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ABSTRACT: In this work, bismuth (Bi) nanoparticle
anchored ZnWO4 microspheres (Bi/ZnWO4) were prepared
and used as robust and efficient photocatalysts for NO removal
at parts-per-billion level under visible light irradiation. The as-
synthesized composite with a proper mass ratio of Bi (50%)
displayed a higher reaction rate (0.067 min−1) than its single
counterparts ZnWO4 (0.004 min−1) and Bi (0.027 min−1),
respectively. Due to the surface plasmon resonance (SPR)
effect of Bi nanoparticles, the Bi/ZnWO4 composites showed
broad light absorption in the visible spectrum. Moreover, the
formation of the Bi/ZnWO4 heterointerface promoted the
separation of photoexcited electron−hole pairs, which is
demonstrated by the increased photocurrent density in comparison to the pristine materials. The above characteristics
endowed the Bi/ZnWO4 composites with superior photocatalytic activity for NO removal. The radical scavanger tests revealed
that the superoxide radical was the main active species to initiate NO oxidation, while the hydroxyl radical was not involved in the
process. This study shows practical value in air pollutant abatement, because it provides an economical and feasible route to
fabricate SPR-enhanced composite photocatalysts using earth abundant Bi material instead of noble metals.
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■ INTRODUCTION

Nitrogen oxides (NOx, the sum of NO and NO2), exclusively
originated from fossil fuels combustion and vehicular exhaust,
are important precursors for atmospheric secondary organic
aerosols (SOAs) formation,1 which can impose an adverse
effect on air quality and human health.2 Therefore, efficient
techniques are stringently needed to eliminate the emitted NOx

in the atmosphere. Among the various deNOx strategies,
semiconductor photocatalysis is a promising green technique
which can be operated at ambient pressure and temperature.3−5

However, the development of photocatalytic nanomaterials
with visible-light-harvesting capability and high quantum yield
is still challenging.6,7

ZnWO4 with a wolframite structure has been widely studied
as a promising photocatalyst for water splitting and
mineralization of organic pollutants because of its intrinsic
structural property.8−10 The ZnWO4 photocatalyst with
different microstructures and tunable properties has been
reported in order to enhance its photocatalytic activity.9,11 Most
recently, our research group adopted the ultrasonic spray
pyrolysis (USP) method to fabricate porous ZnWO4 micro-
spheres, and the resulting microspheres exhibited superior
photocatalytic activity for NOx abatement under solar light

irradiation than that of commercial P25, which can be ascribed
to the facilitated separation/diffusion of the photogenerated
charge carriers and the diffusion of intermediates and final
products due to the presence of the porous structure.12

Nevertheless, its wide bandgap resulted in the poor visible light
response and hindered the practical application in air pollution
control. To overcome these drawbacks, various strategies such
as element doping,13,14 morphology tuning,8 and hetero-
structure construction15,16 were developed. For example,
ZnWO4 was modified by fluorine and cadmium ions doping
to improve the photocatalytic activity, respectively.11,17

Bi2O2CO3/ZnWO4 composite photocatalysts were constructed
by the hydrothermal method successfully, and the catalysts
exhibit higher photocatalytic activity than a pure single-
component photocatalyst.18 Although these methods can partly
enhance the efficiency of ZnWO4, the sufficient utilization of
solar light remains limited.
The deposition of noble metal nanoparticles (such as Au, Ag,

and Pt) on semiconductors provides an alternative method to
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improve the light absorption range and ability of wide-bandgap
semiconductors because of the formation of the Schottky
barrier at the interface.19 After noble metal coupling, the
electrons on the nanoparticles undergo a collective oscillation
induced by the impinging light when their oscillating
frequencies are matched, giving rise to the so-called surface
plasmon resonance (SPR).19 For example, the deposition of Ag
nanoparticles on SrTiO3 incurs a broad plasmonic resonance
absorption in the visible light range, resulting in enhanced
visible light driven activity on NO removal in comparison with
pristine SrTiO3.

