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a b s t r a c t

Flower-like Bi2WO6 and Bi2O3–Bi2WO6 composite microstructures have been synthesized via a facile and
rapid microwave-assisted hydrothermal method through controlling the experimental parameters. The
phases and morphologies of the products are characterized by powder X-ray diffraction (XRD), energy
dispersion X-ray analysis (EDX), high resolution transmission electron microscopy (HRTEM), and scan-
ning electron microscopy (SEM). Photocatalytic experiments indicate that such Bi2O3–Bi2WO6 composite
possesses higher photocatalytic activity for RhB degradation under visible-light irradiation in comparison
with pure Bi2O3 and Bi2WO6. On the basis of the calculated energy band positions, the enhanced photo-
catalytic activity is attributed to the effective separation of electron–hole pairs between the two semicon-
ductors. The present study provides a new strategy to design composite materials with enhanced
photocatalytic activity.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction

The effectiveness of solar-driven photocatalytic process under-
lying water splitting to supply clean and recyclable hydrogen en-
ergy and the degradation of organic pollutants is dictated to a
great extent by the semiconductor’s capability of absorbing visible
and infrared light, as well as its ability to suppress the rapid com-
bination of photogenerated electrons and holes [1–5]. However,
how to improve the photocatalytic efficiency is still a great chal-
lenge to meet the requirements of future environmental and en-
ergy demands driven by solar energy. In recent years, the
heterostructural composite of two semiconductors has been recog-
nized as a promising method to develop a high efficiency photocat-
alytic material. Compared to a single semiconductor,
heterostructures can promote efficient electron–hole separation
and thus improve the photoelectrochemical activity [6–11]. For
example, Kong et al. have synthesized the BiOBr–ZnFe2O4 hetero-
structures which were found to exhibit higher photocatalytic activ-
ity in visible-light degradation of rhodamine B than bare BiOBr and
ZnFe2O4 [7].

Bismuth tungstate (Bi2WO6, n-type, band gap = 2.8 eV) is a
promising visible-light-driven photocatalytic material and has re-
cently stimulated intensive interest [10,12,13]. However, the rapid
recombination of photoinduced electron–hole pairs seriously lim-
ll rights reserved.

en).
its the energy-conversion efficiency. To improve the photocatalytic
activity of Bi2WO6, many efforts in the fabrication of Bi2WO6-con-
taining composites have been made. For example, Wang et al. [10]
designed a Bi2S3/Bi2WO6 composite, which exhibited significantly
enhanced photocatalytic activity for phenol degradation under vis-
ible-light irradiation. Bi2O3 is a p-type semiconductor with a band
gap of �2.8 eV and has proved to be a photocatalyst for water split-
ting and pollutant decomposing under visible-light irradiation
[12,14–16]. Up to now, there have been few reports on Bi2O3–Bi2-

WO6 composite [12,16–18]. Chen et al. [12] have prepared Bi2O3–
Bi2WO6 composite microspheres with enhanced photocatalytic
performance through a one-step hydrothermal route with the aid
of surfactant templates. Li et al. [16] synthesized Bi2O3–Bi2WO6

hollow microspheres via a hydrothermal method using polysty-
rene particles as the template. Zhang et al. [18] synthesized
Bi2O3–Bi2WO6 photocatalysts by a solvothermal process using pre-
formed Bi2WO6 as the substrate. These composite all exhibit higher
photocatalytic activity than the single phased Bi2WO6 or Bi2O3.
Microwave-assisted route has proved to be a very useful route to
prepare various nanomaterials [19,20]. In this article, we describe
a facile and rapid microwave-assisted hydrothermal approach to
synthesize flower-like Bi2WO6 and Bi2O3–Bi2WO6 composite by
adjusting the reaction conditions without the use of any surfactant
or template. Furthermore, the experimental results confirm that
these Bi2O3–Bi2WO6 composites exhibit much higher photocata-
lytic activities for degradation of RhB compared to pure Bi2WO6

and Bi2O3.

