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Facile fabrication of the visible-light-driven
Bi2WO6/BiOBr composite with enhanced
photocatalytic activity†

Jiexiang Xia,a Jun Di,a Sheng Yin,a Hui Xu,b Jing Zhang,a Yuanguo Xu,a Li Xu,a

Huaming Li*a and Mengxia Jia

Novel Bi2WO6/BiOBr composite photocatalystswere prepared by a one-pot EG-assisted solvothermal process

in the presence of reactable ionic liquid 1-hexadecyl-3-methylimidazolium bromide ([C16mim]Br). Multiple

techniques, such as X-ray diffraction (XRD), X-ray photoemission spectroscopy (XPS), scanning electron

microscopy (SEM), transmission electron microscopy (TEM), energy dispersive X-ray spectrometry (EDS),

Fourier transform infrared spectroscopy (FT-IR), UV-vis diffuse reflection spectroscopy (DRS),

photoluminescence (PL), photocurrent and electrochemical impedance spectroscopy (EIS) were applied to

investigate the structures, morphology and photocatalytic properties of as-prepared samples. Compared

with bare Bi2WO6 and BiOBr, the Bi2WO6/BiOBr composites exhibited significantly enhanced photocatalytic

activity for rhodamine B (RhB) degradation under visible light irradiation. The 50 at% Bi2WO6/BiOBr showed

the highest photocatalytic activity under visible light irradiation, which was about 26.6 times and 1.8 times

than that of the bare Bi2WO6 and BiOBr, respectively. The Bi2WO6/BiOBr composites also exhibited

enhanced photocatalytic activity for bisphenol A (BPA) and methylene blue (MB) degradation under visible

light irradiation. The results of PL, photocurrent and EIS indicated that Bi2WO6 and BiOBr could combine

well to form a heterojunction structure which facilitated electron–hole separation, and led to the increasing

photocatalytic activity. On the basis of the experimental results and estimated energy band positions, the

mechanism of enhanced photocatalytic activity was proposed.
1. Introduction

Photocatalysts used for removing environmental pollutants and
converting solar energy has attracted more and more atten-
tion.1,2 Among numerous Aurivillius-based compounds, Bi2WO6

has attracted much attention for its good photocatalytic
performance under visible light irradiation. A variety of
methods have been developed to prepare Bi2WO6 photo-
catalysts, such as solid-state,3 microwave solvothermal4 and
hydrothermal reactions.5 In order to further enhance the pho-
tocatalytic performance of the Bi2WO6, many methods have
been used, for example the doping Bi2WO6 with noble metals6

or with metal-free material g-C3N4,7 C60,8 graphene9 as well as
combining Bi2WO6 with semiconductors like Fe2O3,10 Bi2S3,11

CaWO4,12 ZnWO4.13 The results indicate that coupling is an
effective means to improve the photocatalytic activity. In
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particular, the idea of forming heterojunction structures
between two photocatalysts may provides a feasible method to
promote the separation of photogenerated carriers, leading to
an increasing photocatalytic performance.

Bismuth oxyhalides (BiOX, X ¼ Cl, Br, I), an important class
of ternary compounds, has caused much attention due to their
potential photocatalytic abilities.14–17 It belongs to the family of
main group multicomponent metal oxyhalides V–VI–VII, which
crystallize in the tetragonal matlockite structure. Among these
BiOX catalysts, BiOBr is of great research interest owing to its
stability, suitable band gaps and relatively superior photo-
catalytic abilities. However, photocatalytic activity of the pure
BiOBr has been limited by the high recombination of the pho-
togenerated electron–hole pairs, it is still necessary to further
enhance its photocatalytic activity for practical applications.
Many materials have been coupled with BiOBr, such as AgBr,18

BiOCl,19 ZnFe2O4,20 Ag,21 Fe,22 g-C3N4
23 or graphene.24 The

results indicate that coupling with other materials can enhance
the photocatalytic activity of the bare BiOBr. There are few
reports about Bi2WO6 coupled with BiOBr to enhance the
photocatalytic activity. Depend on estimated energy band
positions, it can be speculated that the Bi2WO6 and BiOBr may
form suitable VB and CB, which contributing to the separation
and transfer of photogenerated electron–hole pairs. At the same
This journal is © The Royal Society of Chemistry 2014
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time, if we can use applicable approach to prepare uniform
Bi2WO6/BiOBr composites, it can be expected that the Bi2WO6/
BiOBr composites would have enhanced photocatalytic activity.

