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The MnWO4 nanoparticles encapsulated in mesoporous silica (MnWO4/SBA-15) was successfully synthesized by a fast microwave-assisted method. The products were characterized by X-ray diffraction
(XRD), transmission electron microscopy (TEM), nitrogen absorption–desorption isotherm, and Fourier
transform infrared spectroscopy (FTIR). Our results showed that the MnWO4/SBA-15 nanocomposites
have the ordered hexagonal meso-structure of SBA-15, indicating MnWO4 nanoparticles were successfully distributed into the channels of SBA-15. The size of MnWO4 nanoparticles in SBA-15 is signiﬁcantly
smaller than the size of MnWO4 nanoparticles prepared without SBA-15, indicating that the
MnWO4/SBA15 nanocomposites would be very promising for improving photocatalytic activity of
MnWO4 nanoparticles.
& Elsevier Ltd. All rights reserved.
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1. Introduction
MnWO4 has attracted extensive research interests due to its
novel multiferroic, electrochemical, ionic properties and its applications in gas sensor, catalyst, electrochromic device, etc. [1–7].
MnWO4 is a narrow band gap semiconductor (Eg∼2.8 eV), and is
expected to be a new excellent photocatalyst [7]. Recently, encapsulating photocatalytic materials into porous materials such as
mesoporous silica, zeolite, carbon ﬁbers or nanotubes has been the
subject of extensive studies for enhancing photocatalytic activity
[8–11]. Among the photocatalytic support porous materials, mesoporous silica has the advantages of high surface area, adjustable
pore size, ordered frameworks and transparent to UV radiation.
For various mesoporous silica, SBA-15 with highly ordered hexagonal structure is considered as one prominent photocatalytic
support due to its interesting features of high surface area
(500–1000 m2/g), controllable pore diameter (2–30 nm) and high
stability [12].
n
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MnWO4 nanoparticles have been synthesized by various methods, including hydrothermal method [4,13], sol–gel method [5], coprecipitation method [6,14], etc. Recently, microwave-assisted
method has been widely applied for synthesizing various types of
nanoparticles due to the advantages of short reaction time, high reaction rate, energy saving, and easy forming of complex oxides under
relative low calcinations temperature [15–17]. In our previous study,
we have applied the microwave-assisted method for synthesizing
MnWO4 nanoparticles [15]. In this work, we apply the fast microwave assisted method to synthesis MnWO4 nanoparticles encapsulated in mesoporous silica (MnWO4/SBA-15) for its future applications as high efﬁcient photocatalyst. The characterizations of the
synthesized MnWO4/SBA-15 nanocomposites indicated that MnWO4
nanoparticles were successfully distributed into the channels of SBA15. The MnWO4 nanoparticles in the channels of SBA-15 have ﬁner
particle size than that synthesized without SBA-15, and the MnWO4
nanoparticles are bonded with SBA-15. These suggest that the
MnWO4/SBA-15 nanocomposites would be promising to enhance the
photocatalytic activity of MnWO4 nanoparticles.

2. Experimental
The mesoporous silica SBA-15 was prepared using block
copolymer Fluroic P123 and Tetraethyl orthosilicate (TEOS), same
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process as described in Ref. [18]. The synthetic procedure of incorporating MnWO4 nanoparticles into the channels of SBA-15 is
carried out as follows. First, SBA-15 was sonicated in solution
containing 0.5 M MnCl2 and 0.5 M Na2WO4 with the mass ratio of
MnWO4: SBA-15 ¼90:10. The pH value of the solution was maintained at 7 using NaOH. Then, the solution was placed in a commercial microwave oven (Hitachi Electronic Corp. Japan), and the
reaction was performed under microwave power of 300 W for 30
min. The working cycle of the microwave oven was set with 30 s
on and 30 s off. The resulted precipitate was separated by centrifugation, washed with deionized water for several times, and
dried at room temperature. Finally, the above obtained product
was annealed at 600 °C for 4 h. For reference, MnWO4 nanoparticles without SBA15 were prepared with the same process.
Low-angle and wide-angle XRD measurements were carried
out using a Siemens D5500 X-ray diffractometer with CuKα radiation (λ ¼1.5406 Å). TEM images were taken using a JEOL 2010
electron microscope operated at 200 kV. Nitrogen adsorption–
desorption isotherms were performed using a TriStar 3000 system.
FTIR spectra were obtained using a Nicolet 6700 FT-IR
spectrometer.