http://dx.doi.org/10.1016/j.jcis.2012.12.002
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2. Experimental section

2.1. Synthesis of flower-like Bi2WO6 and Bi2O3–Bi2WO6

microstructures

All of the reagents were of analytical grade and were used with-
out any further purification. In a typical procedure, a mixture of
Bi(NO3)3�5H2O (1.0 mmol) and Na2WO4�2H2O (2.0 mmol) in
15 mL of distilled water was stirred for 30 min, followed by addi-
tion of 2 ml of ethylenediamine (En, 99%). After being stirred for
30 min, the mixture was transferred into a 35 mL round-bottom
flask in a microwave system (2.45 GHz, Discover S-Class, CEM)
equipped with in situ magnetic stirring. After treating the mixture
at 180 �C for 10 min under microwave radiation, the resulting
product was cooled to room temperature rapidly by air compres-
sor. The product (the typical sample, named as T180) was col-
lected, washed with deionized water and absolute ethanol for
several times, and dried in vacuum at 80 �C for 12 h. Other exper-
iments were also conducted under different conditions by using
similar procedures. For the convenience of description, the prod-
ucts synthesized under different conditions were denoted as in Ta-
ble 1. Besides, the series of samples prepared at different time
(140–180 �C), with different amount of Na2WO4�2H2O (0–
1.5 mmol), for different reaction time (1–8 min) and with different
amount of ethylenediamine (0–1 ml) are labeled T, W, t, and E,
respectively. For example, T140, T150, T160, T170, and T180 repre-
sent the samples prepared at 140, 150, 160, 170, and 180 �C, while
the other reaction conditions were kept constant, see Table 1.
2.2. Materials characterization

The phases of the products were characterized by X-ray powder
diffraction (XRD) with a Shimadzu XRD-6000 powder X-ray dif-
fractometer with Cu Ka radiation (k = 1.5418 Å), recorded with 2h
ranging from 10� to 70�. Selected area electron diffraction (SEAD)
and transmission electron microscopy (TEM) were carried out on
a JEM-2100 high resolution transmission microscope, employing
an accelerating voltage of 200 kV. Scanning electron microscopy
(SEM) images and energy dispersion X-ray analysis (EDX) of the
products were obtained on a field emission scanning electron
microanalyser (Hitachi S-4800), employing an accelerating voltage
of 10 kV or 20 kV by depositing the products on a conductive adhe-
sive tape. X-ray photoelectron spectroscopy (XPS) was recorded on
a PHI 5000 VersaProbe X-ray photoelectron spectrometer, using Al
Table 1
The detailed reaction conditions and the final morphologies for the samples.

Samplea Reaction conditions

Bi Source (mmol) W Source (mmol) En (ml) Temperature (�

T180 1 2 2 180
T170 1 2 2 170
T160 1 2 2 160
T150 1 2 2 150
T140 1 2 2 140
W1.5 1 1.5 2 180
W1 1 1 2 180
W0.5 1 0.5 2 180
W0 1 0 2 180
t1 1 2 2 180
t2 1 2 2 180
t5 1 2 2 180
t8 1 2 2 180
E1 1 2 1 180
E0.5 1 2 0.5 180
E0 1 2 0 180

a The samples prepared with different reaction conditions were labeled T, W, t, and E
Ka monochromatic X-ray radiation (1486.6 eV). The peak positions
were calibrated against the reference C 1s peak (284.8 eV) of con-
taminated carbon. The UV–vis diffusion reflectance spectra (DRS)
of the samples were analyzed with a UV–vis spectrophotometer
(UV-3600, Shimadzu, Japan) and BaSO4 was used as reference. X-
ray fluorescence (XRF) of the samples was analyzed with Shimadzu
EDX-720/800HS/900HS.
2.3. Photodegradation experiments

