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A Bi,WOg¢-Based Hybrid Photocatalyst with Broad
Spectrum Photocatalytic Properties under UV, Visible,

and Near-Infrared Irradiation

Jian Tian, Yuanhua Sang, Guangwei Yu, Huaidong Jiang, Xiaoning Mu, and Hong Liu*

As a free, clean, non-polluting, inexhaustible resource and a
domestic energy source, solar energy has long been consid-
ered one of the most promising renewable energy sources
in the world.ll In view of solar energy utilization, the search
for semiconductor photocatalysts that can harvest the wide
spectrum of solar light, from ultraviolet (UV) to near-infrared
(NIR) wavelength, and achieve efficient solar energy conver-
sion remains one of the most challenging missions.?! TiO,, as
a most prominent and suitable material for solar energy har-
vesting, is widely studied in photocatalysis for the removal of
inorganic and organic pollutants.®’! However, TiO, possesses a
wide band gap of 3.2 eV, allowing the material only to be acti-
vated by UV light, which accounts for only 5% of the incoming
solar energy.l In order to utilize solar energy more efficiently,
great efforts have been made to develop visible-light-induced
photocatalysts, in which Bi,WOg has attracted a great deal of
attention for its good photocatalytic performance in water split-
ting and organic contaminant decomposition under visible
(Vis) light irradiation, which accounts for about 48% of the
incoming solar energy.>! Nevertheless, the near-infrared light
which accounts for 44% of the solar spectrum, remains unuti-
lized.I”] Over the past 30 years, the search for such near-infrared
light photocatalysts has focused mainly on upconversion lumi-
nescence of rare earth materials.”#! Upon near-infrared excita-
tion at 980 nm, rare earth containing nanoparticles generate
upconverted emission peaks ranging from near-infrared to UV
or visible spectrum regions. They can serve as an intermedium,
which can transfer energy to UV or visible light active photo-
catalysts to generate the strongly oxidative holes and reductive
electrons necessary for the photocatalytic reaction to proceed.m
However, the efficient utilization of sunlight is limited because
of its very narrow absorption band of light at 980 nm.”1% Up to
now, infrared light active photocatalyst is still a blank area for
photocatalysts. Besides up-conversion materials, only a few of
near-infrared photocatalysts have been found, such as carbon
quantum dots and Cu,(OH)PO,.!) Moreover, most prom-
ising photocatalysts only possess UV, UV-Vis, Vis-NIR, or NIR
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photocatalytic activity, separately. They are not compatible to
utilize full-spectrum of the solar light. Here we reported a dis-
covery of near-infrared activity of photocatalyst, Bi,WOg, which
has ever been studied as visible photocatalyst. By assembling
Bi,WO; nanosheets on TiO, nanobelts, a hybrid nanostruc-
tured photocatalyst with enhanced broad spectrum photocata-
lytic properties has been constructed, which can harness UV,
visible, and near-infrared light to decompose organic contami-
nants in aqueous solution. This suggests its potential as a pho-
tofunctional material for waste-water cleaning.

Bi,WOg nanosheets were synthesized by the hydrothermal-
co-precipitation method. Bi,WO, with orthorhombic struc-
ture belongs to Aurivillius family, which is constructed by
alternating (Bi;0,),>"" layers and perovskite-like (WO,),2""
layers!!? (top right inset of Figure 1a). XRD of the samples in
this work confirms this Bi,WOg crystal structure (JCPDS No.
79-2381), which is shown in Figure la. SEM (top left inset of
Figure la) and TEM (Figure 1b) images show that the most
Bi,WOy nanosheets are square shaped with side length of
about 100-200 nm, thickness of about 20 nm. HRTEM image
and FFT diffraction pattern (Figure 1c) confirm that the crystal
structure of Bi,WO, nanosheets is orthorhombic and the
growth direction is (001).

As reported in previous work, Bi,WOj is a good visible light
active photocatalyst.’! In this work, except for the visible pho-
tocatalytic property, we found Bi,WO4 nanosheet possessed
good near-infrared photocatalytic degradation property for
methyl orange (MO) (Figure 1f).The degradation rate of MO for
Bi,WOg nanosheet under UV, visible, and near-infrared light
irradiation for 120 min is 24%, 84% and 58%, respectively. The
experiments on degradation ability of light irradiation without
photocatalyst involved confirm that all the light irradiation,
UV, visible, and near-infrared, could not induce MO degrada-
tion (Figure S1 in the Supporting Information). FTIR spectra
also suggest that the MO decolorization is due to the photocata-
Iytic reaction of Bi,WO; nanosheets instead of the adsorption.
(Figure S2 in the Supporting Information). Although the vis-
ible photocatalytic property was confirmed and well-studied,
near-infrared photocatalytic property of Bi,WO has never been
reported before. During near-infrared photocatalysis process,
a 250 W infrared lamp with a glass filter is used to get near-
infrared light spectrum, the spectrum measurement on the fil-
tered near-infrared lamp light showed that the all the possible
UV and visible light (A < 760 nm) were filtered away (Figure S3
in the Supporting Information), which confirmed the near-
infrared photocatalytic activity of Bi,WO; nanosheets. The
experiment on photocatalysis cyclic performance of Bi,WOgq
nanosheets under UV, visible, and near-infrared light irradiation
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Figure 1.

