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a b s t r a c t

We present a study of photocatalytic activities of Bi2WO6 nanoparticles synthesized by fast microwave-
assisted method. The photocatalytic activities of the nanoparticles were evaluated by the decolorization
of methylene-blue under visible-light-irradiation. Our results show that the surface area of Bi2WO6

nanoparticles plays a major role for improving photocatalytic activity, while visible-light absorption has
only a weak effect on photocatalytic activity. This suggests efficient transportation of photo-generated
electrons and holes to the oxidation active sites on the surface of nanoparticles, indicating Bi2WO6

nanoparticles synthesized by fast microwave-assisted method are promising for achieving high photo-
catalytic activity under visible-light-irradiation.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Oxide-semiconductor-based photocatalysts have attracted
extensive research attention for their potential applications in solar
energy conversion and environmental pollutants treatment [1e4].
To date, TiO2-based photocatalysts have beenmostly studied due to
their high oxidizability, good chemical stability, non-toxicity, and
low cost [5e8]. However, TiO2 can only be activated by ultraviolet
light with wavelength shorter than 390 nm, which accounts for
only 5% of the solar energy [9,10]. Therefore, it is essential to
develop novel visible-light-induced photocatalyst with high effi-
ciency under normal solar light condition. Bi2WO6, a typical auri-
villius oxide with layered structure, has excellent intrinsic physical
and chemical properties [11e13]. Recently, Bi2WO6-based photo-
catalysts have been widely studied for their promising photo-
catalytic performance under visible-light-irradiation [14e26].
Unfortunately, the electronehole recombination in Bi2WO6 pro-
hibits the desirable catalytic activity [27]. Therefore understanding
. Hoang), xchen@wit.edu.cn
how to improve the catalytic activity of Bi2WO6 nanomaterials
would be important.

The typical processes in the treatment of pollutant by oxide-
semiconductor-based photocatalysts are: (i) generation of elec-
trons and holes by absorption of light, (ii) transportation of photo-
generated electrons and holes to the active sites before recombi-
nation, and (iii) oxidation of the pollutant by the charges on active
sites. One important factor affecting the generation of charges for
oxidation would be crystalline quality. The higher the crystalline
quality, the smaller is the amount of defects. The defects operate as
trapping and recombination centers between photo-generated
charges, resulting in a decrease in the photocatalytic activity. The
number of active sites would be determined by the surface prop-
erty of nanoparticles, such as surface area and vacancies on the
surface. The surface area can be controlled by particle size, porosity
distribution, etc. For instance, smaller size nanoparticles have
bigger surface area, thus more active sites, that can lead to higher
photocatalytic activity. The transportation efficiency of photo-
generated charges to active sites would depend not only on
intrinsic property of nanoparticles, but also on particle size distri-
bution and how nanoparticles are assembled. When nanoparticles
with different size are assembled close together, there would have
charge transfer between different size nanoparticles. This would
increase the transportation efficiency of photo-generated charges
to active sites.
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Fig. 1. XRD patterns of the nanoparticles as-prepared and after annealed at temper-
atures of 400, 500, 600, and 700 �C.
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The transportation efficiency of photo-generated charges to
active sites would be an important indicator to determine whether
or not the photocatalyst is promising to achieve high catalytic ac-
tivity. While, direct study of this issue would be difficult. In this
paper, we investigate photocatalytic activity of Bi2WO6 nano-
particles with different crystalline quality, optical property, and
particle size; then discuss our results in correlation with the
transportation efficiency of photo-generated charges to the active
sites. In a previous study of high photocatalytic activity TiO2
nanoparticles, a linear dependence of the photocatalytic activity
toward the degradation of MB on the photocatalyst surface area has
been reported [28]. For the Bi2WO6 nanoparticles prepared by fast
microwave-assisted method, a linear increase of photocatalytic
activity with increasing surface area was also observed, indicating
these nanoparticles are promising for achieving high photocatalytic
activity.

