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ABSTRACT: Bi,WOs/ZnWO, composite photocatalysts have
been successfully synthesized by a facile hydrothermal process.
The catalysts were characterized by powder X-ray diffraction
(XRD), transmission electron microcopy (TEM), and UV—vis
diffuse reflectance spectrum (DRS). The results show that
Bi,WOg¢ nanoparticles grow on the primary ZnWO,, nanorods.
The Bi; WO4/ZnWO, composites have better UV light photo-
catalytic activities compared to single ZnWO, nanorods.

Furthermore, the photoinduced charge transfer properties of
Bi,WO¢s/ZnWO, composites were investigated by means of
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transient photovoltage (TPV) technique in detail. The interconnected interface of Bi,WO4/ZnWO, composites led to the low
recombination ratios of photoinduced electron—hole pairs and enhanced photocatalytic activities.
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B INTRODUCTION

Photocatalytic degradation of organic pollutants by semicon-
ductor photocatalysts has the potential to be a beneficial tech-
nology for environmental purification.' ™ As an important
photocatalyst, ZnWO, has been applied for photocatalytic
hydrogen production from water and mineralization of organic
pollutants under UV light irradiation.* ¢ However, further
research on the improvement of ZnWO, photocatalytic activities
is still indispensable. Many efforts have been made on the
improvement of activities, such as morphologies, crystallinity,
and ion doping.®~'® Huang and co-worker found that the doped
fluorine ions could cause the distortion of the WO, octahedron
in a ZnWOj, crystal and enhance the photocatalytic degradation
activities to 2.6 times the of rhodamine B (RhB) when the
optimal atomic ratio of F/Zn was 0.4.” Instead of using a single
photocatalyst, coupling of photocatalyst with other semiconduc-
tors, metals, or molecules to form junction structures has been
found to be significantly benefits to enhance the photocatalytic
activities."'~'* Jang et al. investigated that CdS/TiO, composite
photocatalyst exhibited a higher hydrogen production rate than
that of single CdS nanowires.'>'¢ Bi, WO,/ TiO, heterostructure
shows enhanced photocatalytic performance over that of TiO,
due to the higher efficiency of charge carrier separation.'*'” To
date, the composite photocatalyst based on ZnWQO, has not been
reported. In this work, we chose Bi,WO¢ as a functional
component for the preparation of Bi,WO4/ZnWO, composite.
Bi,WOg has been found as an excellent photocatalyst with a
narrow band gap (~2.6 €V).'® Furthermore, both Bi,WOg and
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ZnWO, belong to the tungstate family, and have similar crystal-
line structures because chains of the tungstate groups WOq. It
can be expected to construct perfect Bi,WOs/ZnWO, compo-
site structure to enhance photocatalytic activity of ZnWO,.

The transient photovoltage (TPV) technique can be applied
to analyze the dynamic properties of photoinduced charge
carriers,"” which could provide insight into the transfer behaviors
of photoinduced charge carriers in the system, including the
generation, separation, and recombination of the photogener-
ated charges. An outstanding example is Fe,O3/TiO, hetero-
geneous photocatalysts reported by Peng and co-workers.”® In
their work, they demonstrated that the formation of the interface
between Fe,O3 and TiO, was pivotal for improving the separa-
tion and restraining the recombination of photoinduced elec-
trons and holes, which led to the enhancement of photocatalytic
activity.

In this paper, we first successfully prepared BiWO4/ZnWO,
composite photocatalysts consisting of ZnWO, nanorods deco-
rated with Bi;WO, nanoparticles. During the degradation of
rhodamine B (RhB) under UV light irradiation, the Bi,WOg4/
ZnWO, composite exhibited much higher photocatalytic activ-
ities than that of single ZnWO, nanorods. The highest efficiency
is obtained when Bi,WO4/ZnWO, mole ratio in a solution used
for synthesis is 0.1. The TPV measurements suggest that the
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Figure 1. XRD patterns of pure ZnWO,, Bi;WOg, and the Bi;WO/
ZnWO, composites with different molar ratios of ZnWO, vs Bi,WO4,
respectively.

photoinduced charge transfer properties of Bi,WOs/ZnWO,
composite is related to the photocatalytic activities of samples.