20 The surface plasmon resonance effect can be
tuned by controlling the size, morphology, and surrounding
environment. Considering the high cost of these precious
metals, semimetal bismuth (Bi), of high earth abundance, has
attracted a great deal of attention in view of its unique
properties, including small band overlap energy, low electron
effective mass, and low charge carrier density.21−23

Previous studies showed that Bi nanoparticles exhibit surface
plasmon resonance (SPR), which is sensitive to the size, shape,
and organization of the nanoparticles.24 Dong and co-workers
employed the chemical solution method to prepare Bi
nanoparticles with a size of around 100−200 nm, which can
serve as a direct plasmonic photocatalyst.25 Several Bi deposited
composite photocatalysts, such as Bi/BiOCl,26,27 Bi/BiOI,28

Bi/(BiO)2CO3,
29,30 Bi/Bi2MoO6,

31 Bi/g-C3N4,
32 and Bi/

Bi2O3,
33 have been reported. All these semiconductors coupled

with the Bi element exhibited a highly promoted photocatalytic
performance. However, to the best of our knowledge, the
synthesis, photocatalysis mechanism, and application of Bi/
ZnWO4 have never been reported.
In this study, we employed a facile solvothermal method to

couple Bi nanoparticles on the as-prepared ZnWO4 hollow
microspheres. The photocatalytic performance of the as-
prepared composites with different mass ratios was also
evaluated by NO in air degradation under visible light
irradiation. The photoinduced active species and intermediate
products were also identified. Furthermore, the degradation
mechanism was proposed for NO degradation over Bi/ZnWO4
composites.

■ EXPERIMENTAL SECTION
Preparation of Pristine ZnWO4 Hollow Microspheres and Bi/

ZnWO4 Composites. All chemicals used in our experiment were of
analytical grade and were used without further purification. The
ZnWO4 microspheres were fabricated through ultrasonic spray
pyrolysis as reported in our previous work.12 In brief, Zn(NO3)2·
6H2O (10 mmol) and H2WO4 (10 mmol) were dissolved in deionized
water (50 mL) and concentrated ammonia (10 mL), respectively. The
tungstic acid/ammonia solution was added into the Zn(NO3)2
aqueous solution and stirred for about half an hour and transferred
into an ultrasonic nebulizer (YUYUE 402AI, Shanghai, China)
operated at a fixed frequency of 1.7 MHz ± 10%. The atomized
droplets were carried by air flow into a tube furnace (OTF-1200X,
Hefei, China) and subjected to thermodecomposition at a constant
temperature of 700 °C. The as-obtained white precipitates were
collected in an absorption bottle.
Bi/ZnWO4 composites were synthesized via a typical solvothermal

method. First, 1 mmol of Bi (NO3)3·5H2O and 1 mmol of glucose
were mixed in 30 mL of ethylene glycol under continuous stirring.
After the mixture was dissolved completely, a certain amount of the as-
prepared ZnWO4 powders was added and ultrasonically dispersed.
The final precursor suspensions were transferred into a 50 mL Teflon-
lined autoclave with a stainless steel vessel and heated at 160 °C for 24
h. Finally, the precipitates were collected, washed with ethanol and
deionized water several times after cooling down to room temperature,

and dried at 70 °C for 4 h. For convenience and clarity, the
synthesized Bi/ZnWO4 composites were denoted as BxZ, where x
represents the mass ratio of Bi to (Bi + ZnWO4). The resulting
composites with x values of 0.3, 0.4, 0.5, and 0.6 were labeled as B0.3Z,
B0.4Z, B0.5Z, and B0.6Z, respectively. For comparison, Bi nanoparticles
were prepared under other identical conditions without the addition of
ZnWO4.

