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ABSTRACT: To overcome the drawback of low photocatalytic efficiency
brought by electron−hole recombination and narrow photoresponse range, we
designed a novel Bi2S3/Bi2WO6 composite photocatalyst. The composite
possesses a wide photoabsorption until 800 nm, which occupies nearly the
whole range of the visible light. Compared with bare Bi2WO6, the Bi2S3/
Bi2WO6 composite exhibits significantly enhanced photocatalytic activity for
phenol degradation under visible light irradiation. On the basis of the calculated
energy band positions, the mechanism of enhanced photocatalytic activity was
proposed. The present study provides a new strategy to design composite
materials with enhanced photocatalytic performance.
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■ INTRODUCTION
Photocatalysts for organic pollutants degradation and hydrogen
generation from water using solar light energy has attracted
increasing interest in the past years due to the growing
environment concerns and the energy demand.1−5 Because the
photocatalytic process involves the generation of charge carriers
such as electrons and holes induced by light, an ideal
photocatalyst should have both a wide photoabsorption range
and a low recombination rate of the photogenerated charge
carriers. Therefore, it is necessary to develop effective ways to
improve the charge separation efficiency and extend the
spectral responsive range. The idea of forming a heterojunction
structure between a photocatalyst and a narrow bandgap
semiconductor with matched band potentials may provide such
a way to address these two issues.6−10

As one of the simplest Aurivillius oxides with layered
structure, Bi2WO6 is special for its good photocatalytic
performance under visible light irradiation.11−15 Bare Bi2WO6
presents photoabsorption properties from UV light to visible
light with wavelength of shorter than ca. 450 nm,16,17 which
occupies a small part of the solar spectrum. Moreover, the rapid
recombination of photoinduced electron−hole pairs seriously
limits the energy-conversion efficiency. To broaden the range
of visible-light photoresponse and promote the separation of
photogenerated carriers of Bi2WO6, we intended to design a
composite photocatalyst by coupling Bi2WO6 with a narrow
bandgap semiconductor with matched band potentials. The
well-established heterojunction structure could be employed to
restrict the recombination of the charge carriers and enhance
the quantum yield.18 The electrons excited by visible light can
be transferred to Bi2WO6 from the narrow bandgap semi-
conductor, which favors the charge separation and also

improves the visible-light photocatalytic activity of the
heterostructure dramatically.
Bismuth sulfide (Bi2S3) with a narrow bandgap (∼1.3 eV)

can be a good candidate semiconductor.19−21 It has been used
as electrochemical hydrogen storage, hydrogen sensors,
biomolecule detection, X-ray computed tomography imaging,
and photoresponsive materials.22−26 More recentely, it has been
acted as a sensitizer due to its ability to absorb a large part of
visible light up to 800 nm.27,28 To investigate the relative
energy band positions, we calculated the band positions of Bi2S3
and Bi2WO6 and found that the conduction band of Bi2S3 is less
anodic than the corresponding band of Bi2WO6 and the valence
band of this sensitizer is more cathodic than that of Bi2WO6.
The calculated results indicate that it is possible the formation
of Bi2S3/Bi2WO6 heterojunction will be advantageous for the
separation and transportation of charge carriers. Therefore the
Bi2S3/Bi2WO6 composite could have a good photocatalytic
performance under visible light.
In this study, the Bi2S3/Bi2WO6 composite was prepared by a

hydrothermal method for the first time. The photoactivity
evaluation, via the photocatalytic degradation of phenol under
visible light, demonstrated that the Bi2S3/Bi2WO6 composite
exhibits much enhanced photocatalytic activity than bare
Bi2WO6. On the basis of the calculated energy band positions,
the mechanism of enhanced photocatalytic activity for the
Bi2S3/Bi2WO6 composite was also discussed in detail.
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■ EXPERIMENTAL SECTION