3. Results and discussion
The low-angle XRD patterns of the SBA-15 and MnWO4/SBA-15
samples are shown in Fig. 1(a) and (b), respectively. The low-angle
XRD pattern of the SBA-15 sample exhibits three diffraction peaks.
These peaks can be indexed as (100), (110), and (200), which are
associated with the P6mm hexagonal symmetry of mesoporous
structure [12]. The low-angle XRD pattern of the MnWO4/SBA-15
sample shows similar features to that of SBA-15. This indicates that
the introduction of MnWO4 nanoparticles into SBA-15 does not
collapse the mesoscopic order of hexagonal structure. The main
diffraction peak (100) of MnWO4/SBA-15 shifts to higher angle in
comparison with that of SBA-15. This would be correlated with the
loading of MnWO4 nanoparticles into the mesoporous structure of
SBA-15 [19]. Therefore, the low-angle XRD results in Fig. 1 indicate
that the MnWO4 nanoparticles are successfully encapsulated in
mesoporous silica without collapsing the mesoscopic order of
hexagonal structure.
The wide-angle XRD patterns of the MnWO4 nanoparticles and
MnWO4/SBA-15 nanocomposites are shown in Fig. 2(a) and (b),

Fig. 1. Low-angle XRD patterns of (a) SBA15 and (b) MnWO4/SBA15 samples.

Fig. 2. Wide-angle XRD patterns
MnWO4/SBA15 nanocomposites.
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respectively. All the diffraction peaks of the MnWO4 crystalline
phase were detected in the wide-angle XRD patterns of the
MnWO4 nanoparticles, indicating good crystalline quality of
MnWO4 nanoparticles synthesized by the micro-wave assisted
synthesis. The diffraction pattern of the MnWO4/SBA-15 nanocomposites shows similar features to that of the MnWO4 nanoparticles, but with much less resolved peaks. This would be correlated with much smaller particle sizes of MnWO4 nanoparticles
in the channels of SBA-15. Using Scherrer's equation, the particle
size of the MnWO4 nanoparticles in the channels of SBA-15 is
estimated ∼5 nm. The particle size of the MnWO4 nanoparticles
prepared without SBA-15 is estimated ∼15 nm. The much smaller
particle size of MnWO4 nanoparticles in SBA-15 is very helpful for
enhancing the particle surface area, thus MnWO4/SBA-15 nanocomposites would be very promising to enhance the photocatalytic activity of MnWO4 nanoparticles.
TEM images of the SBA-15 and MnWO4/SBA-15 samples are
shown in Fig. 3(a) and (b), respectively. Highly ordered pore array
structure of SBA15 is clearly observed in Fig. 3(a). The diameter of
the mesopores is ∼7 nm. Fig. 3(b) shows that the MnWO4/SBA-15
nanocomposite also has ordered pore array structure, similar as
that of SBA15. The better contrast of the TEM image of MnWO4
/SBA-15 nanocomposite would be correlated with the formation of
MnWO4 nanoparitlces in the channels of SBA-15. Therefore, TEM
images also indicate that MnWO4 nanoparticles are successfully
dispersed into the pores of SBA-15, consistent with low-angle XRD
results. In addition, Fig. 3(b) does not show clear particle size of
MnWO4 nanocrystallines. This indicates that MnWO4 nanoparticles in the channels of SBA-15 would have very ﬁne particle
size, consistent with wide-angle XRD result.
The nitrogen adsorption–desorption isotherms of the SBA-15
and MnWO4/SBA-15 samples are shown in Fig. 4(a) and (b), respectively. The isotherm of SBA-15 shows the typical H1-type
hysteresis loops of mesoporous materials with two-dimensional
hexagonal structure [20]. The isotherm of MnWO4/SBA-15 nanocomposites shows similar behavior comparing with that of SBA-15,
but with much smaller hysteresis loop. This suggests that most
pores of SBA-15 are ﬁlled with MnWO4 nanoparticles. To conﬁrm
this, we plotted the pore size distribution curves of the SBA-15 and
MnWO4/SBA-15 samples, as shown in Fig. 5. Also, the surface area
and pore volume of the SBA-15 and MnWO4/SBA-15 samples are
listed in Table 1. As expected, Fig. 5 and Table 1 clearly show that
both surface area and pore volume are signiﬁcantly decreased
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Fig. 3. TEM images of (a) SBA-15 and (b) MnWO4/SBA-15 samples.