(a) XRD pattern of the Bi,WOg nanosheets. SEM image of Bi,WOg nanosheets is shown in the top left inset. Schematic drawing of the

Bi,WOg crystal structure is shown in the top right inset; (b)TEM image of Bi;,WOg nanosheets; (c¢) HRTEM image of Bi,WOg nanosheets and Fourier
transform electron diffraction pattern of Bi,WOg; Biss (d) and Wy (e) core-level XPS spectra of Bi,WOg nanosheet; (f) Photocatalytic degradation of MO
in the presence of Bi,WOg nanosheets under UV light, visible light, and near-infrared light irradiation; Irradiation-time dependence of photocatalytic
degradation of MO aqueous solution over Bi;WOg4 nanosheets during repeated photooxidation experiments under (g) UV light, (h) visible light, and

(i) near-infrared light irradiation.

demonstrates that the samples exhibit the stable performance,
i.e. there is no obvious decrease in photocatalytic degradation
activity even after four cycles(Figure 1g-i).

X-ray photoelectron spectroscopy (XPS) was used to char-
acterize the valent state of the elements in Bi,WOs. Figure 1d
shows the Bi4f XPS spectra of Bi,WOg nanosheet. The spin-
orbit components of Bi4f; ; consists of peak with binding ener-
gies around 165 eV, corresponding to Bi*" in the crystal struc-
ture. The feature in the Bi4f;, spectrum at 159.8 eV is a charac-
teristic peak of the Bi** ions in Bi,WOg. The new feature in the
Bi4f; , spectrum at 158.1 eV could be assigned from the feature
of bismuth with a low valence state (Bi?*), and the Bi3*:Bi?" =
71.2%:28.8%. For tungsten, a complex energy distribution of
W4f photoelectrons was obtained as shown in Figure le. The
WA4f core-level spectrum could be well fitted into two spin-orbit
doublets, corresponding to two different oxidation states of W
atoms. The main peaks, having a W4f; , at 37.5 eV and a W4f;
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at 35.4 eV, are attributed to the W atoms being in a 6+ oxida-
tion state. The second doublet, with a lower binding energy at
34.4 eV and 36.5 eV, results from the emission of W4f5;, and
W4f;, core levels from the atoms in an oxidation state of 5+,
in which W is 73.7% and W°* is 26.3%.1"3] After calculation,
the 72-atom super cell of Bi;WOg has three oxygen vacancies.
Bi,WOy is rarely noticed before, although its visible photo-
catalytic property has been intensively studied recent years.
However, most recently, Near-infrared light absorption prop-
erties W;3049 nanomaterials caused by oxygen vacancies has
been attracted much attention.!'*l Song et all'*! also discovered
that broad infrared fluorescence of bismuth doped germanate
glasses, and the broad infrared fluorescence origin from low
valence Bi?* ions. The oxygen vacancies of Bi,WO, can act to
raise the Fermi level and reduce the band edge, allowing for
interband transitions and carrier creation under near-infrared
excitation (Figure S4 in the Supporting Information).
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Figure 2. Structural characterization of the Bi,WO¢/TiO, nanobelt heterostructures. XRD patterns (a) of TiO, nanobelts, Bi,WOg nanosheets, and
Bi,WOg/TiO, nanobelt heterostructures; Biy (b) and Wy¢ (c) core-level XPS spectra of Bi,WOg/TiO, nanobelt heterostructures; (d) SEM image of
Bi,WOg/TiO, nanobelt heterostructures. Energy-dispersive X-ray spectroscopy (EDS) of Bi,WO¢/TiO, nanobelt heterostructures is shown in the top
inset; (e, f) TEM images of Bi;WOg/TiO, nanobelt heterostructures (14 wt% Bi,WOg).