Characterization. The crystalline structure of the as-obtained
samples was determined by using an X-ray powder diffractometer
(XRD; PANanalytical, X’pert, The Netherlands) with a Cu Kα
radiation source (λ = 1.5406 Å) at a scan step size of 0.017° in the 2θ
range of 10°−80°. The morphological characteristics and micro-
structures of the samples were examined by using a field-emission
scanning electron microscope (FE-SEM; equipped with energy
dispersive X-ray spectrometry (EDXS), JEOL Model JSM-6700F,
Japan) and a transmission electron microscope (TEM; JEM-2100HR).
The Brunauer−Emmett−Teller (BET) surface area and pore structure
of samples were obtained from the adsorption branch of the isotherms
and Barrett−Joyner−Halenda formula at 77 K by using a Gemini VII
2390 analyzer (Micromeritics Instrument Corp., Norcross, GA, USA).
The surface characteristics of the samples were investigated through X-
ray photoelectron spectroscopy (XPS; Escalab 250Xi, the United
States) equipped with a monochromatic Al Kα source and a charge
neutralizer. The optical properties of the catalysts at 200−800 nm
were obtained using a Varian Cary 100 Scan UV−visible system (UV−
vis; Agilent corp., the United States) with a Labsphere diffuse
reflectance accessory. Ba2SO4 was used as a reflectance standard.
Fourier transform infrared (FT-IR) spectra were recorded on a FTIR
absorption spectrometer (VERTEX 70, BRUKER), with KBr as the
diluent. Photoluminescence (PL; F-7000, Hitachi, Japan) was also
obtained to investigate the optical properties of the resulting samples.

Photocatalytic Activity Assessment. The photocatalytic activ-
ities of samples were investigated by degrading NO at ppb levels in a
continuous flow reactor at ambient temperature under visible light
irradiation. The reaction chamber was composed of a rectangular
stainless steel vessel (30 cm L × 15 cm W × 10 cm H) and covered
with a quartz window. Visible light was supplied by a 300 W xenon
lamp (Perfect Light MICROSOLAR 300, Beijing, China) with a UV
cutoff filter (λ > 420 nm), which vertically passed through the quartz
window. For each photocatalytic activity experiment, one sample dish
(diameter = 12 cm) containing the photocatalyst powders was placed
at the center of the reactor. The photocatalyst samples were prepared
by coating an aqueous suspension of the products onto a glass dish.
The weight of the photocatalysts used for each experiment was
maintained at 100 mg. The dishes containing the photocatalyst were
pretreated at 70 °C for several hours until water in the suspension was
completely removed. Then, the pretreated dishes were cooled to room
temperature prior to the photocatalysis test.

NO gas with an initial concentration of 50 ppm was obtained from a
compressed gas cylinder. The initial concentration of NO used in the
photocatalysis test was diluted to 400 ppb with an air stream supplied
by a zero air generator (Model 1001, Sabio Instruments LLC,
Georgetown, TX, USA). The desired humidity level of the NO flow
was controlled at 70% by passing the zero air streams through a
humidification chamber. The gas streams were premixed completely
by a gas blender, and the flow rate was controlled at 3 L/min by using
a mass flow controller. After the catalyst achieved adsorption/
desorption equilibrium, the xenon lamp was switched on. The NO
and NO2 concentrations were continuously measured with a
chemiluminescence NOx analyzer (Model 42c, Thermo Environ-
mental Instruments Inc., Franklin, MA, USA) during photocatalytic
degradation at a sampling rate of 0.6 L/min. The reaction of NO with
air was negligible in the control experiment performed with or without
light in the absence of the photocatalyst. The removal ratio of NO at
any given time was noted as C/C0, where C is the NO concentration of
the outlet at any given time, and C0 is the initial concentration of NO,
ppb. The yields of NO2 over different photocatalysts are calculated by
the following equation34
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where CNO2
is the production of NO2, ppb.

Trapping Experiments for the Identification of Visible-Light-
Induced Active Species. Potassium iodide (KI) and tert-butyl
alcohol (TBA) are effective hole and hydroxyl radical (·OH)
scavengers, respectively. Potassium dichromate (K2Cr2O7) was utilized
as photoinduced electron scavenger. Photocatalysts (100 mg)
containing different trapping agents were prepared by adding 20 mL
of deionized water and were ultrasonicated for 30 min; the additive
amount of all scavengers was 1%. The dispersed suspensions were
coated onto glass sample dishes dried at 60 °C until water was
removed completely. The dried dishes were used in NO removal
experiments.
Photoelectrochemical Measurements. The photoelectrochem-