In recent years, ionic liquids (ILs) have received more and
more attention due to its high ionic conductivity, low melting
temperature, thermal stability, wide electrochemical window,
high boiling temperature and nearly zero vapor pressures.
Because of these advantages of ILs for materials chemistry, a
variety of different kinds of materials have been successfully
synthesized in ILs, such as metal elementary substance,25 metal
oxides,26–28 metal chalcogenides,29 metal inorganic salts.30–32 The
research showed that ILs was good dispersing agent, solvent
and template, conducive to the synthesis of functional mate-
rials. Our group has previously reported BiOBr and BiOI hollow
microspheres14,33 synthesized in the presence of reactable ionic
liquid [C16mim]Br and [Bmim]I, respectively. The reactable
ionic liquids played important roles of solvent, reactant and
template at the same time. Therefore, if the Bi2WO6/BiOBr
composites can be controlled synthesized in the presence of
ionic liquid, it can be expected that the Bi2WO6/BiOBr
composites would have enhanced photocatalytic activity.

In this study, we report the novel composites comprising of
Bi2WO6 and BiOBr. The Bi2WO6/BiOBr composites have been
prepared by a facile one-pot solvothermal method in the pres-
ence of reactable ionic liquid [C16mim]Br. During the reactive
process, ionic liquid [C16mim]Br act as solvent, reactant and
template at the same time, leading the Bi2WO6 and BiOBr
coupled well to form microspheres. The photocatalytic degra-
dation of RhB evaluation under the irradiation of visible light,
demonstrated that the Bi2WO6/BiOBr composite exhibits much
improved photocatalytic activity than bare Bi2WO6 or BiOBr.
According to the estimated energy band positions, the mecha-
nism of improved photocatalytic activity for the Bi2WO6/BiOBr
composite was also proposed.
2. Experimental
2.1. Material and sample preparation

All the reagents were of analytical purity and were used as received.
The ionic liquid [C16mim]Br (1-hexadecyl-3-methylimidazolium
bromide) (99%) was purchased from Shanghai Chengjie Chemical
Co. Ltd.
2.2. Fabrication of Bi2WO6/BiOBr composite photocatalysts

A typical synthetic procedure for preparing Bi2WO6/BiOBr
composite photocatalyst (mole ratio of Bi2WO6/BiOBr samples
at 1 : 2) was as follows: a mixture of Na2WO4$2H2O (0.25 mmol)
and [C16mim]Br (0.5 mmol) was dissolved in 20 mL ethylene
glycol under constant stirring. Then 1 mmol of Bi(NO3)3$5H2O
was added into the solution and the mixture was stirred for
30 min at room temperature. Aer that, the suspension was
transferred into a 25 mL Teon-lined stainless steel autoclave
up to 80% of the total volume. The autoclave was heated at
140 �C for 24 h, and then cooled down to room temperature
naturally. The resulting products were separated by centrifu-
gation, washed with deionized water and alcohol for three
This journal is © The Royal Society of Chemistry 2014
times, and then dried under vacuum at 50 �C for 24 h before
photocatalytic reaction and further characterizations. Accord-
ing to this method, different mole ratios of Bi2WO6/BiOBr
samples at 1 : 2, 1 : 1, and 4 : 1 were obtained and denoted as
33.3 at% Bi2WO6/BiOBr, 50 at% Bi2WO6/BiOBr, and 80 at%
Bi2WO6/BiOBr, respectively. For comparison, bare Bi2WO6 and
BiOBr were also prepared by the solvothermal method under
the same conditions as mentioned above.