2. Experimental

The Bi2WO6 nanoparticles were prepared by microwave-
assisted method, which has the advantages of short reaction
time, energy saving, highreaction rate, and easy form of complex
oxides at relative low annealing temperature [29e32]. All the re-
agents, sodium tungstate dihydrate (Merck), bismuth nitrate
(Merck) and methylene blue (SD Fine), were of analytical grade and
used as received. In a typical synthesis, 2.5 mmol of sodium tung-
state dihydrate (Na2WO4.2H2O) and 5 mmol of bismuth nitrate
(Bi(NO3)3.5H2O) were first dissolved in 100 ml distilled water with
30 min stirring at room temperature. The obtained solution was
heated by a Sanyo microwave oven with 500 W for 20 min. After
microwave processing, the solution was cooled to room tempera-
ture. The resulted precipitate was separated by centrifugation,
washed with deionized water and acetone for several times, then
dried in an oven at 70 �C for 24 h. The samples were finally
annealed in air for 5 h at temperatures of 400, 500, 600, and 700 �C,
respectively.

The crystalline quality and phase purity of the products were
investigated by an X-ray diffractometer (XRD, Bruker D5005). The
morphology of the nanoparticles was observed by scanning elec-
tron microscope (SEM, S4800-Hitachi, secondary electrons were
detected), the average particle size was statistics calculated by
image J software. The layered structure of the nanoparticles was
observed by high resolution transmission electron microscope
(HRTEM, JEOL-2010 operated at 200 kV). The optical property of the
nanoparticles was examined by UVevis diffuse reflectance spec-
troscopy (UVevis DRS, Jasco-V670). The BET surface area of the
nanoparticles was determined using a Micromeritics Tristar 3000
V6.04 A.

Photocatalytic activity of the nanoparticles was evaluated by the
decolorization of methylene-blue (MB) under visible-light-
irradiation. In the experimental setup, a 300 W Xe lamp was
employed as the light source and a 420 nm cut-off filter was used to
provide visible-light-irradiation. In every experiment, 0.1 g of
nanoparticles was added to 100 ml of MB solution (10�5 mol/l).
Before being irradiated, the suspension was magnetically stirred in
the dark for 3 h to ensure the establishment of an adsorp-
tionedesorption equilibrium between the photocatalyst and MB.
After a given irradiation time, the suspension was centrifuged to
remove the catalyst immediately, and UVeVIS absorbance mea-
surement was performed. The decolorization of MB was monitored
by the decrease of absorption peaks.

For reusability test, the Bi2WO6 nanoparticles were immersed in
ethanol for 3.0 h and rinsed with deionized water, and then dried at
370 K. After this, the cleaned Bi2WO6 nanoparticles were reused to
test photocatalytic activity.
3. Results and discussion

Fig. 1 shows the XRD of the nanoparticles as-prepared and after
annealing treatment at temperatures of 400, 500, 600, and 700 �C.
The XRD results indicate that the nanoparticles as-prepared would
be in amorphous state, thus yield no apparent diffraction peaks.
With annealing treatment of 400 �C, Bi2WO6 can be formed with
significant impurity phase of Bi14W2O27. With annealing treatment
above 500 �C, the crystalline quality of Bi2WO6 nanoparticles gets
better, and the impurity Bi14W2O27 phase disappears. The diffraction
peaks of the nanoparticles obtained with annealing temperature
above 500 �C can be well-indexed to pure orthorhombic Bi2WO6
phase according to the JCPDS Card (No.39-0256), as presented in
Fig. 1. This indicates that good crystalline quality Bi2WO6 nano-
particles can be synthesized by fast microwave-assisted method
with low temperature (500 �C) annealing treatment. With
increasing annealing temperature, the linewidth of diffraction peaks
gets sharper, indicating better crystalline quality Bi2WO6 nano-
particles can be obtained with higher annealing temperature. The
decrease of linewidth also suggests an increase of nanoparticle grain
size with increasing annealing temperature. Applying Scherrer
equation to the (131) diffraction peak, the crystal grains of Bi2WO6
nanoparticles were estimated to be 20, 21, 26, and 31 nm for
annealing temperatures of 400, 500, 600, and 700 �C, respectively.