Preparation of the Composite Photocatalysts. All the
reagents were of analytical purity and were used as received
from Shanghai Chemical Company. A typical synthetic
procedure toward the Bi2S3/Bi2WO6 composite can be
described briefly as follows: a mixture of thiourea and
Na2WO4·2H2O was dissolved in 30 mL deionized water
under constant stirring. Meanwhile, Bi(NO3)3·5H2O was
dissolved in diluted nitric acid to form a clear solution. After
that, these two solutions were mixed together and the pH of
this mixed solution was adjusted to 7 using given amounts of
NaOH solution. After being stirred for 2 h, the suspension was
transferred into a 50 mL Teflon-lined stainless steel autoclave
up to 80% of the total volume. The autoclave was heated at 160
°C for 24 h, and then cooled to room temperature naturally.
The resulting products were separated by filtration, washed
with deionized water and absolute alcohol for several times, and
then dried at 60 °C for 12 h. For comparison, bare Bi2WO6 was
also prepared by the hydrothermal method under the same
conditions as mentioned above.
Characterization. The phase and composition of the as-

prepared samples were measured by X-ray diffraction (XRD)
studies using an X-ray diffractometer with Cu Kα radiation
under 40 kV and 100 mA and with the 2θ ranging from 20 to
70° (Rigaku, Japan). The morphologies and microstructures of
the as-prepared samples were investigated by Transmission
Electron Microscopy (TEM) (JEOL JEM-2100F, accelerating
voltage 200 kV). UV−vis diffuse reflectance spectra (DRS) of
the samples were recorded with an UV−vis spectrophotometer
(Hitachi U−3010) using BaSO4 as reference. The photo-
luminescene (PL) measurements were carried out on a
Fluorolog-3 fluorescence spectrophotometer (Jobin Yvon,
France) at room temperature. Total organic carbon (TOC)
analysis was carried out with an elementar liqui TOC II
analyzer.
Photocatalytic Test. The photocatalytic activities of the

Bi2S3/Bi2WO6 composite photocatalyst were evaluated by
photocatalytic degradation of a colorless model pollutant,
phenol under visible light. A 500 W Xe lamp with a 420 nm
cutoff filter was used as the light source. The experiments were
performed at room temperature as follows: 0.05 g of
photocatalyst was added into 50 mL phenol solution (20
mg/L). Prior to irradiation, the suspensions were magnetically
stirred for an hour in the dark to ensure the adsorption/
desorption equilibrium between photocatalyst powders and
phenol. At given time intervals, 3 mL suspensions were sampled
and centrifuged to remove the photocatalyst powders. The
concentration of phenol was analyzed through a UV−vis
spectrophotometer (Hitachi U−3010) by recording the
variations of the absorption band maximum (269 nm).

■ RESULTS AND DISCUSSION

The crystal structure of the products was investigated by the
powder X-ray diffraction (XRD) method, as shown in Figure 1.
The XRD pattern of Figure 1A indicates that all the peaks are
readily indexed to the orthorhombic phase of Bi2WO6
according to the JCPDS card no. 39−0256. The diffraction
profile of Figure 1B showed that the composite was composed
of orthorhombic Bi2WO6 (JCPDS 39−0256) and orthorhom-
bic Bi2S3 (JCPDS 84−0279). No characteristic peaks of any
impurities are detected in the patterns.

The morphology and microstructure of the Bi2S3/Bi2WO6

composite were revealed by the transmission electron micro-
scope (TEM) images. The TEM image in Figure 2(A) shows

that the composite possesses a two-dimensional plate-like
structure with lateral sizes of 100−200 nm, which agrees well
with the microstructure of bare Bi2WO6 in our previous
reports.29,30 However, the high-resolution TEM (HRTEM) in
Figure 2(B) shows that some tiny nanocrystals with sizes of 5−
10 nm are inlaid in the plate matrix. The clear lattice spacing of
the plate matrix is about 0.272 nm, which is consistent with the
d-spacing (0.272 nm) of the [2 0 0] reflection of Bi2WO6. In
the synthetic process, Bi2WO6 precipitate formed first. Then
thiourea decomposed during the hydrothermal process to
generate S2− ions. It is known that compound with high-
solubility can be converted into another compound with low
solubility under the driving force of solubility difference in
solution. Because the solubility of Bi2S3 is extremely low (Ksp =
1 × 10−97), Bi2WO6 can be easily converted into Bi2S3 when it
exchanges anion with S2− ions in solution. So some areas of
Bi2WO6 nanoplate were eroded to generate Bi2S3 nanocrystals
inlaid in the plate matrix. The formation of the intimate
junction structure is significant which may promote the charge
separation to achieve high photocatalytic activity in the
coupling system.
The quantitative chemical composition of the Bi2S3/Bi2WO6

composite was analyzed by X-ray fluorescence spectroscopy
(XRF). The results demonstrated that the molar percentage of

Figure 1. XRD patterns of the products. Squares (■) and circles (●)
indicate the representative peaks of Bi2S3 and Bi2WO6, respectively.