ical properties of the as-prepared samples were evaluated using an
electrochemical workstation (PARSTAT-4000, Advanced Measure-
ments Technology, Inc., USA) in a conventional three-electrode cell,
in which a platinum plate and an Ag/AgCl electrode were used as a
counter electrode and a reference electrode, respectively. Afterward, 25
mg of Bi/ZnWO4 composites was dispersed into 5 mL of 1 wt %
Nafion ethanol solution to obtain a homogeneous suspension through
bath sonication and thus fabricate a working electrode. The films were
subsequently modified on a 10 mm × 10 mm fluorine-doped tin oxide
conducting glass by using a dip coater (ZR-4200, Qingdao, China).
The modified films were then allowed to dry under ambient
conditions. A 300 W Xe arc lamp (Perfect Light MICROSOLAR
300, Beijing, China) with a UV cutoff filter (λ > 420 nm) was used as a
light source. Current−time curves were determined at 0.2 V versus
Ag/AgCl in Na2SO3 (0.1 mol/L) at ambient temperature, and the flat
band potential is measured through Mott−Schottky plot at a
frequency of 1 kHz in 0.1 mol L−1 Na2SO4.

■ RESULTS AND DISCUSSION
Phase Structure, Morphologies, and Surface Chemical

Composition. Figure 1 shows the XRD patterns of Bi

nanoparticles, pristine ZnWO4 microspheres, and the as-
prepared Bi/ZnWO4 composites. The sharp diffraction peaks
of Bi can be well indexed as rhombohedral Bi (JCPDS No. 85-
1329, space group of R3 ̅m). The XRD pattern of ZnWO4 shows
typical diffraction peaks located at 18.9°, 23.7°, 24.5°, 30.5°,
36.3°, 41.2°, 53.7°, 61.9°, and 64.8° of the monoclinic
wolframite structure (JCPDS No. 88-0251, space group of
P2/c). The diffraction peaks of Bi and ZnWO4 are both present
in the XRD patterns of the as-prepared Bi/ZnWO4 composites.

Moreover, the intensity of the diffraction peaks of Bi and
ZnWO4 in Bi/ZnWO4 composites presents obvious variations
compared with the corresponding pristine component,
indicating the interactions between the two components during
the synthesis processes.
The morphologies of the as-prepared samples were examined

by using SEM and TEM analysis. As displayed in Figure 2a, the
pristine ZnWO4 samples are composed of hierarchical porous
microspheres with a diameter ranging from 0.1 to 2 μm, which
is consistent with our previous results.12 Bi nanoparticles with a
size of approximately 100 nm tightly anchor on the surface of
ZnWO4 to be assembled into Bi/ZnWO4 composites as shown
in Figure 2b. To identify the specific composition of the B0.5Z
composites, EDX analysis (Figure 2c) was performed, and it
was shown that the atomic ratio of Zn:W:O:I is 1.0:1.1:6.3:0.3.
The molar ratio of Zn to O in B0.5Z is about 1:6.3, which is
higher than that in ZnWO4 (1:4). This suggests that the surface
of the as-prepared composites is slightly rich in oxygen, which
can be ascribed to the presence of the Bi2O3 amorphous layer
on Bi nanoparticles oxidized by oxygen in air. The SEM image
of the composite (Figure 2d) and the elemental mapping
images of the same low region indicate that Zn, O, W, and Bi
elements are homogeneously distributed on the obtained
composites (Figure 2e-h).
Figure 3a and b shows the TEM images of the ZnWO4

microspheres and B0.5Z composites. As displayed, the ZnWO4
microspheres exhibit an obvious porous structure (Figure 3a),
while the composites consist of solid spheres (Figure 3b) which
can be ascribed to the filling of the pore structures by Bi
nanoparticles during the synthesis processes. Table 1 lists the
BET surface area, the total pore volume, and average pore size
value of as-obtained ZnWO4, B0.5Z composite, and Bi. As
anticipated, the corresponding pore size of the Bi/ZnWO4
composite is inferior to pristine ZnWO4 after introducing Bi,
while the specific BET surface area is higher than that of
ZnWO4. This might be attributed to the agglomeration of Bi/
ZnWO4 composites. The corresponding HR-TEM images were
shown in Figure 3c and d. Distinct lattice fringe in pristine
ZnWO4 samples was observed (d = 0.293 nm), which
corresponds to the (111) lattice plane. For B0.5Z composites,
the lattice spacing of Bi with the (012) lattice plane of
approximately 0.326 nm can also be resolved. Furthermore, it
can be clearly observed that the interface between ZnWO4 and
Bi nanoparticles was formed in Bi/ZnWO4 composites, which
is beneficial for the transmission of photogenerated carriers
between semimetal Bi and ZnWO4 microspheres.