Based on high visible and near-infrared photocatalytic activity
of Bi,WOg nanosheets, combining with UV photocatalytic prop-
erty of TiO, nanobelts,” a UV-Vis-NIR multi-band hybrid
photocatalyst, Bi;WO,/TiO, nanobelt heterostructures, was syn-
thesized by assembling Bi,WOg nanosheets on surface of TiO,
nanobelts. The XRD of TiO, nanobelts, Bi,WO, nanosheets,
and Bi,WO¢/TiO, nanobelt heterostructures (Figure 2a) veri-
fies that Bi,WOg/TiO, nanobelt heterostructures is made up by
both anatase TiO, (JCPDS les nos.21-1272) and orthorhombic
Bi,WO;. XPS spectra of Bi,WO4/TiO, nanobelt heterostruc-
tures proves all W>*, W, Bi%**, and Bi** ions exist in the het-
erostructures, and cause oxygen vacancies (Figure 2b and c),
which is similar with Bi,WOg nanosheets. The presence of TiO,
could not influence the valent state of bismuth and tungsten
elements in Bi,WOy. The full range of XPS spectra of Bi,WO/
TiO, and Bi,WOg are shown in Figure S5 in the Supporting
Information. Peaks at binding energies corresponding to Bi, W
and O are clearly observed, and no impurities other than carbon
are observed in the spectra. Energy-dispersive X-ray spectros-
copy (EDS) analysis (top inset of Figure 2d) further demon-
strates the hybrid nanostructures consisted of Bi W, Ti and O.
In this work, TiO, nanobelts were coarsened by acid treatment
to enlarge the UV active surface of the nanobelts.l'®l SEM and
TEM results show that the thickness of the TiO, nanobelts is
20-40 nm, the width is 50-200 nm, and the length ranges up
to several tens of micrometers (Figure S6 in the Supporting
Information). As shown in Figure 2d, after assembling Bi,WO4
nanosheets on the surface of TiO, nanobelts, the Bi,WO¢/TiO,
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hybrid nanostructure still keep one-dimensional morphology.
Large number of teeth-like Bi,WO; nanosheets with 10-20 nm
in width and 20-30 nm in length preferentially grow out from
the surface of the TiO, nanobelts (Figure 2e and f).The hybrid
structure not only provides more visible and near-infrared light
absorption sites due to surface of Bi;WOg, but also leaves much
large space to reserve high UV photocatalytic property due to
TiO, nanobelts underneath of the teeth root possess high UV
light activity.

The lattice on the bottom of teeth-like Bi,WO; nanosheets
connect with the lattice of TiO, nanobelt surface, and hence a
well-defined heterostructure is generated (Figure 2f), which is
propitious to charge transmission between two phases. Meas-
uring the distance between two lattice fringes verifies that the
resolved interplanar distances are 0.315 nm (Figure 2f), which
is consistent with the spacing of (131) planes of orthorhombic
Bi,WO,.

To prove the photocatalytic activity of the Bi,WOg/TiO,
nanobelt heterostructures, the decomposition of MO in water
under UV, visible and near-infrared light irradiation as a func-
tion of irradiation time were investigated (Figure 3a-c). For
comparison, decomposition abilities of Bi,WO, nanosheets,
TiO, nanobelts, and commercial P25 (anatase 80%, rutile
20%, Degussa Co. Ltd., Germany) were measured under the
same experimental conditions. Bi,WO; nanosheets have very
limited UV photocatalytic property (Figure 3a). When assem-
bling Bi,WOg nanosheets on the surface of TiO, nanobelts, the
UV photocatalytic performance of the Bi,WOg/TiO, nanobelt
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Figure 3. Photocatalytic degradation of MO in the presence of P25, TiO, nanobelts, Bi,WOg nanosheets and Bi,WO¢/TiO, nanobelt heterostruc-
tures under (a) UV light, (b) visible light, (c) near-infrared light and (d) simulated sunlight irradiation; (e) The experimental visible and near-infrared
absorption spectrum of TiO, nanobelts, Bi,WOg nanosheets and Bi,WOg/TiO, nanobelt heterostructures; (f) Photocatalytic degradation of MO in the
presence of P25, TiO, nanobelts, Bi,WOg nanosheets and Bi,;WOg/TiO, nanobelt heterostructures under near-infrared light irradiation, 980 nm laser
light irradiation, and heat at 80 °C in the dark for 120 min; Irradiation-time dependence of photocatalytic degradation of MO aqueous solution over
Bi;WOg/TiO;, nanobelt heterostructures (14 wt% Bi,WOs) during repeated photooxidation experiments under (g) UV light, (h) visible light, and (i)

near-infrared light irradiation.

heterostructures is dramatically improved. The corresponding
decomposition rate increases to nearly 100% after 25 min UV
irradiation (Figure 3a), which is much higher than that of
TiO, nanobelts (80.7%), P25(85.1%), and Bi,WO; nanosheets
(20.6%), Similar to the results in the previous works,[5! P25,
and TiO, nanobelts exhibit poor visible photocatalytic activities
and Bi,WO¢ nanosheets possess good visible photocatalytic deg-
radation property. The corresponding MO degradation degree
under 40 min visible light irradiation for P25, TiO, nanobelts
and Bi,WOg nanosheets is 7%, 15% and 67.8%, respectively
(Figure 3b). Surprisingly, the photocatalytic performance of
the Bi,WOg/TiO, nanobelt heterostructures is dramatically
improved, and the degree of decomposition increases to 100%
after visible light irradiation for 40 min.