Figure 2. (A) TEM image of the Bi2S3/Bi2WO6 composite; (B) high-
resolution TEM image of the Bi2S3/Bi2WO6 composite, red arrows
indicate the Bi2S3 nanoparticles.
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Bi:W:S is 56:21:25. In other words, the fraction of Bi atoms in
the form of sulphide in the nanocomposite is 28.4%.
The UV−vis diffuse reflection spectrum (DRS) of the as-

prepared samples was shown in Figure 3. According to the

spectrum, bare Bi2WO6 sample presents the photoresponse
property from the UV light region to visible light until 450 nm.
Compared with bare Bi2WO6, the light absorption ability of the
composite is significantly enhanced after Bi2S3 was introduced,
which has strong absorption in nearly the whole range of visible
light. This can be attributed to the small band gap and large
absorption coefficient of Bi2S3. Taking into account the efficient
use of visible light in a large part of the solar spectrum, we
believe that this photocatalyst, with its long wavelength
absorption band, is an attractive photocatalyst for pollutant
degradation.
Because photoluminescence (PL) emission mainly results

from the recombination of free carriers, PL spectra is a useful
technique to survey the separation efficiency of the photo-
generated charge carriers in a semiconductor.31 The higher the
PL intensity, the bigger probability the charge carrier
recombination.32 The comparison of PL spectra (excited at
300 nm) of bare Bi2WO6 and the Bi2S3/Bi2WO6 composite at
room temperature is shown in Figure 4. Bi2WO6 has a broad

blue-green emission peak. The strongest blue emitting peaks at
ca. 460 nm is attributed to the intrinsic luminescence of
Bi2WO6, which originates from the charge-transfer transitions
between the hybrid orbital of Bi6s and O2p (VB) to the empty
W5d orbital (CB) in the WO6

2− complex.33 It was found that PL
emission intensity of the Bi2S3/Bi2WO6 composite was
dramatically weakened compared with that of bare Bi2WO6,
which clearly indicates that the recombination of photo-
generated charge carriers between the hybrid orbital of Bi6s and
O2p (VB) to the empty W5d orbital is greatly inhibited by the
heterojunction nanostructure. In other words, the coupling of
Bi2WO6 and Bi2S3 is helpful to separate the photogenerated
charge carriers.
The photocatalytic activity of the Bi2S3/Bi2WO6 composite

was tested and compared with bare Bi2WO6 under visible-light
irradiation. As a typical colorless contaminant, phenol was
selected as the model pollutant instead of dyes so as to exclude
the sensitization effect. Figure 5A shows the photodegradation

Figure 3. UV−vis diffuse reflectance spectra of the as-prepared
samples.

Figure 4. Room-temperature photoluminescence (PL) spectrum of
the as-prepared samples (λEx = 300 nm).

Figure 5. (A) Degradation efficiency of phenol as a function of time by
the as-prepared samples under visible light irradiation; (B)
Comparison of rate constant k. (C) Comparison of mineralization
rate of phenol by the as-prepared samples.
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rate of phenol as a function of time, where C was the
concentration of phenol after irradiation and C0 was the
concentration after the adsorption equilibrium on the photo-
catalyst particles before irradiation. Blank tests (phenol solution
without any photocatalyst) under visible light exhibited little
photolysis, indicating that phenol is stable under visible light.
Under identical experimental conditions, the Bi2S3/Bi2WO6
composite exhibited much enhanced photocatalytic activity
than both bare Bi2WO6 and Bi2S3. Bare Bi2S3 has negligible
photocatalytic activity under visible-light irradiation, whereas
the introduction of Bi2S3 into Bi2WO6 significantly enhances
the photocatalytic activities of the composite. The photo-
degradation rate of phenol reached 51.6% in the presence of the
Bi2S3/Bi2WO6 composite after 2 h of visible light irradiation,
whereas only 12% of phenol was degraded by bare Bi2WO6
within the same time period, indicating that the Bi2S3/Bi2WO6
composite is a superior photocatalyst to bare Bi2WO6.
To quantitatively understand the reaction kinetics of phenol

degradation in our experiments, we applied the Langmuir−
Hinshelwood model, which is well-established for photo-
catalytic experiments when the concentration of the organic
pollutant is in the millimolar range,34 as expressed by