Fig. 4. Nitrogen adsorption–desorption isotherm of (a) SBA-15 and (b) MnWO4
/SBA-15 samples.

when MnWO4 nanoparticles are introduced. This suggests that
MnWO4 nanoparticles are successfully dispersed into the pores of
SBA-15, consistent with XRD and TEM results.
Fig. 6 shows the FTIR spectra of the SBA-15, MnWO4 nanoparticles and MnWO4/SBA-15 nanocomposites. The band at ∼
1630 cm  1 is presented in all three samples, which can be attributed to H‒O‒H bending vibrations of adsorbed H2O on the
samples [21]. The FTIR spectrum of SBA-15 shows characteristic
vibration modes at ∼1200, 1080, 970, and 800 cm  1 [21–25]. The
band at 970 cm  1 is correlated with stretching vibrations of free
silanol (Si–OH) groups, which can be used an indicator for the
bonding of SBA-15 with encapsulated material. The FTIR spectrum
of MnWO4 nanoparticles synthesized without SBA-15 shows
characteristic vibration modes at ∼880, 810, 700, and 590 cm  1
[26]. The FTIR spectrum of the MnWO4/SBA-15 nanocomposites
not only exhibits the characteristic absorption bands of SBA-15,
but also the absorption peaks at 875, 780, and 585 cm  1, which
would be correlated with vibration modes of MnWO4 nanoparticles. Note that, for MnWO4/SBA-15 nanocomposites, the peak
intensity of 970 cm  1 band is much lower than that of SBA-15.
This indicates a bonding of MnWO4 nanoparticles with SBA-15,
thus the vibration of free silanol groups disappears. In addition,
the FTIR of MnWO4 nanoparticles in SBA-15 is quite different with
that of MnWO4 nanoparticles without SBA-15 – the peaks at 875
and 585 cm  1 are signiﬁcantly weaker and a peak at 780 cm  1 is
observed. Maczka et al. [14] showed that for MnWO4 nanoparticles, depending on the morphology and particle size, the IR
spectra may differ very strongly; and for small particle size of
MnWO4 nanoparticles, a peak at 780 cm  1 should be observed.
Therefore, the FTIR results also support that MnWO4 nanoparticles
of very ﬁne particle size are successfully dispersed into the pores
of SBA-15, consistent with XRD, TEM, and nitrogen adsorption–
desorption results.
The very ﬁne particle size and the bonding of MnWO4 nanoparticles with SBA-15 would signiﬁcantly enhance the surface activity
of MnWO4 nanoparticles. Thus the MnWO4/SBA15 nanocomposites
would be very promising for improving photocatalytic activity of
MnWO4 nanoparticles. A systematic study of the photocatalytic
Table 1
Surface area and pore volume of SBA-15 and MnWO4/SBA-15 samples.

Fig. 5. Pore size distribution of (a) SBA-15 and (b) MnWO4/SBA-15 samples.

Materials

Speciﬁc surface area (m2/g)

Pore volume (cm3/g)

SBA-15
MnWO4/SBA-15

908
236

0,128
0,014
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