2.3. Characterization

X-ray powder diffraction (XRD) analysis was carried out on a
Bruker D8 diffractometer with high-intensity Cu-Ka (l¼ 1.54 Å).
X-ray photoemission spectroscopy (XPS) was recorded on a VG
MultiLab 2000 system with a monochromatic Mg Ka source
operated at 20 kV. The eld-emission scanning electron
microscopy (FE-SEM) measurements were carried out with a
eld-emission scanning electron microscope (JEOL JSM-7001F)
equipped with an energy-dispersive X-ray spectroscope (EDS)
operated at an acceleration voltage of 10 kV. Transmission
electron microscopy (TEM) micrographs were taken with a
JEOL-JEM-2010 (JEOL, Japan) operating at 200 kV. UV-vis diffuse
reectance spectroscopy was recorded on an UV-2450 spectro-
photometer (Shimadzu Corporation, Japan) using BaSO4 as the
reference. The structural information for samples was
measured by Fourier transform infrared spectrophotometer
(FT-IR, Avatar 470, Thermo Nicolet) using the standard KBr disk
method. The photoluminescence (PL) spectra of the photo-
catalysts were detected using a Varian Cary Eclipse spectrom-
eter. Photocurrent and electrochemical impedance
spectroscopy (EIS) were performed on an electrochemical
workstation (CHI 660B Chen Hua Instrument Company,
Shanghai, China).

2.4. Photocurrent and EIS measurements

The photocurrent and EIS measurements were conducted by
using an electrochemical analyzer (CHI660B, Chen Hua
Instruments, Shanghai, China) with a standard three-electrode
conguration, which employed a Pt wire as a counter electrode,
a saturated Ag/AgCl electrode as a reference electrode and
indium tin oxide (ITO) as working electrode. A 500 W Xe lamp
was used as photosource. The ITO glass was cut into 3 cm � 1
cm slices and successively bathed in 1 M NaOH solution for
10 min and acetone for 30 min, then washed with water and
dried prior to use. 10 mg of samples was dispersed ultrasoni-
cally in 2 mL of absolute ethanol, and 20 mL of the resulting
colloidal dispersion (5 mg mL�1) was drop-cast onto a piece of
ITO slice with a xed area of 0.5 cm2 and dried in air at room
temperature to form Bi2WO6/BiOBr modied ITO electrode. The
electrolyte solution of photocurrent was phosphate buffered
saline (0.1 mol L�1). The EIS were performed in a 0.1 M KCl
solution containing 5 mM Fe(CN)6

3�/Fe(CN)6
4�. Sunless

conditions were ensured when experiments were carried out.

2.5. Photocatalytic activity measurement

To compare the photocatalytic activity of bare Bi2WO6, bare
BiOBr and Bi2WO6/BiOBr with different percentage, a series of
RSC Adv., 2014, 4, 82–90 | 83
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photodegradation experiments were carried out by using RhB as
target pollutant under the irradiation of visible-light. A 300 W
Xe lamp with a 400 nm cutoff lter was used as the light source.
Experiments were carried out in a Pyrex photocatalytic reactor
with a circulating water system to prevent thermal catalytic
effects. In a typical photocatalytic experiment, 0.02 g of Bi2WO6/
BiOBr powders was dispersed into 100 mL of RhB (20 mg L�1)
solutions. Prior to irradiation, the suspensions were magneti-
cally stirred for 30 min in the dark to achieve a saturated RhB
absorption onto the photocatalyst surface. During every irradi-
ation time intervals of 0.5 h, 3 mL suspension was collected and
centrifuged to remove the photocatalyst particles. The RhB and
MB concentrations were analyzed with a UV-vis spectropho-
tometer (UV-2450, Shimadzu) at the absorption wavelength
553 nm and MB (664 nm).

The BPA was detected by two Varian ProStar 210 pumps, an
Agilent TC-C (18) column, and a Varian ProStar 325 UV-Vis
Detector at 230 nm. A solution of methanol and H2O in the ratio
75 : 25 (v/v) was used as the mobile phase at 1 mL min�1, and
20 mL of the sample solution was injected.
3. Results and discussion
3.1. XRD and XPS analysis

The crystal structure of the products was investigated by the
XRD method, as shown in Fig. 1. The results show that the
diffraction peaks of the pure Bi2WO6 sample and pure BiOBr
sample are in good agreement with the orthorhombic phase of
Bi2WO6 (JCPDS card no. 39-0256) and the tetragonal phase of
BiOBr (JCPDS card no. 09-0393), respectively. For the Bi2WO6/
BiOBr composites, all the Bi2WO6 diffraction peaks were found
at Bi2WO6/BiOBr composites. The characteristic peaks of BiOBr
(67.4�) can be found at Bi2WO6/BiOBr composites. With the
increase of Bi2WO6, the diffraction peaks intensity of Bi2WO6

become stronger, while the characteristic peaks of BiOBr
Fig. 1 The XRD pattern of the as-prepared Bi2WO6, BiOBr and Bi2WO6/