The photocatalytic degradation of rhodamine B (RhB) or phenol
was conducted in an XPA-photochemical reactor (Xujiang Electro-
mechanical Plant, Nanjing, China) equipped with a 400 W metal
halide lamp and a cutoff filter (k P 420 nm). An electric fan and
cooling water were used to eliminate thermal effect. The photocat-
alyst (0.02 g) was introduced into a Pyrex reactor containing 20 ml
of RhB (10�5 mol/L) or phenol (40 mg/L) aqueous solution at room
temperature in the air. Before light was turned on, the solution was
continuously stirred for 30 min in the dark to ensure the establish-
ment of an adsorption–desorption equilibrium. Then the photocat-
alytic reaction was initiated. At given time intervals, a portion of
the suspension was removed from the reactor, centrifuged, and fil-
tered to remove the catalyst particles before analysis. The RhB or
phenol concentration was analyzed through a UV–vis spectropho-
tometer (Shimadzu, UV-3600). In order to determine the durability
of the photocatalyst, the photocatalyst was separated from aque-
ous solution after each run. The filtered solid was reused in the
subsequent recycling experiment without any treatment.
3. Results and discussion

3.1. Structure and morphology characterization

The crystalline structure of the products (samples T180 and
W0.5) was investigated by the powder X-ray diffraction (XRD).
Fig. 1a indicates that all the peaks of T180, which was prepared
at 180 �C with 2 mmol of Na2WO4�2H2O for 10 min, are readily in-
dexed to the russellite Bi2WO6 with pure phase (JCPDS file Card No.
73-1126). The diffraction profile of Fig. 1b shows that sample W0.5,
which was prepared at 180 �C with 0.5 mmol of Na2WO4�2H2O for
10 min, was composed of russellite Bi2WO6 (JCPDS file Card No. 73-
1126) and cubic Bi2O3 (JCPDS file Card No. 74-1373). No other
phases can be found in these patterns. The chemical composition
of T180 was further analyzed using energy dispersive X-ray
Final morphology

C) Time (min)

10 Flower-like Bi2WO6 microstructures
10 Flower-like Bi2WO6 microstructures
10 Bi2O3 nanoparticles + flower-like Bi2WO6 microstructures
10 Bi2O3 nanoparticles + flower-like Bi2WO6 microstructures
10 Bi2O3 nanoparticles
10 Flower-like Bi2WO6 microstructures
10 Flower-like Bi2WO6 microstructures
10 Bi2O3 nanoparticles + flower-like Bi2WO6 microstructures
10 Nanosheets (unable to be identified)

1 Bi2O3 nanoparticles
2 Bi2O3 nanoparticles + flower-like Bi2WO6 microstructures
5 Bi2O3 nanoparticles + flower-like Bi2WO6 microstructures
8 Bi2O3 nanoparticles + flower-like Bi2WO6 microstructures

10 Bi2WO6 nanoflakes
10 Bi2WO6 nanoflakes
10 Amorphous products

.
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Fig. 1. (a) XRD and (c) EDX patterns of Bi2WO4 (T180) prepared at 180 �C with 2 mmol Na2WO4�2H2O for 10 min. (b) XRD pattern and (d–f) XPS spectra of the Bi2O3–Bi2WO6

composite (W0.5) prepared at 180 �C with 0.5 mmol of Na2WO4�2H2O for 10 min.
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spectroscopy (EDX, Fig. 1c). The peaks of Bi, W and O can be easily
found. The C peak in the spectrum could be attributed to the car-
bon on the conductive adhesive tape used to hold the sample.

The surface composition and state of the product (W0.5) were
further investigated using X-ray photoelectron spectroscopy
(XPS). As shown in Fig. 1d, the two peaks located at 164.0 and
158.8 eV can be attributed to Bi 4f5/2 and Bi 4f3/2 [18], respectively.
The two peaks at the W region of 36.8 and 34.9 eV can be assigned
to the binding energy of W 4f (Fig. 1e) [18]. Because of the exis-
tence of several types of nonequivalent lattice O atoms, the XPS
spectrum in the O 1s region is complicated and can be deconvo-
luted to three peaks at 532.5, 529.9, and 531.2 eV (Fig. 1f), which
can be assigned to Bi–O in Bi2O3 and Bi–O and W–O in Bi2WO6,
respectively [16,18]. The results reveal the co-existence of Bi2O3

and Bi2WO6, which is in good agreement with the above XRD
analysis.