Bi,WOg/TiO, nanobelt heterostructures possess enhanced
near-infrared photocatalytic activities compared with Bi,WOq
nanosheets. The MO degradation degree for Bi,WOq

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

nanosheets and Bi,WO;/TiO, nanobelt heterostructures under
120 min near-infrared light irradiation is 58% and 74.3%,
respectively (Figure 3c). In contrast, P25 and TiO, nanobelts
have no near-infrared photodegradation ability to MO. The
corresponding MO degradation rate for P25 and TiO, nano-
belts is only 4.1% and 4% in the same conditions. Visible and
near-infrared absorption spectrum of TiO, nanobelts, Bi,WOq
nanosheets and Bi,WO4/TiO, nanobelt heterostructures con-
firm that Bi,WO¢ and Bi,WOg/TiO, have very broad absorption
band, from visible to near-infrared (Figure 3e).The good visible
and near-infrared absorption and photocatalytic performance
of Bi,WO; nanosheets and Bi,WO;/TiO, nanobelt heterostruc-
tures can attribute to the oxygen vacancies.

As we all know, water itself is a very strong absorber of elec-
tromagnetic radiation in the IR region and converts it into
heat.l'”] Although we use circulating water to cool down the
reaction container, the highest temperature of MO solution is

Adv. Mater. 2013,
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80 °C. The thermocatalytic reference experiment at 80 °C in the
dark is carried out. The experimental results (Figure 3f) indicate
that the decolorization rate of MO from Bi,WO; nanosheets
and Bi,WO¢/TiO, nanobelt heterostructures at 80 °C is 16%
and 19%, respectively. These results further confirm that the
near-infrared photocatalytic property of Bi,WO; nanosheets
and Bi,WOg/TiO, nanobelt heterostructures is attributed to the
photocatalysis reaction, not near-infrared light causes photo-
chemical reaction or temperature effect. We also checked the
photocatalytic property of the above catalysts under solar light
and 980 nm laser light irradiation, 150W APOLLO solar simu-
lator and 10W 980 nm laser light were used as the light sources.
After irradiation of solar light and 980 nm laser light for 120
min, MO degradation rate of Bi,WOg4 nanosheets and Bi, WO/
TiO, nanobelt heterostructures is 75% and 93% (Figure 3d),
46% and 58% (Figure 3f), respectively. Similar with Bi,WOy
nanosheets, the Bi,WO4/TiO, nanobelt heterostructures also
exhibit the stable photocatalytic performance under UV, visible,
and near-infrared light irradiation(Figure 3g-i).

The excellent photocatalytic degradation of MO under UV,
visible and near-infrared light irradiation can be partially due to
the large specific area of the Bi,WO¢/TiO, nanobelt heterostruc-
tures. We evaluated the specific surface area of the prepared
samples and the results are shown in Table S1 in the Supporting
Information. As can be seen from Table 1, the BET specific sur-
face area of the TiO, nanobelt is about 32.236 m? g~!, while the
specific surface area of the TiO, nanobelt treated with acid cor-
rosion increases to 38.572 m? g!. The Bi,WO;/TiO, nanobelt
heterostructure displays a larger specific surface area (about
45.371 m? g!) than Bi,WO; nanosheet (about 35.574 m? g}),
P25 (about 43.401 m? g7!) and TiO, nanobelt, which leads to
the exposure of more active sites giving high photocatalytic
activity. An obvious decrease of the photoluminescence of the
Bi,WOg/TiO, nanobelt heterostructures can be observed as
compared with that of TiO, nanobelts or Bi,WO4 nanosheets
alone, indicating that the coupling of TiO, and Bi,WOg in the
heterostructures effectively diminish the recombination of pho-
toinduced electron-hole pairs, which is beneficial to the photo-
catalytic activity. (Figure S7 in the Supporting Information)

In summary, near-infrared light photocatalytic activity of
Bi,WOg nanosheets was firstly found. The high near-infrared
excitation of Bi;WOg can attribute to the oxygen vacancies.
Bi,WO,/TiO, nanobelt heterostructures synthesized through
an economic and practical hydrothermal method possessed the
enhanced UV, visible and near-infrared photocatalytic activity.
This result is of significance in the utilization of all solar band
energy, especially for near-infrared light, which constitutes a
considerable part of sunlight. The photocatalytic efficiency of
Bi,WO,/TiO, could be enhanced by hetero-integration of these
materials, as well as high specific surface area of the Bi,WOg/
TiO, hybrid nanobelt heterostructures. There will be better
ways to take advantage of solar energy in the future.