84 | RSC Adv., 2014, 4, 82–90
decrease in intensity. The characteristic peak of BiOBr (25.2�)
disappeared when the Bi2WO6 content was more than 33.3 at%.
While the Bi2WO6 content increased to 80 at%, the character-
istic peaks of BiOBr (10.9�) disappeared. This may due to the
better crystallinity of Bi2WO6 material, and some of the char-
acteristic peaks of BiOBr coincide with that of Bi2WO6. This
result suggests that Bi2WO6 and BiOBr coupled together
successfully. Additionally, the peaks of the Bi2WO6/BiOBr
composites are broad, which seems to be that the particles of
the samples are quite small.

To investigate the states of the ions, the 50 at% Bi2WO6/
BiOBr composite was studied by X-ray photoelectron spec-
troscopy (XPS) (Fig. S1†). The XPS results show that the
composites were composed of elements of Bi, O, Br, W and C
(Fig. S1a†). The carbon peak probably came from the adven-
titious carbon on the surface of the composite. The high-
resolution spectra of Fig. S1b† shows that the two peaks at
159.0 eV and 164.4 eV are assigned to Bi 4f7/2 and Bi 4f5/2,
respectively, which is assigned to Bi3+ in the composites.
Fig. S1c† shows that the peak at binding energies of 530.0 eV
was assigned to O 1s, which is characteristic of oxygen in
BiOBr and Bi2WO6 materials. The Br 3d peak is associated
with binding energy at 68. 2 eV (Fig. S1d†), which is assigned
to Br� in the composites. The binding energies of W 4f5/2 and
W 4f7/2 are 37.4 and 35.2 eV, which could be characteristic of
W species in the WO6 octahedron (Fig. S1e†). As a result, it can
be conrmed that the Bi2WO6/BiOBr composites have been
successfully synthesized.

3.2. SEM, TEM and EDS analysis

The morphologies of the Bi2WO6, BiOBr and 50 at% Bi2WO6/
BiOBr composite were revealed by SEM. Fig. 2a shows the SEM
micrographs of pure Bi2WO6 sample. The pure Bi2WO6 exhibits
a number of ruleless nanoparticles with sizes about dozens of
nanometers. Fig. 2b exhibits the typically sphere-like BiOBr
BiOBr hierarchical architectures synthesized at different conditions.

This journal is © The Royal Society of Chemistry 2014
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Fig. 2 SEM images of (a) Bi2WO6, (b) BiOBr and (c) 50 at% Bi2WO6/BiOBr composite; (d) the high magnification SEM image of 50 at% Bi2WO6/
BiOBr composite; (e) HRTEM images of 50 at% Bi2WO6/BiOBr; (f) EDS of the 50 at% Bi2WO6/BiOBr composite.
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structures with an average diameter of 1–2 mm. The entire
sphere-like BiOBr structures consisted of massive BiOBr nano-
sheets. Aer the coupling of Bi2WO6 and BiOBr, the 50 at%
Bi2WO6/BiOBr composite (Fig. 2c) shows sphere-like BiOBr
structures with numerous Bi2WO6 nanoparticles cover on the
surface. As can be seen clearly from the highmagnication SEM
image (Fig. 2d), it is different from the sphere-like BiOBr
(Fig. 2b). It is clearly that Bi2WO6 and BiOBr combined well,
leading to the formation of a heterostructure. The detailed
structure was also characterized by HRTEM (Fig. 2e). By care-
fully measuring the lattice parameters using a digital micro-
graph and comparing with the data in JCPDS, the (111)
crystallographic plane of Bi2WO6 and (101) crystallographic
plane of BiOBr can be found clearly. It indicates that Bi2WO6

and BiOBr have been coupled together to form the hetero-
structure successfully. Our previous works shows that ionic
liquid [C16mim]Br act as solvent, reactant and so-template at
the same time, which play an important role for the synthesis of
porous Bi2WO6/BiOBr microspheres.33 The NaBr cannot fulll
This journal is © The Royal Society of Chemistry 2014
the same function of ionic liquid. The EDS pattern (Fig. 2f)
indicates that the Bi2WO6/BiOBr composite contains O, Br, W
and Bi elements. It proves that the microspheres prepared is the
composite of Bi2WO6 and BiOBr.
3.3. FT-IR spectra analysis