B EXPERIMENTAL SECTION

Synthesis of ZnWO, Nanorods. Sodium tungstate dehydrate
(Na,WO,-2H,0, S mmol) and Zinc nitrate hexahydrate (Zn(NO3),
6H,0, S mmol) were added into 30 mL deionized water under stirring at
room temperature, based on our previous paper.”' The pH value of the
mixed solution was adjusted to 9.0 using the dilute HCI and NaOH
solution (0.5 M). After being vigorously stirred for about 30 min, the
solution was loaded into a 50 mL Teflon-lined autoclave. The autoclave
was heated at 180 °C for 48 h under autogenous pressure and then
cooled to room temperature naturally. The white precipitate was
collected and washed with ethanol and distilled water several times.
Finally the sample was dried in a vacuum oven at 50 °C for 4 h.

Synthesis of Bi,WO¢/ZnWO, Composite Photocatalysts.
Bismuth nitrate (Bi(NOj3);-SH,0) and sodium tungstate dehydrate
(Na,WO,-2H,0), in a molar ratio of 2:1, were dissolved in ethylene
glycol (EG) and H,O, respectively. Then the above solutions were
mixed together to form a white suspension and 0.4 mmol of ZnWO,
nanorods (Bi,WOs/ZnWO, molar ratio: 0.05, 0.1, and 0.15) were
added into the suspension under vigorously stirring. After stirring for
30 min, the resulting suspension was added into a Teflon-lined auto-
clave. The autoclave was sealed and heated to 120 °C for 15 h. The
precipitate was collected and washed with ethanol and distilled water
several times. Then, the sample was dried in a vacuum at 50 °C for 4 h.
The composite photocatalysts were marked as 0.05 Bi,WOs/ZnWO,,
0.1 Bi,WO4/ZnWOy,, and 0.15 Bi,WOs/ZnWO,. For comparison, the
single Bi;WOg sample without ZnWO, was also prepared via the same
solvothermal method.

Characterization. The as-obtained products were characterized by
X-ray diffraction (XRD) patterns on a Rigaku D/Max-22550 diffrac-
tometer with Cu Kat radiation over the range of 20° < 20 < 70°. The
morphology and microstructure were obtained by a transmission
electron microscopy (TEM and HRTEM; TECNAIG? FEI company)
and a XL 30 ESEM FEG field emission scanning electron microscope
(FESEM; FEI Company). UV—vis diffuse reflectance spectra (DRS)
were recorded on a UV-3600 (Shimadzu) spectrophotometer.

TPV Measurement. The TPV measurements were carried out by a
homemade device described in our previous paper.*° The samples were
excited with a laser radiation pulse (wavelength of 355 nm and pulse
width of 5 ns) from a third-harmonic Nd:YAG laser (Polaris II, New
Wave Research, Inc.). The TPV signal was recorded by a 500 MHz
digital phosphor oscilloscope (TDS 5054, Tektronix). The construct of

Figure 2. TEM images of the as-obtained samples: (a) ZnWO,, (b)
Bi,WO4; (c) 0.05 Bi,WO,/ZnWO,, (d) 0.1 Bi,WO/ZnWO,, (e) 0.15
Bi,WO,/ZnWO,.

the photovoltaic cell is a sandwich-like structure of Pt net-sample-ITO.
The formation of a TPV signal was determined by the factors of light
absorption, transport of excess carriers, structural, and electric charac-
teristics of a semiconducting meterial. The TPV measurements were
finished in air atmosphere at room temperature.

Photocatalytic Experimental. The photocatalytic activities of
the samples were evaluated by the degradation of the RhB under a S00 W
mercury lamp illumination. Powder photocatalyst (20 mg) was dis-
persed into 20 mL of RhB solution (10 mg/L). Before illumination, the
suspensions were vigorously stirred in dark for 1 h to ensure the
establishment of an adsorption—desorption equilibrium between the
photocatalyst powder and RhB. After that, the solution was exposed to
UV light irradiation under magnetic stirring, and 0.8 mL of the
suspension was taken from the reaction cell at certain intervals and
separated by a centrifugal machine during the process. Finally, the
UV—vis spectra of the centrifuged solution were recorded using a
Maya2000-Pro spectrometer (Ocean Optics).