For photocatalytic applications, better crystalline quality
Bi2WO6 nanoparticles would results in more photo-generated
charges for oxidation of pollutant, thus would be helpful for
improving photocatalytic activity. To show better crystalline quality
Bi2WO6 nanoparticles do have better optical property for potential
improvement of photocatalytic activity, UVeVIS diffuse reflectance
study is performed. Fig. 2(a) shows the UVeVIS diffuse reflectance
spectra of the nanoparticles obtained with annealing temperatures
of 400, 500, 600, and 700 �C. The intense absorption band with a
steep edge is observed for all the samples, indicating that the
visible-light absorption is mainly induced by intrinsic band-gap
transitions instead of transitions from impurity levels [19]. Ac-
cording to the spectra, the samples present photo-absorption
properties from UV to visible light shorter than 450 nm, which
implied the possibility of good photocatalytic activity under visible-
light-irradiation. For the Bi2WO6 nanoparticles obtained with
annealing temperatures above 500 �C, the band-gap absorption
gets steeper and stronger gradually with increasing annealing
temperature. This indicates that the crystalline quality of the
Bi2WO6 nanoparticles improves gradually with increasing anneal-
ing temperature, consistent with XRD results in Fig. 1.



Fig. 2. (a) UVeVIS diffuse reflectance spectra of the nanoparticles obtained with
annealing temperatures of 400, 500, 600, and 700 �C. (b) The relationships between
(ahv)1/2 and photon energy of Bi2WO6 nanoparticles obtained with annealing tem-
peratures of 500, 600, and 700 �C.
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For the nanoparticles obtained with 400 �C annealing, the band-
gap absorption is steeper and stronger than that of the Bi2WO6
nanoparticles obtained with 500 �C annealing. However, the XRD
results show that the nanoparticles obtained with 400 �C annealing
would have poor crystalline quality comparing with the Bi2WO6
nanoparticles obtained with 500 �C annealing. For the nano-
particles obtained with 400 �C annealing, the XRD pattern shows
that there exists significant impurity phase of Bi14W2O27 nano-
particles. Thus, the steep and strong band-gap absorption of the
nanoparticles obtained with 400 �C annealing would be correlated
with the optical absorption of Bi14W2O27 nanoparticles. Therefore,
if only optical absorption is concerned, both Bi2WO6 and Bi14W2O27
nanoparticles could be potentially applied for visible-light-induced
photocatalyst, and Bi14W2O27 nanoparticles could be more prom-
ising than the Bi2WO6 nanoparticles.

It is well known that the optical absorption near the band edge
for a crystalline semiconductor follows the formula ahy¼ A(hy�Eg)n/
2, where a, h, y, Eg, and A are absorption coefficient, Planck constant,
light frequency, band gap and a constant, respectively [15,18,19]. For
direct band gap semiconductor Bi2WO6, n equals 1. The band gaps of
the Bi2WO6 nanoparticles obtained with annealing temperature of
500, 600 and 700 �C were estimated to be 2.93, 2.89 and 2.83 eV,
respectively, as shown in Fig. 2(b). For the nanoparticles obtained
with 400 �C annealing, there are two phases of Bi2WO6 and
Bi14W2O27. These two phases would have different contribution for
the absorption spectrum, thus the above formula could be not
simply applied to one spectrum for obtaining the band gaps of two
phases. Fig. 2(b) shows that the band gap decreases systematically
with increasing annealing temperature. This indicates that bigger
particle size Bi2WO6 nanoparticles were obtained with higher
annealing temperature, consistent with XRD results.

Particle size and surface morphology are very important for
improving photocatalytic activity of nanoparticles. To clearly
observe the particle size and morphology of Bi2WO6 nano-
particles, SEM is performed, as shown in Fig. 3 (aed). The in-
crease of particle size with increasing annealing temperature is
clearly observed in the SEM images. Using image J software, the
average particle size of Bi2WO6 nanoparticles were found to be
30, 60, 80, and 400 nm for annealing temperatures of 400, 500,
600, and 700 �C, respectively. The particle sizes obtained from
the SEM images are significantly larger than those estimated
from XRD results. For the Bi2WO6 nanoparticles obtained with
700 �C annealing, the particle size obtained from SEM is more
than 10 times of the particle size estimated from XRD. We sug-
gest that this extreme difference would be mainly correlated
with the layered structure of Bi2WO6 nanoparticles: the XRD
results would mainly indicate the thickness of layered nano-
particles, while SEM images would mainly indicate the plane
size of layered nanoparticles. The layered structure of the
Bi2WO6 nanoparticles is confirmed by HRTEM image, as shown
in Fig. 3(e). This image was taken for the Bi2WO6 nanoparticles
obtained with annealing temperature of 500 �C. Fig. 3(e) shows
that the average space between adjacent planes is 0.31 nm,
which is assigned to the (131) planes of orthorhombic layered
structure of Bi2WO6.