The infrared spectrum of Bi2WO6/BiOBr composites is shown in
Fig. 3. The main characteristic peaks of Bi2WO6 and BiOBr are in
accordance with the reported results respectively.23,34 The
absorption peak existing at 1623 cm�1 is attributed to bending
vibrations of O–H, which is ascribed to the water adsorbed. The
peak at 735 cm�1 and 1380 cm�1 are attributed toW–O stretching
and W–O–W bridging stretching modes which indicating the
existence of Bi2WO6. No characteristic absorption peak of the
ionic liquids is found in the FT-IR spectra, it shows that the ionic
liquid can be easily removed from the surface of the material by
washing with deionized water and alcohol. The result of FT-IR
spectra analysis is consistent with the result of the EDS analysis.
RSC Adv., 2014, 4, 82–90 | 85
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Fig. 3 FT-IR analysis of Bi2WO6, BiOBr and Bi2WO6/BiOBr materials.
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3.4. Optical absorption properties

The DRS of the as-prepared samples was shown in Fig. 4.
According to the spectrum, bare Bi2WO6 and BiOBr samples
present the photoresponse properties from the UV light region
to visible light until 400 nm and 390 nm, respectively.
Compared with bare BiOBr, the light absorption ability of the
Bi2WO6/BiOBr composites is enhanced. The light absorption
ability of the composites is the synergistic effect of Bi2WO6 and
Fig. 4 (a) UV-vis diffuse reflectance spectra of the as-prepared
samples and (b) (aEphoton)

1/2 vs. Ephoton curves of the as-prepared
samples.

86 | RSC Adv., 2014, 4, 82–90
BiOBr crystal. In the UV-vis spectra, the Bi2WO6/BiOBr
composites are red shi when compared with BiOBr. It can be
assumed that the red shi of composites is due to the intro-
duction of Bi2WO6 and the coupled together of the two mate-
rials. The morphology of the Bi2WO6 and BiOBr are
nanoparticles and porous microspheres, respectively. When the
content of Bi2WO6 is up 50 at%, the light absorption of
the composites is lower than 50 at% Bi2WO6/BiOBr composite.
It could be due to the cover of more and more Bi2WO6 on the
surface of BiOBr crystal, which will also stop the UV-vis light
contacting with BiOBr catalyst. It will reduce the generation of
electron–hole pairs under the same visible light irradiation.
Taking into account the efficient use of visible light in a large
part of the solar spectrum, we believe that the Bi2WO6/BiOBr
composite, with its long wavelength absorption band, is an
attractive photocatalyst for pollutant degradation. Fig. 4b shows
that the band gaps of Bi2WO6/BiOBr composites are about 2.53–
2.71 eV. Therefore, when the composite material system was
irradiated with visible light, the Bi2WO6 and BiOBr in the
composite photocatalysts both absorbed photons, as well as
excited electron and hole pairs.

3.5. Photoluminescence spectra analysis

PL spectra is a useful technique to survey the separation effi-
ciency of the photogenerated electron–hole pairs in a semi-
conductor. Aer the irradiation happened to the photocatalyst,
electron–hole pairs recombination occurs, photons are emitted,
leading to photoluminescence. The lower the PL intensity, the
smaller probability the photogenerated electron–hole pairs
recombination. Fig. 5 presents the PL spectra of Bi2WO6, BiOBr
and 50 at% Bi2WO6/BiOBr with an excitation wavelength of
360 nm. It is found that PL emission intensity of the 50 at%
Bi2WO6/BiOBr composite is dramatically weakened compared
with that of bare Bi2WO6 and BiOBr which clearly indicates that
the recombination of photogenerated charge carriers is greatly
restrained by the coupling of Bi2WO6 and BiOBr. In other words,
the separation efficiency of photogenerated electrons and holes
in 50 at% Bi2WO6/BiOBr is higher than those in the bare
Bi2WO6 and BiOBr. It can be inferred that the prepared 50 at%
Bi2WO6/BiOBr composite having a higher photocatalytic activity
than bare Bi2WO6 or BiOBr.
Fig. 5 PL spectra of Bi2WO6, BiOBr and 50 at% Bi2WO6/BiOBr
materials.