The morphologies of the final products are characterized by
SEM and TEM. Fig. 2a is a typical low-magnification SEM image
of T180, which is composed of many uniform flower-like micro-
structures with a diameter of ca. 5 lm. The high-magnification
SEM image (Fig. 2b) reveals that the flower-like microstructure is
built from many thin sheets with a thickness about 10 nm. These
nanoflakes are intercrossed each other and aggregated together
to form flower-like microstructures. The SEM image of the as-ob-
tained Bi2O3–Bi2WO6 composite (W0.5) was shown in Fig. 2c–e,
showing that the sample consists of hierarchical structures with
nanoparticles embedded in the sheets. The TEM image is in agree-
ment with the SEM characterization (Fig. 2f). To further confirm
the composition of the composite, the sample was characterized
by HRTEM analysis. The lattice fringes with interplanar spacing
of 0.41 nm on the HRTEM image (Fig. 2g), which is on the area
marked g in Fig. 2f corresponds to the (004) plane of Bi2WO6,
while the fringes of d = 0.32 nm in Fig. 2h observes on the area
marked h in Fig. 2f matches the (111) planes of cubic Bi2O3. These
analyses indicate that the Bi2O3–Bi2WO6 composite was obtained.
3.2. Factors influencing the formation of the flower-like Bi2WO6 and
Bi2O3–Bi2WO6 heterostructures

In order to reveal the factors influencing the formation of flow-
er-like Bi2WO6 and Bi2O3–Bi2WO6, a series of controlled experi-
ments have been carefully performed whereby one reaction
parameter (volume of ethylenediamine, amount of Na2WO4�2H2O,



Fig. 2. (a and b) SEM images of Bi2WO4 (sample T180) prepared with 2 mmol of Na2WO4�2H2O at 180 �C for 10 min. (c–e) SEM, (f) TEM and (g and h) HRTEM images of the
Bi2O3–Bi2WO6 composite (sample W0.5) prepared with 0.5 mmol of Na2WO4�2H2O at 180 �C for 10 min.
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reaction time, and temperature) was changed while the other reac-
tion conditions were kept constant.

3.3. Effect of the reaction temperature

The reaction temperature is known to be an important param-
eter affecting greatly the morphology of the samples prepared in
hydrothermal processes. Controlled experiments have been carried
out at different reaction times to yield samples T140-T180 (Ta-
ble 1). When the temperature was controlled at 140 �C, the product
(T140) was composed of many Bi2O3 nanoparticles with different
sizes (Fig. 3a and e). Increasing the temperature to 150 �C, the
product (T150) contains a mixture of flower-like microstructures
and nanoparticles (Fig. 3b). The corresponding XRD pattern shown
in Fig. 3e indicates that T150 is a mixture of Bi2WO6 (JCPDS file
Card No. 73-11126) and Bi2O3 (JCPDS file Card No. 74-1373). Fur-
ther increasing the temperature to 160 �C, the bulk of the product
(T160) is Bi2WO6 flower-like microstructures, accompanied by
some Bi2O3 nanoparticles adhered on the nanosheets (Fig. 3c and
e). When the reaction temperature was controlled at 170 �C, the
nanoparticles vanished and only pure flower-like Bi2WO6 micro-
structures were obtained (Fig. 3d and e). At 180 �C, the novel Bi2-

WO6 flower-like microstructures were harvested (Fig. 2a). The
products obtained at 170 and 180 �C were indexed to Bi2WO6

(JCPDS file Card No. 73-11126) (Figs. 1a and 3e). These experimen-
tal results indicate that the increase in the reaction temperature
will facilitate the transformation from Bi2O3 to Bi2WO6. At lower
temperature, Bi2O3 was easily obtained. There have been some re-
ports of preparation of Bi2O3 at low temperature. For example, Li
et al. [21] synthesized Bi2O3 nanostructures by a citrate-assisted
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solution approach at 40 �C. Wang and co-workers [15] prepared
Bi2O3 hierarchical nanostructures at 60–80 �C.