Experimental Section

TiO, nanobelts were synthesized through a hydrothermal procedure.
Typically, 0.1 g of P25 powders was mixed with 20 mL of an aqueous
solution of 10 M NaOH, followed by a hydrothermal treatment at 180 °C
in a 25 mL Teflon-lined autoclave for 48 h. The treated powders were
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washed thoroughly with deionized water followed by a filtration and
drying process. The obtained sodium titanate nanobelts were then
immersed in an aqueous solution of 0.1 M HCl for 48 h and then washed
thoroughly with water to produce H,Ti;O; nanobelts. The H,Ti;O;
nanobelts were added into a 25 mL Teflon vessel, which was filled with
an aqueous solution of 0.02 M H,SO, up to 80% of the total volume and
maintained at 100 °C for 12 h. Finally, the products were isolated from
the solution by centrifugation and sequentially washed with deionized
water for several times, and dried at 70 °C for 10 h. Thermal annealing
of the acid-corroded H,Ti;O; nanobelts at 600 °C for 2 h led to the
production of TiO, nanobelts with roughened surfaces.

Bi,WOg¢/TiO, nanobelt heterostructures with various mole ratios from
1:12 to 4:12 were prepared by a simple hydrothermal-co-precipitation
method. In a typical reaction, 0.2-0.8 mmol of Bi(NO3)3;-5H,0 and 0.1-
0.4 mmol of Na,WO,e2H,0 were mixed together in 40 mL of ethylene
glycol or nitric acid to form the homogeneous solution. Then 1.2 mmol
of TiO, nanobelts were dispersed into the above solution and then
added into the Teflon-lined autoclave. The autoclave was sealed and
heated to 160 °C for 15 h. The product was washed with deionized water
and ethanol to remove any ionic residual, then dried in oven at 70 °C
for 12 h. For comparison, Bi,WOg nanosheets were also prepared in a
similar process excepting for without TiO, nanobelts.

X-ray powder diffraction (XRD) patterns of the samples were recorded
on a Bruke D8 Advance powder X-ray diffractometer with Cu Ko (4 =
0.15406 nm). A HITACHI S-4800 field emission scanning electron
microscope (FE-SEM) was used to characterize the morphologies of
the synthesized samples, and the chemical composition was examined
via energy-dispersive X-ray spectroscopy (EDS) attached to the
FE-SEM. High resolution transmission electron microscopic (HRTEM)
images were acquired with a JOEL JEM 2100 microscope. UV-Vis-NIR
diffuse reflectance spectra (DRS) of the samples were recorded on a
UV-Vis-NIR spectrophotometer (Cary 5000, Varian) with an integrating
sphere attachment within the range of 200 to 2000 nm and with BaSO,
as the reflectance standard. X-ray photoelectron spectroscopy (XPS)
was performed using an ESCALAB 250. The specific surface area was
calculated using the Brunauer-Emmett-Teller (BET) method using the
measurement instrument (Micromeritics, ASAP2020).

The photocatalytic activity of the Bi,WOg/TiO, nanobelt
heterostructures was investigated by the photodegradation of methyl
orange (MO, 20 mg/L). In a typical measurement, 20 mL of an aqueous
suspension of MO and 20 mg of the heterostructure powders were
placed in a 50 mL beaker. Prior to photoirradiation, the suspensions
were magnetically stirred in the dark for 30 min to establish adsorption-
desorption equilibrium between the dye and the surface of the catalysts
under ambient conditions. A 350 W mercury lamp with a maximum
emission at 356 nm was used as the UV source, a 300 W Xe arc lamp
as the visible light source where the UV components were filtered out
during visible light photocatalysis, a 250 W infrared lamp as the near-
infrared light source where the A < 760 nm were filtered out during near-
infrared light photocatalysis, and a 150W APOLLO solar simulator was
used as the solar light source. At varied irradiation time intervals, an
aliquot of the mixed solution was collected and centrifuged, and the
residual MO concentration in the supernatant was analyzed by UV-vis
spectroscopic measurements (Hitachi UV-3100).

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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