This journal is © The Royal Society of Chemistry 2014
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Fig. 7 Electrochemical impedance spectroscopy of bare Bi2WO6,
BiOBr and 50 at% Bi2WO6/BiOBr.
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3.6. Photocurrent

To give further evidence to support the separation efficiency of
photogenerated electrons and holes, the transient photocurrent
responses of bare Bi2WO6, BiOBr and 50 at% Bi2WO6/BiOBr
composite samples were recorded for several on–off cycles of
irradiation. Upon light irradiation, the semiconductor generate
electrons in the conduction band and holes in the valence band.
It was widely accepted that the separation efficiency of electrons
and holes played a vital role in the photocatalytic reaction:35 a
higher photocurrent would mean the presence of longer living
photogenerated electrons and holes and hence the higher the
photocatalytic activity would be.36 Fig. 6 shows the I–t curves for
the three samples with several on–off cycles of intermittent
irradiation. As can be seen, the current increased sharply
reaching a steady state quickly upon light irradiation. Subse-
quently, the current returned quickly to its darkcurrent state
when the light is turned off. In comparison with bare Bi2WO6

and BiOBr, 50 at% Bi2WO6/BiOBr composite exhibited an
increased current density, about 1.8 times and 3 times than that
of the bare Bi2WO6 and BiOBr, respectively. The increased
current density indicated an enhancing photoinduced electrons
and holes separation efficiency, which could be attributed to the
junction between BiOBr and Bi2WO6.37
3.7. Electrochemical impedance spectroscopy

EIS measurement was also used to investigate the charge
transfer resistance and the separation efficiency between the
photogenerated electrons and holes. Fig. 7 shows EIS Nyquist
plots of Bi2WO6, BiOBr and 50 at% Bi2WO6/BiOBr. It can be
seen that the arc radius on EIS Nyquist plot of 50 at% Bi2WO6/
BiOBr lm was smaller than that of Bi2WO6 or BiOBr samples,
which meant a fast interfacial charge-transfer process and
effective separation of photogenerated electron–hole pairs. This
result indicated that the coupling of Bi2WO6 with BiOBr could
remarkably enhance the separation efficiency and interfacial
charge transfer efficiency of photogenerated electron–hole
pairs,38 which then contributing to the enhancing photo-
catalytic activity. The results of the PL, photocurrent and EIS are
consistent.
Fig. 6 Transient photocurrent response for the bare Bi2WO6, BiOBr
and 50 at% Bi2WO6/BiOBr.

This journal is © The Royal Society of Chemistry 2014
3.8. Photocatalytic performance

In order to compare the photocatalytic activity of bare Bi2WO6,
BiOBr and Bi2WO6/BiOBr with different Bi2WO6 contents,
photodegradation experiments were carried out by using RhB as
Fig. 8 (a) Temporal UV-vis absorption spectral changes during the
photocatalytic degradation of RhB in aqueous solution in the presence
of 50 at% Bi2WO6/BiOBr, (b) effects of P25, Bi2WO6, BiOBr and
Bi2WO6/BiOBr with different Bi2WO6 contents on RhB photocatalytic
degradation efficiency.