The surface areas of the Bi2WO6 nanoparticles were estimated
by BET experiments, the results are shown in Table 1. With
increasing annealing temperature, the particle surface area de-
ceases gradually. For the Bi2WO6 nanoparticles obtained with
annealing temperatures of 600 and 700 �C, their surface area is
similar, although the SEM images indicated very different particle
size. This further suggests that the SEM images indicated only the
plane size of the layered nanoparticles. The thickness of the layered
nanoparticles would be similar for the Bi2WO6 nanoparticles ob-
tained with annealing temperatures of 600 and 700 �C, thus their
surface areas are similar.

The above results show that with increasing annealing tem-
perature, the crystalline quality of Bi2WO6 nanoparticles gets bet-
ter, which improves the visible-light-absorption. This would result
in more photo-generated electrons and holes, thus be helpful to
improve photocatalytic activity. However, with increasing anneal-
ing temperature, the surface area of the Bi2WO6 nanoparticles gets
smaller. This would result in less active sites, thus decrease the
photocatalytic activity. Whether visible-light-absorption or
surface-area plays major role for improving photocatalytic activity
would depend on the efficiency of transportation of photo-
generated charges to active sites. If surface area plays a major
role, this would indicate high efficiency of transportation of photo-
generated charges to active sites. Then, these nanoparticles would
be promising for achieving high photocatalytic activity.

The photocatalytic activities of Bi2WO6 nanoparticles were
tested by the decolorization of MB in an aqueous solution under
visible-light-irradiation. Fig. 4 shows the temporal evolution of the
UVeVIS spectra of MB solutions in the presence of Bi2WO6 nano-
particles (annealed at 500 �C) under visible light irradiation. With
increasing irradiation time, the intensity of all the observed MB
absorption peaks decreases. Besides, the absorption peak at 668 nm
is blue-shifted and broadened. The blue-shifted absorption is
characteristic of N-demethylated derivative(s) of MB [33]. This
suggests decomposition of MB due to photocatalytic degradation
process.



Fig. 3. SEM images of the nanoparticles obtained with annealing temperatures of 400 �C (a), 500 �C (b), 600 �C (c), 700 �C (d) and TEM image of Bi2WO6 nanoparticles obtained with
annealing temperature of 500 �C (e).

Table 1
Surface areas of the Bi2WO6 nanoparticles obtained with annealing temperatures of 400, 500, 600, and 700 �C.

Annealing temperature 400 �C 500 �C 600 �C 700 �C

Surface area (m2/g) 17.63 ± 0.04 14.60 ± 0.03 11.38 ± 0.03 10.63 ± 0.03
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To compare the photocatalytic activities of the nanoparticles
annealed at different temperatures. The absorbance time variations
(At/A0) of the peaks at 668 nm for nanoparticles annealed at 400,
500, 600, and 700 �C are plotted in Fig. 5 (At is time-dependent
absorbance and A0 is initial absorbance). Fig. 5 shows that the
nanoparticles obtained with annealing temperature of 400 �C have
the lowest photocatalytic activity. This would be correlated with
the significant impurity phase of Bi14W2O27 nanoparticles. These
nanoparticles have similar visible-light absorption with Bi2WO6
nanoparticles, and they have bigger surface area. Thus the low
photocatalytic activity would indicate very low efficiency of
transportation of photo-generated charges to active sites in
Bi14W2O29 nanoparticles. For the Bi2WO6 nanoparticles obtained
Fig. 4. Temporal evolution of the UVeVIS spectra of MB solutions in the presence of
Bi2WO6 nanoparticles (annealed at 500 �C) under visible-light irradiation.
with annealing temperature above 500 �C, the photocatalytic ac-
tivity decreases gradually with increasing annealing temperature.
We have shown that the visible-light absorption of the Bi2WO6
nanoparticles increases gradually with increasing annealing tem-
perature; while the surface area of the nanoparticles decreases
gradually with increasing annealing temperature. Thus, for the
Bi2WO6 nanoparticles, the surface area plays more important role
than visible-light absorption for enhancing photocatalytic activity.
This indicates efficient transportation of photo-generated charges
to active sites in the Bi2WO6 nanoparticles obtained with annealing
at 500 �C.