18,27,29

The surface chemical composition and valence states of
elements in the B0.5Z composites were further analyzed by XPS
(Figure 4). The survey spectrum in Figure 4a implies the
presence of Zn, W, Bi, and O in the as-prepared composite
sample without other elemental signals being detected. High-
resolution XPS (Figure 4b) reveals that the 4f peaks of Bi fit
into a doublet corresponding to Bi 4f5/2 (164.3 eV) and Bi 4f 7/2
(159.0 eV), which are characteristics of Bi3+ in Bi2O3.

35,36

Therefore, the surface layer of semimetal Bi mainly exists in the
form of bismuth oxide. Furthermore, distinct binding energy
drifts in the B0.5Z composites were observed, which could be
attributed to the formation of a contact interface between
metallic Bi and ZnWO4 in the Bi/ZnWO4 composite instead of
a simple physical mixture, and the same phenomenon is
observed in the spectra of Zn 2p and W 4f (Supporting
Information, Figure S1a and b). To verify the existence of Bi0,
we performed a sputtering experiment (Figure 4c). Comparing

Figure 1. Powder XRD patterns of the as-prepared pristine ZnWO4
microspheres, Bi, and B0.5Z composites.
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the Bi 4f spectra of the B0.5Z composite before and after ion
etching for 180 s, two new diffraction peaks were found at
approximately 156.9 and 162.2 eV, which are typically
attributed to the Bi−Bi bond of Bi.37,38 Three main peaks
can also be separated in the O 1s spectrum of the B0.5Z

composites (Figure 4d). The peaks with binding energies of
529.5, 530.3, and 531.2 eV are also identified, which can be
respectively ascribed to the Bi−O bonds in Bi2O3, the Zn−O
bonds in ZnWO4, and the adsorbed oxygen on the sample
surface.

Figure 2. SEM images of pristine ZnWO4 microspheres (a) and B0.5Z nanocomposites (b); FE-SEM-EDX images of the B0.5Z composites (c); and
SEM image of composites (d) and elemental distribution maps of the corresponding low region indicating the spatial distribution of Zn (e), O (f),
W (g), and Bi (h).

Figure 3. Low-magnification TEM images of pristine ZnWO4 (a) and B0.5Z nanocomposites (b) and HRTEM images of ZnWO4 (c) and B0.5Z
composites (d).
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Optical Property. The UV−vis DRS of the pristine
ZnWO4 microspheres and Bi/ZnWO4 composites are shown
in Figure 5. It is clearly observed that pristine ZnWO4
harvested the majority of light below 400 nm, while the light
absorption ability of the Bi/ZnWO4 composite is significantly
enhanced ranging from the UV light to near-infrared light after
Bi deposition (200−800 nm). This phenomenon could be
assigned to a charge-transfer transition between the Bi
nanoparticles and the ZnWO4 microspheres, which is also in
agreement with the color variation of the composite. A distinct
surface plasmon resonance (SPR) peak centered at 460 nm can
be observed for pure Bi.24,39,40 Furthermore, the absorption
edge and the characteristic SPR absorption of the Bi/ZnWO4
composite shift to a higher-wavelength range (from 460 to 520
nm) possibly caused by the different sizes of Bi nanoparticles.24

This strengthened light absorption is crucial for photoexciting
more electrons and holes to enhance the photocatalysis
efficiency of the Bi/ZnWO4 composites. Therefore, the
introduction of metallic Bi enhances visible light absorption
because of its SPR effect.
Photocatalytic Activity and Production of Intermedi-

ates. The photocatalytic performances of pristine ZnWO4, Bi

nanoparticles, and the as-prepared Bi/ZnWO4 with different
mass ratios were evaluated on the degradation of NO in air
under visible light irradiation (λ > 420 nm) in a continuous
reactor. The NO removal rates against irradiation time over
different photocatalysts are plotted in Figure 6a, where C0 is the
initial concentration of NO, and C is the concentration of NO
after photocatalytic degradation for time t. As observed, pristine
ZnWO4 exhibited a negligible visible light activity for NO
removal, which can be ascribed to its large band gap energy.
However, after the deposition of Bi nanoparticles on ZnWO4,