3.3.1. Effect of ethylenediamine
In recent years, many reports suggest that the alkylamine could

mediate the crystal structure evolution and control the complex
morphology because they absorb on solid surfaces and selectively
bind to some specific crystalline planes to control the direction of
crystal growth [22–24]. In this work, ethylenediamine was used to
synthesize flower-like Bi2WO6 microstructures. The effect of the
amount of ethylenediamine has been studied (see E0, E0.5 and
E1 in Table 1). Without the addition of ethylenediamine, the mor-
phology is irregular and the product (E0) is amorphous phase
(Fig. 4a and d). When 0.5 or 1 ml of ethylenediamine was added,
the products (E0.5, E1) were all Bi2WO6 nanoflakes (Fig. 4b and
c). Further increasing the volume of ethylenediamine to 2 ml, novel
flower-like microstructures were the final product (Fig. 2a). The
phases of the three products were all pure russellite Bi2WO6

(Figs. 1a and 4d). These observations suggest that ethylenediamine
played a key role in the formation of hierarchical microstructures.
In this study, suitable volume of ethylenediamine is important for
the morphology control of the sample.

3.3.2. Effect of the amount of Na2WO4�2H2O
It was found that the amount of Na2WO4�2H2O had a marked

influence on the morphologies of the final products (see W0–
W1.5 in Table 1). In the absence of Na2WO4�2H2O, nanosheets were
the final product (W0, Fig. 5a), but the XRD pattern of the product
could not be identified in the standard JCPDS cards (Fig. 5d). When
0.5 mmol of Na2WO4�2H2O was added, Bi2O3–Bi2WO6 composites
(W0.5) were obtained (Figs. 1b and 2c). When 1 or 1.5 mmol of
Na2WO4�2H2O was employed, incomplete flower-like microstruc-
tures were produced (W1, W1.5, Fig. 5b and c). Further increasing
the amount to 2 mmol, the novel flower-like microstructures were
obtained (Fig. 2a). When the amount was controlled at 1, 1.5 or
2 mmol, the phases of the products could be indexed to pure russ-
ellite Bi2WO6 (Figs. 1a and 5d). These observations indicate that
the formation of flower-like Bi2WO6 microstructures depends on
the amount of the reactant Na2WO4�2H2O.
3.3.3. Time-dependent experiments and the mechanism of formation
Time-dependent experiments were carried out to understand

the formation process of flower-like microstructures and hetero-
structures (t1–t8 and T180 in Table 1). Fig. 6 shows the SEM
images of the samples obtained with different reaction times. At
the early stage of the reaction (1 min), the product (t1) is com-
posed of irregular and octahedral nanoparticles (Fig. 6a), and the
phase was confirmed as pure cubic Bi2O3 by XRD (Fig. 6e).
Although the cubic phase Bi2O3 (d-Bi2O3) is a high-temperature
phase which usually exists at >730 �C, dopants such as rare-earth
elements and many oxide impurities may stabilize it [25]. For
example, Wang et al. [15] synthesized d-Bi2O3 by introducing
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VO�3 into the reaction system at 60–80 �C. In this work, the d-Bi2O3

phase formed at the early stage of the reaction was confirmed to be
doped with W by an EDX analysis (Fig. 6f). Increasing the reaction
time to 2 min, some complex microstructures could be found (T2,
Fig. 6b). When the reaction time was increased to 5 and 8 min,
the complex microstructures (T5, T8) were the dominant product
and the number of nanoparticles decreased (Fig. 6c and d). All
phases of the products obtained at 2, 5, and 8 min were mixtures
of cubic Bi2O3 and russellite Bi2WO6 (Fig. 1a and 6e), indicating
that Bi2O3–Bi2WO6 heterostructures could be obtained by control-
ling the reaction time. For a reaction time of 10 min, well-defined
flower-like microstructures were formed without nanoparticles.
The results here indicate that by increasing the reaction time, the
Bi2O3 nanoparticles gradually disappear, forming more and more
flower-like Bi2WO6 microstructures.