Fig. 5 shows an important correlation between surface area and
photocatalytic activity: the photocatalytic activity increases about
Fig. 5. Absorbance change of MB at 668 nm as a function of visible light irradiation
time in the presence of Bi2WO6 nanoparticles annealed at different temperatures.
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linearly about surface area of the Bi2WO6 nanoparticles. For TiO2
nanoparticles, a linear dependence of photocatalytic activity toward
the degradation of MB on the photocatalyst surface area was also
reported [28]. Generally, TiO2 nanoparticles have high efficiency of
transportation of photo-generated charges to active sites. Thus the
Bi2WO6 nanoparticles would be very promising for achieving high
photocatalytic activity under visible-light-irradiation.

High efficiency of transportation of photo-generated charges to
active sites would indicate very low recombination of free carriers,
i.e., very low emission. Therefore, photoluminescence (PL) emission
experiment is a useful technique to survey the separation efficiency
of the photogenerated charge carriers in a semiconductor [34]. We
have performed PL experiment on the Bi2WO6 nanoparticles ob-
tained with annealing at 500 �C using 325 nm laser, no emission
was detected. This further indicates the high efficiency of trans-
portation of photo-generated charges to active sites in these
Bi2WO6 nanoparticles. The high efficiency of transportation of
photo-generated charges to active sites in these Bi2WO6 nano-
particles may be correlated the layered structure and disperse
particle size distribution. The layered structure makes the nano-
particles like to stick together thus increase the probability of
charge transfer between different size nanoparticles. Also, the
disperse particle size distribution would increase the separation of
electrons and holes into different size nanoparticles. These two
factors would significantly decrease the high efficiency of electro-
nehole recombination in Bi2WO6 crystal, thus increase the effi-
ciency of transportation of photo-generated charges to active sites
on the surface of Bi2WO6 nanoparticles.

Considering practical application, it is important and necessary
to investigate the reusability and stability of a photocatalyst. To
confirm the reusability and stability of the photocatalytic perfor-
mance of the Bi2WO6 nanoparticles, circulating runs in the photo-
catalytic degradation of MB under visible-light irradiation were
checked. As shown in Fig. 6, comparing with the first run, the
photocatalytic activity losses ~5%, 6%, and 10% for second, third, and
fourth run, respectively.

We have discussed above that the Bi2WO6 nanoparticles syn-
thesized by fast microwave-assisted method are promising candi-
date of visible-light-induced photocatalyst. To further improve the
photocatalytic activity of these nanoparticles, following future
studies would be helpful. (1) Improve visible-light absorption above
450 nm. This could be achieved by dope the Bi2WO6 nanoparticles
[9]. (2) Increase the active sites on the surface of nanoparticles. This
Fig. 6. Cycling runs of the photocatalytic degradation of MB under visible light in the
presence of Bi2WO6 nanoparticles annealed at 500 �C.
could be achieved by further controlling the synthesizing conditions
to reduce particle size, or to obtain hollow sphere nanoparticles
[22,35], flower-like nanostructures [36,37], or encapsulate Bi2WO6
nanoparticles into mesoporous structures [38], and so forth. Also,
rough particle surface with more oxygen defect states may be
helpful to increase the active sites on the surface [39]. (3) Increase
the efficiency of transportation of photo-generated charges to active
sites. This could be achieved by mixing Bi2WO6 nanoparticles with
other semiconductor nanoparticles to separate electrons and holes
more efficiently [40]. In our future studies, we will perform sys-
tematic studies of the above possibilities to further increase the
photocatalytic activity of Bi2WO6 nanoparticles for their practical
applications.

4. Conclusions

The photocatalytic activities of Bi2WO6 nanoparticles synthe-
sized via fast microwave-assisted method were studies by testing
the decolorization of methylene-blue under visible-light-
irradiation. The comparison of crystalline quality and surface area
of the nanoparticles for enhancing photocatalytic activities are
investigated. Our results indicated that surface area of the nano-
particles plays major role for increasing photocatalytic activity: the
photocatalytic activities increases about linearly with increasing
particle surface area; but weakly affected by crystal quality. This
suggested high efficiency of transportation of photo-generated
electrons and holes to the active sites before recombination, indi-
cating Bi2WO6 nanoparticles synthesized by fast microwave-
assisted method are promising for achieving high photocatalytic
activity.
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