B RESULTS AND DISCUSSION

Characterization of Composite Photocatalysts. The X-ray
diffraction (XRD) of BiWOy, ZnWO,, and Bi;WO4/ZnWO,
composite photocatalysts are shown in Figure 1, respectively.
The pure-phase ZnWO, is a monoclinic structure and the
corresponding JCPDS number is 73—0554. When the molar
ratio of Bi;WO4/ZnWOy, is increased from 0.05 to 0.15, the
diffraction peaks of orthorhombic Bi,WO4 (JCPDS 39—0256)
are intensified gradually, whereas the peak intensities of ZnWO,
decreased. No impurity peak is found in Bi, WO4s/ZnWO,
composites, suggesting that the composites have a two-phase
composition: Bi,WOg and ZnWO,.

Figure 2 shows the TEM images of ZnWO,, Bi,WOy, and
Bi,WOs/ZnWO, composite photocatalysts, respectively. The
pure ZnWO, synthesized at 180 °C for 48 h possesses the rodlike
structure. Meanwhile, the low-magnification FESEM image of
pure ZnWO, is shown Figure S1 in the Supporting Information.
It shows that the length of ZnWO, nanorods is about 500 nm and
diameter is about 30 nm. The Bi,WOjg can grow into irregular
nanoplates structure due to the high intrinsic anisotropic
nature.”> With the increase of the Bi;WO4/ZnWO,, molar ratio
from 0.05 to 0.15, the concentration of Bi;WO4 on ZnWO,
increased, which is in accordance with the XRD results. It is
interesting that no individual Bi;WO¢ nanoparticle in a dispersed
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Figure 3. (a) TEM and (b) HRTEM images of the as-obtained sample
of 0.1 Bi,WQO4/ZnWO,.
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Figure 4. UV—vis diffuse reflectance spectra of ZnWOy,, Bi,WOyg, and
Bi,WO4/ZnWO, composites at different molar ratios.

way was found in the solution through ultrasonically treatment
for preparation of TEM grids, as shown in Figure S2 in the
Supporting Information. The phenomena indicate that the
growth of small Bi,WOg nanoparticles tend to attach on the
backbone of the ZnWO,.

The HRTEM image of as-obtained Bi,WO4/ZnWO, molar
ratio of 0.1 is shown in Figure 3. The low-magnification HRTEM
image in Figure 3a shows that ZnWO, nanorods have a coarse
outlayer. The growth of small Bi;WOg nanoparticles attach on
the backbone of the ZnWO,. The lattice resolved HRTEM
image indicates that the spacing of the lattice is 0.315 and
0.364 nm (as seen in Figure 3b), which is consistent with the
spacing of (113) and (110) planes of orthorhombic Bi,WO and
monoclinic ZnWOy,, respectively. The high-quality image of the
interface between ZnWOQ, and Bi;WOg crystal can be observed
clearly.

Figure 4 shows the diffuse reflectance spectra of the photo-
catalysts. The greatly enhancement of the absorption at about
410 nm is due to the band—band transition of ZnWO,.* It is also
shown that an absorption edge of Bi,WO, photocatalyst is at
450 nm. The spectra of Bi,WO4/ZnWO, composite photocata-
lysts show the combinations of the two spectra of ZnWO,
nanorods and Bi;WOg. From Figure 4, it can be seen that the
characteristic absorption peak of ZnWO, nanorods at 265 and
289 nm. Because the Bi, WO nanoparticles were coated on the
ZnWO, nanorods, the absorption of 0.05 Bi WOs/ZnWO,
composite shows a red shift from 289 to 297 nm. With the
increasing of Bi,WO4/ZnWO, molar ratio, other composites
show the red shift from 289 to 304 nm. It is believed that the red
shift in the Bi,WO4/ZnWO, composite may be related with the
excitons partial leakage into the Bi;WOjq matrix.”®> The similar
phenomena were reported by Zhang and co-workers. In their
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Figure 5. Photocatalytic degradation of RhB (10 mg/L, 20 mL) by
different photocatalysts under UV light irradiation, where C is the
absorption intensity of RhB at the maximum wavelength of 554 nm
irradiated by different time and C, is the absorption intensity of RhB
after the adsorption—desorption equilibrium on photocatalyst before
irradiation. (left-facing triangle) Blank experiment in the solution of
RhB; (M) pure ZnWO,; (star) 0.05 Bi,WOs/ZnWO,; (V) 0.15
Bi,WOs/ZnWO,; (®) pure Bi,WOg; (A) 0.1 Bi,WO4s/ZnWO,.