A mechanism of the formation and the conversion of cubic
Bi2O3 to russellite Bi2WO6 flower-like microstructures is proposed
below. In the reaction, microwave might favor the fast formation of
Bi2O3 and growth of Bi2WO6 flower-like microstructures. The for-
mation mechanism could be explained by the Ostwald ripening
process, as the results in the current work are consistent with pre-
vious reports on Ostwald ripening [15,26–28]. In the early stage,
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Bi2O3 nanoparticles were easily obtained in the presence of base.
At the constant reaction temperature of 180 �C, the nanoparticles
started to dissolve into the solution and spontaneously nucleated
into Bi2WO6 nanosheets with WO2�

4 . As the mass diffusion and
Ostawald process proceeded, the nanosheets grew until all the
nanoparticles were consumed, accompanied by self-assembly of
these nanosheets into hierarchical microstructures. Ethylenedia-
mine may affect the conversion of intercrossed nanosheets to the
hierarchical microstructures. Recently, our group [29] has reported
the synthesis of hierarchical Bi2MoO6 microstructures in the pres-
ence of ethylenediamine. We investigated the effect of ethylenedi-
amine on the formation of hierarchical Bi2MoO6 microstructures
and found that ethylenediamine can really facilitate the formation
of hierarchical structures. In this study, ethylenediamine may play
the similar effect. As the time proceeded, the Bi2O3 nanoparticles
vanished and the flower-like microstructures formed.

3.4. Optical properties and photocatalytic performances

The room temperature UV–vis absorption spectra of pure Bi2O3

(t1), Bi2WO6 (T180), and Bi2O3–Bi2WO6 composite (t8, W0.5 and
T160) are shown in Fig. 7. The band gaps (Eg) of pure Bi2O3 and Bi2-

WO6 are estimated to be ca. 2.77 and 2.75 eV, respectively. Here, Eg

was derived from Eg = 1239.8/kg, where kg is the absorption edge in
the UV–vis spectra [7]. Because the band gaps of pure Bi2O3 and
Bi2WO6 are similar, the absorption edges of Bi2O3–Bi2WO6 com-
posites (T160, W0.5, and t8) showed no obvious change, but the
absorption intensities were increased.

The visible-light-driven photocatalytic activities of the as-syn-
thesized samples were measured by monitoring the change in
optical absorption of the RhB solution at �554 nm during its pho-
tocatalytic decomposition process. As shown in Fig. 8A, all the
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photocatalysts showed photocatalytic activities under visible-light
irradiation. More importantly, RhB itself was not decomposed in
the absence of the catalyst. Pure Bi2O3 (t1) showed weak activity
less than 8% RhB was decomposed after 100 min of irradiation. It
should be noted that all the Bi2O3–Bi2WO6 samples (T160, t8,
and W0.5) showed higher activity than pure Bi2WO6 sample
(T180) and the highest activity was observed for sample W0.5,
with which about 95% RhB was degraded in 60 min of visible-light
irradiation.

The molar percentage of Bi2O3 and Bi2WO6 may have a great ef-
fect on the photocatalytic activity of Bi2O3–Bi2WO6 composite;
therefore, we analyzed the quantitative chemical composition of
the three Bi2O3–Bi2WO6 composites by X-ray fluorescence spec-
troscopy (XRF). The results demonstrate that the molar ratio of
Bi/W is 2.19:1 (t8), 2.35:1 (T160), 2.38:1 (W0.5), namely, the frac-
tions of Bi2O3 in the three nanocomposites are 8.7%, 14.9%, 16% for
t8, T160, and W0.5, respectively. It appears that the more percent-
age of Bi2O3 corresponds to the higher photocatalytic activity
(W0.5). It is possible that appropriate content of Bi2O3 is crucial
for high performance photocatalytic activity of the Bi2O3–Bi2WO6

composite. Zhang et al. [18] have studied the effect of loading
amount of Bi2O3 on the photocatalytic performance of the Bi2O3/
Bi2WO6 catalyst. They found that the optimum content for the
highest catalytic activity is 3 wt.% Bi2O3 in their obtained Bi2O3/Bi2-

WO6 photocatalyst. In this study, less amount of Bi2O3 may also re-
duce the photocatalytic property of the Bi2O3–Bi2WO6 composite.