RSC Adv., 2014, 4, 82–90 | 87
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Fig. 9 Comparison of photocatalytic activities of 50 at% Bi2WO6/
BiOBr catalyst for the degradation of RhB with or without adding
EDTA-2Na and t-butanol under visible light irradiation.
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a target pollutant under visible-light irradiation (l > 400 nm).
Fig. 8a showed the temporal UV-vis absorption spectral
changes during the photocatalytic degradation of RhB in
aqueous solution in the presence of 50 at% Bi2WO6/BiOBr.
An evident decrease in RhB absorption at l ¼ 553 nm was
observed, accompanied by a shi in the absorption band
toward the blue region. The shi can be attributed to the
step-by-step de-ethylation process and the RhB dye was
photodegraded into four intermediates which have been
denitely determined with LC-MS technique in the previous
works.24,33 Aer the irradiation for 150 min, both the
maximum absorption peak and absorption at l ¼ 553 nm
disappeared, which indicates that RhB could be completely
decolorized by using 50 at% Bi2WO6/BiOBr. As it can be seen
clearly that the color of RhB solution changed from a starting
red to light yellow and become colourless at last. Fig. 8b
displays the photocatalytic activities of different catalysts in
the degradation of RhB under visible-light irradiation.
Simple RhB photolysis was also performed for comparison.
As Fig. 8b shown, the blank experiment in the absence of
photocatalysts demonstrated that photolysis of RhB can be
ignored under the visible light irradiation. The commercial
P25 was also used as the photocatalyst and the photocatalytic
activity is poor, it also can be ignored under the visible light
irradiation. As is shown that the Bi2WO6/BiOBr catalysts
exhibit much higher photocatalytic activities than the bare
Bi2WO6 and the 50 at% Bi2WO6/BiOBr shows the highest
photocatalytic activity. It can be seen that the RhB degrada-
tion over bare Bi2WO6 and BiOBr are 3.3% and 48.8% aer
60 min of visible-light irradiation, respectively. While the
RhB degradation over 50 at% Bi2WO6/BiOBr is 87.9% aer
60 min of visible-light irradiation, about 26.6 and 1.8 times
greater than that of Bi2WO6 and BiOBr, respectively. It indi-
cated that the coupling of Bi2WO6 and BiOBr increases the
photocatalytic activity. However, the contents of Bi2WO6 and
BiOBr have a signicant effect on the photocatalytic perfor-
mance of the Bi2WO6/BiOBr composite photocatalysts. When
the Bi2WO6 content is higher than 50 at%, a further increase
of Bi2WO6 content causes a decrease in the photocatalytic
activity of RhB degradation. Although the coupling of Bi2WO6

and BiOBr is benecial for charge separation of the Bi2WO6/
BiOBr photocatalyst, but too many Bi2WO6 cover on the
surface of BiOBr will hinder the BiOBr absorb visible light.
This could lead to the decrease of light absorption with the
too much increasing content of Bi2WO6. Similar results were
reported in the literatures.23,39 In order to further test
the photocatalytic ability of the Bi2WO6/BiOBr composites,
the bisphenol A (BPA) and methylene blue (MB) were chosen
as the representative model organic pollutants. Fig. S2† shows
the photocatalytic degradation of BPA and MB in the presence
of BiOBr, Bi2WO6, 50 at% Bi2WO6/BiOBr under visible light
irradiation. The blank experiment without photocatalyst indi-
cated that direct photolysis of BPA and MB under the same
conditions could almost be neglected. The 50 at% Bi2WO6/
BiOBr composite also exhibits higher photocatalytic activity
than pure Bi2WO6 and BiOBr. The composite is benecial to
improve the photocatalytic activity.
88 | RSC Adv., 2014, 4, 82–90
3.9. The proposed mechanism

In order to investigate the possible mechanisms involved in
RhB photodegradation over the Bi2WO6/BiOBr sample, EDTA-
2Na was used as a hole scavenger,40 and t-BuOH was used as an
electron acceptor.41 It turned out that the rate of RhB photo-
degradation decreased notably in the presence of EDTA-2Na,
and it was slightly depressed upon addition of t-BuOH (Fig. 9).
This result indicated that the photogenerated holes were the
main oxidative species of the Bi2WO6/BiOBr system. The
nitrogen adsorption and desorption isotherms was carried out
to characterize the specic surface areas of Bi2WO6/BiOBr
composite. The BET specic surface area of Bi2WO6, 33.3 at%
Bi2WO6/BiOBr, 50 at% Bi2WO6/BiOBr, 80 at% Bi2WO6/BiOBr
and BiOBr was calculated to be 89.91 m2 g�1, 36.39 m2 g�1,
59.95 m2 g�1, 62.83 m2 g�1 and 19.14 m2 g�1, respectively. The
BET of the composites are increased with the contents of
Bi2WO6 increased. It is known that the larger specic surface
areas can absorb more active species and reactants on its
surface. But in this system, the most efficient photocatalyst is
50 at% Bi2WO6/BiOBr, not the Bi2WO6 which own the largest
BET. It can be assumed that BET is not the main inuence
factor for the photocatalytic activity of the Bi2WO6/BiOBr
composites. In order to analysis the mechanism of the
improved photocatalytic activity of the Bi2WO6/BiOBr
composite, the potentials of the conduction band (CB) and
valence band (VB) edges of Bi2WO6 and BiOBr were investi-
gated, since the band-edge potential levels play a important role
in determining the owchart of photogenerated electrons and
holes in a heterojunction. The potentials of the CB and VB edges
of Bi2WO6 and BiOBr were evaluated by Mulliken electronega-
tivity theory42 ECB ¼ X + E0 � 0.5Eg, where ECB is the conduction
band edge potential, X is the electronegativity of the semi-
conductor, which can be expressed as the geometric mean of
the absolute electronegativity of the constituent atoms. The X
values of Bi2WO6 and BiOBr are calculated to be 6.36 and
6.176 eV, respectively.11,43 E0 is the energy of free electrons on
the hydrogen scale (ca.�4.5 eV). Eg is the band gap energy of the
This journal is © The Royal Society of Chemistry 2014
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Fig. 10 A schematic illustration of rhodamine B degradation over
Bi2WO6/BiOBr composite photocatalysts under visible light irradiation.
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photocatalyst, and the Eg values of Bi2WO6 and BiOBr are about
2.6 and 2.76 eV from the DRS, respectively. The ECB of Bi2WO6