ZnWO—MWO, (M = Mn, Fe) core—shell system, the absorp-
tion peak for the ZnWO,—MWO, (M = Mn, Fe) core—shell
nanorods shifts lightly to longer wavelength compared with the
bare ZnWO, nanorods.**

Photocatalytic Activity. The degradation of RhB under UV
light irradiation was investigated in Figure S. The blank experi-
ment (without photocatalysts) shows that the degradation of
RhB is negligible. The results indicate that the Bi,WOs/ZnWO,
composite photocatalysts possess better activities than that of
single ZnWO,. As shown in Figure 5, the 0.1 Bi,WO4/ZnWO,
sample exhibits much higher photocatalytic activities than those
of other samples. With the increasing of the amounts of Bi, WO
nanoparticles, the photocatalytic activities of 0.15 Bi,WOy/
ZnWO, reduce. But it still maintains better photocatalytic
activities compared to single ZnWO,. In addition, it is shown
that the adsorption of RhB from aqueous solution on the
photocatalysts in dark ZnWO,, Bi,WOg, 0.05 Bi;WOs/ZnWO,,
0.1 Bi,WO4/ZnWOQO,, and 0.15 Bi,WO4/ZnWO, are 12, 14, 7,
15, and 12%, respectively. Although the absorption data are
similar, their photocatalytic activities of samples are different,
implying that the influence of adsorption is ignored in photo-
catalytic reaction. Therefore, the enhanced photocatalytic activ-
ities of composite photocatalysts probably result from the
properties of photoinduced charge carries. These properties
may be influenced by the structure characteristics of the
Bi,WO4/ZnWO, composites. TPV can provide the dynamic
information of photoinduced charge carriers in the system, which
is a benefit for further understanding the photocatalytic ability of
composite photocatalysts.

Figure 6 shows TPV spectrum of as-obtained samples. There
are several interesting features: (I) All the TPV signals are positive,
which indicates that photoinduced electrons move toward the bulk
and photoinduced holes move toward the surface.”>*® (II) Two
peaks at the time shorter than 1 x 10~ s and the time longer than
1 x 10 *s can be observed in the TPV response of Bi,WOg/
ZnWOQ, composites, respectively. (III) When the time is shorter
than 1 x 10~ ®s, the TPV signals arise immediately with the laser
pulse. It is a typical behavior for the surface photovoltage in
semiconductors where charges carriers are separated by drift in the
electric field of the surface space-charge region.”” The amplitude of
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Figure 6. TPV of the samples at different molar ratios of Bi,WO/
ZnWO, composite photocatalysts: (a) ZnWO,, (b) 0.05 Bi,WOg/
ZnWO,, (c) 0.1 B,WO,/ZnWO,, (d) 0.15 B, WOs/ZnWO,, (e)
Bi,WOyg. The wavelength and intensity of the laser pulse are 355 nm
and 200 uJ, respectively.