The results of cycling tests demonstrating the visible-light-dri-
ven photocatalytic activity of sample W0.5 in decomposing RhB are
shown in Fig. 8B. Only a little reduction of its photocatalytic activ-
ity after six photocatalysis cycles was observed, which might be
due to the loss of catalysts during cycling tests.

To exclude the photosensitization effect, the typical colorless
contaminant phenol was also used as the model pollutant instead
of RhB to test the photocatalytic activity of sample W0.5. As shown
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in Fig. 8C, blank tests (phenol solution without any photocatalyst)
under visible light exhibit little photodegradation, indicating that
phenol is stable under visible light. Under identical experimental
conditions, 40% of phenol could be photodegradated after 12 h vis-
ible-light irradiation in the presence of the as-obtained Bi2O3–Bi2-

WO6 composite (W0.5). Therefore, the result indicates that the
photocatalytic property of Bi2O3–Bi2WO6 composite is not induced
by photosensitization effect.

3.5. Photocatalytic mechanism

To understand the mechanism of the enhanced photocatalytic
activity of the Bi2O3–Bi2WO6 composite, the potentials of conduc-
tance and valence band (CB and VB) edges of Bi2O3 and Bi2WO6

were investigated using the equation related to the Mulliken elec-
tronegativity and the band gap of a semiconductor,

ECB ¼ X � Ee � 0:5Eg ;

where ECB and Eg are the bottom position of CB relative to the
NHE level and band gap of the semiconductor, respectively, and X
is the geometric mean of the Mulliken electronegativities of the
constituent atoms in the semiconductor, and Ee is the energy of
free electrons on the hydrogen scale (�4.5 eV) [30,31]. The X values
for Bi2WO6 and Bi2O3 are calculated to be 6.33 and 6.12, and both
of the band gap energies of Bi2WO6 and Bi2O3 are �2.8 eV
[10,12,18]. ECB of Bi2WO6 and Bi2O3 is determined to be 0.46 and
0.22 eV relative to the NHE level, respectively. Correspondingly,
the EVB of Bi2WO6 and Bi2O3 is obtained to be 3.26 and 3.02 eV,
respectively. These band potentials imply that p–n heterojunction
could form in the interface between Bi2WO6 and Bi2O3, which is
responsible for the enhanced photocatalyitc activity of Bi2O3–
Bi2WO6 composite. The plausible photocatalytic mechanism is
shown in Fig. 9. In the Bi2O3–Bi2WO6 composite, both the Bi2O3

and Bi2WO6 are excited by visible light. When photons are
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Fig. 9. Schematics of the potential energy diagram for the Bi2O3–Bi2WO6 p–n
heterostructural composite.
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absorbed by the composite, electron–hole pairs are generated.
Holes then move to the p-type Bi2O3 side and electron to the
n-type Bi2WO6 side. The resulting separation of photogenerated
electrons and holes may facilitate the transfer of charge carriers
and retard the e�–h+ recombination, thus resulting in improved
photocatalytic performance [7,8,16,18].

4. Conclusions

In summary, flower-like Bi2WO6 microstructures have been
synthesized via a facile and rapid microwave-assisted hydrother-
mal method. Several factors influencing the formation of the flow-
er-like Bi2WO6 microstructures have been studied. By adjusting the
experimental conditions, the Bi2O3–Bi2WO6 composite was ob-
tained. Such Bi2O3–Bi2WO6 composite has been demonstrated to
higher photocatalytic activities than pure Bi2O3 and Bi2WO6. The
enhanced activity is attributed to the effective separation of elec-
tron–holes pairs as a result of the formation of p–n heterojunction
between the two semiconductors.
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