be inserted in the
smaller WS2 petals. It is also possible that this peak is weak
because of the formation of monodisperse single-layered
WS2.

41

Raman spectroscopy is carried out to demonstrate the
structures and aggregation of WS2 nanostructures (Fig. 5b).

Two characteristic peaks of WS2 at 350 cm−1 and 420 cm−1

correspond to the E12g and A1g modes of layered WS2, respec-
tively. The intensity of A1g (out-of-plane vibrational mode)
was weaker than E12g (in-plane vibrational mode) for the few-
layer effect (Fig. 5b). As shown in previous reports, the inten-
sity of the A1g mode was similar to that of the E12g mode for
the WS2 powder.37 The Raman peaks of WS2 with different
morphologies show different intensities probably due to the
scattering increase with the density increase.

The elemental composition and distribution of these three
WS2 nanostructures in Fig. 4 were further characterized by
energy-dispersive X-ray spectroscopy (EDS) (see ESI† Fig. S3),
which clearly shows that the WS2 nanocones, nanosheets and
nanoworms are mainly composed of W and S elements. The
corresponding elemental mapping results distinctly indicate
that the W and S elements co-exist and are evenly distributed.
Similarly, the EDS results of MoS2 give the same evidence
that Mo and S elements are uniformly distributed throughout
the nanostructures (ESI† Fig. S4).

X-ray photoelectron spectroscopy (XPS) analyzed the chem-
ical states of W and S in WS2 nanosheets (Fig. 5), nanocones
and nanoworms (ESI† Fig. S5). The binding energies of
W4f7/2 and W4f5/2 in WS2 are 31.94 and 34.06 eV for WS2
nanosheets (Fig. 5c), 32.69 and 34.83 eV for WS2 nanocones
(ESI† Fig. S5a), and 32.7 and 34.83 eV for hierarchical WS2
nanoworms (ESI† Fig. S5c), respectively. The peaks of S2p3/2
and S2p1/2 in WS2 correspond to 161.51 and 162.66 eV for
WS2 nanosheets (Fig. 5d), 162.36 and 163.57 eV for WS2
nanocones (ESI† Fig. S5b), and 162.39 and 163.57 eV for hier-
archical WS2 nanoworms (ESI† Fig. S5d), which agree well
with the references.42,43 In fact, the oxidation of WCl6 is also
a very important factor because of its instability in air. There-
fore, some peaks belonging to the various oxides of tungsten
could be observed (Fig. 5c and S5a and c†). It is very difficult

Fig. 4 (a) SEM and (b) TEM images of the WS2 nanoworms (obtained
at 0.112 g, 0.282 mmol WCl6; 0.18 g, 5.625 mmol S; T = 240 °C, t = 7
h); (c) SEM, (d) TEM and (e and f) HR-TEM images of WS2 nanosheets
(obtained at 0.446 g, 1.125 mmol WCl6; 0.72 g, 22.5 mmol S; T = 240
°C, t = 7 h); (g) SEM image and (h) SAED pattern of WS2 nanocones
(obtained at 0.892 g, 2.25 mmol WCl6; 1.44 g, 45 mmol S; T = 240 °C,
t = 7 h).

Fig. 5 (a) XRD patterns and (b) Raman spectra of WS2 nanocones,
nanosheets and nanoworms. Elemental XPS spectra of (c) W4f and (d)
S2p in WS2 nanosheets.
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to completely avoid the formation of WOx during the prepara-
tion of WS2.

44 However, the WOx content in our products is
much lower than those reported in the literature.31 In con-
trast, negligible MoOx amounts were found in both MoS2
nanocones and nanoworms (ESI,† Fig. S6), because Mo is rel-
atively difficult to oxidize.

2D-TMDs including WS2 have exhibited great potential in
many fields including phototherapy agents.2,14,45 Here, we
compared the photothermal conversion capability of the
resulting WS2 nanocones, WS2 nanosheets, WS2 nanoworms
and MoS2 nanocones (Fig. 6a). No significant temperature
change was observed when pure water was exposed to 808 nm
laser irradiation because water has almost no absorption at
808 nm. Interestingly, when the WS2 nanosheet aqueous solu-
tion (0.5 mg mL−1) was irradiated with the 808 nm laser (1.5
W cm−2), the temperature increased rapidly and reached 67
°C within 7 min. Upon irradiation of aqueous solutions of
WS2 nanocones and nanoworms, the temperature also in-
creases but to a much less extent. In contrast, WS2 nanosheets
have the best photothermal conversion capability probably be-
cause WS2 nanosheets have the biggest specific surface area
and tend to absorb more photons at the same concentration.

Besides, naturally, WS2 nanocones have much better
photothermal conversion capability than MoS2 nanocones.
The UV-vis-NIR absorption experiments provide further evi-
dence that the absorption of TMDs at 808 nm is closely re-
lated to their morphologies and the WS2 nanosheets have the
biggest absorption in the NIR region (Fig. 6b). In addition,
the temperature rising rate is positively correlated with the
concentration of WS2 nanosheets (Fig. 6c): the higher the

concentration of WS2 nanosheet aqueous solution, the higher
the temperature increase within 7 min. This concentration
dependence is not unexpected as the nanosheets can harvest
NIR photons more effectively at higher concentrations and
convert them to heat. In fact, low concentration of WS2 nano-
sheets (i.e. 0.05 or 0.1 mg mL−1) seems to be enough for
photothermal therapy because most of the tumor cells can be
killed at 42–43 °C.14,46

The photothermal stability of the WS2 nanosheets was
also determined since an effective photothermal material
should be stable during the process of irradiation. WS2 nano-
sheets (0.5 mg mL−1) displayed satisfactory photothermal sta-
bility during 5 cycles of intermittent irradiation by the 808
nm laser (1.5 W cm−2) (Fig. 6d). Overall, WS2 nanosheets have
great potential for photothermal conversion due to their ex-
cellent conversion efficiency and thermal stability.

Conclusions

In conclusion, we developed a simple and efficient
microwave-assisted solvothermal method to synthesize WS2
nanostructures in NMP by using inexpensive tungsten
hexachloride (WCl6) and sulfur (S) as initial reactants. The
morphology and structures of WS2 including nanocones,
nanosheets and nanoworms could be well-controlled by
adjusting the reactant concentration and reaction tempera-
ture. This method could be also successfully applied for prep-
aration of other transition-metal dichalcogenides such as
MoS2. Among the WS2 and MoS2 nanomaterials, WS2 nano-
sheets have the best photothermal effect and exhibit a very
stable photothermal capacity even after five cycles. Thus, they
show potential to be widely used for photothermal therapy
and other fields.
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