the fast TPV response (at the time shorter than 1 x 10°%s)
decrease with the increasing ratio of Bi,WOg¢ nanoparticles from 0
to 0.15. It demonstrated that Bi;WO, may act as a physical barrier
which can absorb most of light. The thickness of Bi,WOg4 grown
on the surface of ZnWQO, nanorods is thickened with the increas-
ing of the molar ratio of Bi,WOs/ZnWO, composites. The areas
of ZnWO, exposed in illumination are decreasing with reducing
the chances of ZnWO, exciting. (IV) Furthermore, an obvious
retardation is observed in the TPV of 0.1 Bi,WO4/ZnWO,
composite in comparison to that of the bare ZnWO,. It shows that
besides the drift of the photoinduced charges at surface, the
additional drift at the interface between Bi,WOg4 and ZnWO,
contributes to the retardation time. The larger retardation time is,
the lower recombination rate of electron—hole pairs will be. This
means that photoinduced charges will have much time to participate
in the photocatalytic reaction before recombination. (V) At time
longer than 1 X 10~ ¢ s, the time of TPV maximum of as-obtained
samples is strongly retarded, which is typical for diffusion
photovoltage.”>*® As shown in Figure 6, Bi,WO,/ZnWO,, compo-
site photocatalysts with molar ratio of 0.1 and 0.15 (curves 6¢ and
6d) possess the retarded TPV peak corresponding to diffusion
photovoltage. In contrast, there is no obvious relaxation peak
for ZnWO, nanorods. Thus, it is reasonable to conclude that
the presence of the interface between ZnWO, and Bi;WOg4 can
reduce the transfer rate of photoinduced charge carriers and inhibit
the recombination of photoinduced charge carriers. In addition, the
order of the diffusion photovoltage amplitude is 0.1 Bi,WOs/
ZnWO, > 0.15 Bi,WOs/ZnWO,, & 0.0 Bi;WOs/ZnWO,, sug-
gesting that the extent of photoinduced charge separation induced
by diffusion is the highest in 0.1 BiWO4/ZnWO, composite.

On the basis of the above data, it is believed that in the
Bi,WO4/ZnWO, composite system, ZnWO, may supply photo-
induced charges for the photocatalytic process, and the interface
between Bi,WOg4 and ZnWOQy, inhibits the recombination rate of
photoinduced charge carriers. Because of the strongest TPV
response and the largest retardation of the diffusion photovol-
tage, 0.1 Bi,WO4/ZnWO, composite possesses the effective
separation of photoinduced electron—hole pairs and the low
recombination rate of charge carriers, corresponding to its high-
est photocatalytic activity.

On the basis of the energy band diagram reported in previous
literature®*® and band gap of ZnWO, estimated by us,"” the
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Figure 7. Band structure diagram and electron—hole separation of
Bi,WOs/ZnWO, composite photocatalysts under UV irradiation.

calculated conduction band (CB) and valence band (VB) edge
potentials of ZnWO, and Bi,WOg are shown in Figure 7. Under
UV irradiation, ZnWO, and Bi,WOg would be excited simulta-
neously and generate electron—hole pairs. On the one hand, the
CB-electrons (ZnWO,) easily flow into the CB edge of Bi,WOjq
through the interface because the CB edge of ZnWO, is higher
than that of Bi,WOg. On the other hand, because the VB edge
level of Bi,WQy is lower than that of ZnWO,, holes in the VB
edge of Bi,WOg will transfer to that of ZnWO, by the control of
the interface. The results are consistent with the previous studies
on the charge transition between semiconductor (such as TiO,/
BiZWOG).B’14 According to the TPV results, the photovoltage
signals of samples appear on the time scale of milliseconds, which
implies that the photoinduced electron—hole pairs are separated
in space instead of the direct recombination between the VB edge
and CB edge. As a result, VB holes with strong oxidation power
can cast off from the pair recombination and be available to
oxidize the pollutants, which supports the result that the
Bi,WOs/ZnWO, composite exhibit higher photoctalytic activ-
ities than the pure ZnWO,.

B CONCLUSIONS

The Bi,WO4/ZnWO, composites were successfully synthe-
sized by a simple hydrothermal method for the first time. The as-
prepared Bi,WOs/ZnWO, composites are composed of
Bi,WOg nanoparticles grown on the primary ZnWO,, nanorods.
The composites exhibits enhanced photocatalytic activities in the
degradation of RhB under UV light irradiation. When Bi,WOg/
ZnWO, composites molar ratio is 0.1, the highest photocatalytic
activity is observed. The enhanced activities of Bi, WOs/ZnWO,
composites are attributed to the effective separation of photo-
induced electron—hole pairs and the low recombination rate of
charge carriers is due to the interfacial effect. The information
provided here is expected to be useful for the further improve-
ment of ZnWO, photocatalytic performances.
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