− =C
C

ktln
0

where C0 and C are the concentrations of pollutant in solution
at time t0 and t, respectively, and k is the apparent first-order
rate constant. The apparent rate constant k is calculated to be
0.0010 and 0.0062 min−1 for bare Bi2WO6 and the Bi2S3/
Bi2WO6 composite, respectively (Figure 5B). In other words,
the photocatalytic activity of the Bi2S3/Bi2WO6 composite is
about 6.2 times higher than that of bare Bi2WO6.
To further investigate the photodegradation of phenol, total

organic carbon (TOC), which has been widely used to evaluate
the degree of mineralization of organic species, was measured in
the photodegradation process by the as-prepared samples under
visible light, as shown in Figure 5C. The TOC removal
efficiency of phenol reached 4.6% and 28.7% in the presence of
bare Bi2WO6 and the Bi2S3/Bi2WO6 composite after 2 h of
visible light irradiation, respectively, which confirmed that
phenol could be mineralized by the as-prepared samples.
To approach the mechanism of the enhanced photocatalytic

activity of the Bi2S3/Bi2WO6 composite, the relative band
positions of the two semiconductors were investigated, since
the band-edge potential levels play a crucial role in determining
the flowchart of photoexcited charge carriers in a hetero-
junction. The conduction band (CB) bottoms (ECB) were
calculated empirically according to formula35

= − +E X E E0.5CB g 0

where Eg is the band gap energy of the semiconductor, E0 is
scale factor relating the reference electrode redox level to the
absolute vacuum scale (E0 =−4.5 eV for normal hydrogen
electrode), and X is the electronegativity of the semiconductor,
which can be expressed as the geometric mean of the absolute
electronegativity of the constituent atoms.36 The X values for
Bi2WO6 and Bi2S3 are calculated to be 6.36 and 5.95 eV,
respectively, and the band gap energies of Bi2WO6 and Bi2S3
are 2.8 and 1.3 eV, respectively. Given the equation above, the
conduction band bottom (ECB) of Bi2WO6 and Bi2S3 is
calculated to be 0.46 and 0.12 eV, respectively. Correspond-
ingly, the valence band tops (EVB) of Bi2WO6 and Bi2S3 are 3.26

and 1.42 eV, respectively. So the conduction band bottom
(ECB) of Bi2S3 is higher than that of Bi2WO6 and the valence
band top (EVB) of Bi2S3 is higher than that of Bi2WO6. The
calculated results indicated the composite of Bi2S3/Bi2WO6 was
advantageous for the separation and transportation of charge
carriers. As illustrated in Figure 6, under visible-light irradiation,

both Bi2S3 and Bi2WO6 are easily excited and corresponding
photoinduced electrons and holes are generated. Photo-
generated electrons are injected with high efficiency from
conduction band of Bi2S3 to conduction band of Bi2WO6
because of the intimate contact between the two semi-
conductors. Simultaneously, holes on the valence band of
Bi2WO6 can be transferred to that of Bi2S3 under the band
energy potential difference. In such a way, the photoinduced
electrons and holes can be efficiently separated and the
recombination of electron−hole pairs can be reduced, in
accordance with the result of the PL spectra. Therefore, the
Bi2S3/Bi2WO6 composite exhibits enhanced performance as
compared to bare Bi2WO6 and Bi2S3.

■ CONCLUSION

In summary, Bi2S3/Bi2WO6 composite was prepared by a
simple hydrothermal method in one step. The composite
photocatalyst exhibits much enhanced photocatalytic activity in
degradation of phenol under visible light irradiation, which is
6.2 times higher than that of bare Bi2WO6. On the basis of the
calculated energy band positions, the mechanism of enhanced
photocatalytic activity for the Bi2S3/Bi2WO6 composite was
discussed. The enhanced activity is attributed to the effective
separation of electron−holes pairs due to the formation of
heterojunction between the two semiconductors. Such a
composite photocatalyst is promising for water purification
application and environmental remediation.
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Figure 6. Diagram for energy band levels of Bi2S3/Bi2WO6 composites
and the possible charge separation process.
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