and BiOBr were calculated to be 0.56 eV and 0.296 eV, respec-
tively. The valence band edge potential (EVB) can be acquired by
formula ECB¼ EVB� Eg. Therefore, the EVB of Bi2WO6 and BiOBr
were estimated to be 3.16 eV and 3.056 eV, respectively.

Based on the experimental and theoretical results, the reaction
mechanism diagram of Bi2WO6/BiOBr composites was presented
in Fig. 10. Both Bi2WO6 and BiOBr could be easily excited under
visible light irradiation and corresponding photoinduced elec-
tron–hole pairs are generated. Due to the CB edge potential of
BiOBr (0.296 eV) being more negative than that of Bi2WO6

(0.56 eV), and the VB of Bi2WO6 (3.16 eV) being more positive
than that of BiOBr (3.056 eV), the local electric eld at the
Bi2WO6/BiOBr interface pushes the photogenerated electrons
toward the CB of Bi2WO6, and holes on the VB of Bi2WO6 migrate
to that of BiOBr at the same time. This band offset could lead to
the retardation of the photogenerated electron–hole recombina-
tion rate. In such a way, the photogenerated electrons can be
effectively collected by Bi2WO6 and holes can be effectively
collected by BiOBr. Therefore, the efficiently separation of pho-
togenerated electrons and holes can be achieved, and the
recombination process of electron–hole pairs can be hindered, in
accordance with the result of the PL, photocurrent and EIS.
Therefore, the Bi2WO6/BiOBr composite exhibits enhanced
performance as compared to bare Bi2WO6 and BiOBr.
4. Conclusions

Novel visible-light-driven Bi2WO6/BiOBr composite photo-
catalysts have been successfully synthesized by a facile one-pot
solvothermal method in the presence of reactable ionic liquid
[C16mim]Br. The Bi2WO6/BiOBr composites show sphere-like
structures with numerous Bi2WO6 nanoparticles cover on the
surface. The Bi2WO6/BiOBr composites also exhibit enhanced
photocatalytic activity for RhB, BPA and MB degradation under
visible light irradiation. The highest degradation efficiency of
RhB was observed for the 50 at% Bi2WO6/BiOBr sample, about
26.6 and 1.8 times than that of Bi2WO6 and BiOBr, respectively.
The PL, EIS and photocurrent analysis shown that 50 at%
Bi2WO6/BiOBr sample has lower PL intensity, smaller electron
transfer resistance and higher photocurrent intensity than bare
This journal is © The Royal Society of Chemistry 2014
Bi2WO6 and BiOBr. The radicals trap experiment demonstrates
that hole was the main reactive species for the degradation of
pollutants. Based on the analysis results, a photocatalytic
mechanism was proposed as well as discussed. The high pho-
tocatalytic activity of the heterojunction materials could be
attributed to the strong coupling between Bi2WO6 and BiOBr,
which facilitated interfacial charge transfer and inhibited
electron–hole recombination. This novel heterojunction mate-
rials may have potential applications in pollutant removal as
highly efficient photocatalysts.
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