Table 1. Brunauer−Emmett−Teller (BET) Surface Area,
Pore Volume, Pore Size, and Reaction Rate Constant for
ZnWO4, B0.5Z, and Bi

samples
SBET

(m2/g)
Vp

(cm3/g)
pore size
(nm)

reaction rate constant k
(min−1)

ZnWO4 13.7 0.12 33.1 0.004
B0.5Z 29.6 0.11 12.8 0.067
Bi 15.9 0.16 34.5 0.027

Figure 4. XPS spectra of as-prepared samples: (a) survey spectrum; (b) Bi 4f spectrum; (c) Bi 4f spectrum of B0.5Z composites before and after ion
etching; and (d) O 1s spectrum.

Figure 5. UV−vis diffuse reflectance spectra (DRS) of pristine ZnWO4
microspheres, Bi, and B0.5Z nanocomposites (The inset shows the
photographs of corresponding samples.).
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the Bi/ZnWO4 composites present significantly enhanced
photocatalytic activities. For comparison, the mechanical
mixture with equivalent element Bi (reference B0.5Z) was also
prepared under identical conditions. As shown in Figure 6a,
with the increase of the Bi loading ratio from 0.3 to 0.6, the
photocatalytic activities increase initially and then decreased
with the mass ratio over 0.5. Among the four Bi/ZnWO4
composite samples, B0.5Z showed the best NO removal
performances, with 37% of NO eliminated, which is more
than two times higher than that of pure Bi nanoparticles (17%).
Furthermore, the photocatalytic activity of B0.5Z is much higher
than that of the physical mixture sample, indicating the
existence of a synergistic effect of the B0.5Z composite. Notably,
the initial photocatalytic degradation of NO was recognized to
follow mass transfer controlled first-order kinetics compara-
tively as a result of low-concentration target pollutants, as
evidenced by the linear plot of ln(C/C0) versus photocatalytic
reaction time t. As shown in Figure S2, the rate constant is
0.067 min−1 for the B0.5Z composite, which is 2.5, 1.5, 1.5, 1.6,
1.4, and 16.7 times higher than those of the Bi (0.027 min−1),
B0.3Z (0.044 min−1), B0.4Z (0.044 min−1), B0.6Z (0.041 min−1),
physical mixture (0.048 min−1), and pristine ZnWO4 (0.004
min−1) samples, respectively. Moreover, toxic intermediate
NO2 during the photocatalytic processes was also identified. As
shown in Figure 6b, the B0.5Z composite presented the lowest
NO2 yields (about 6%), suggesting that the composites are
more advantageous for the removal of NOx under realistic
conditions.
The multiple runs of the photocatalytic activity test showed

that the activity of B0.5Z composites is largely maintained
(Figure 6c). Additionally, the catalyst is structurally stable, as

indicated by the nearly unchanged XRD spectra (Figure 6d)
and SEM images (Figure S3) of the samples before and after
the stability test.

Photoelectrochemical Analysis, Trapping Experi-
ments, and Degradation Mechanism of NO. Essentially
speaking, the charge separation and transfer is a key process for
the activity improvement of composite photocatalysts. To
validate the effect of the metal−semiconductor interface,
transient photocurrent responses of ZnWO4, Bi, and B0.5Z
electrodes in on−off cycles under visible light irradiation were
also performed. As shown in Figure 7, when the light source
was turned on, the photocurrent was rapidly increased and kept
highly stable, whereas the value decreased immediately after the
lamp was turned off, suggesting that the as-prepared electrodes
possess fast photoelectric response ability. The highest
photocurrent density at potential of 0.2 V (about 1.1 uA/
cm2) from B0.5Z composites is 3.7 and 2.2 times of those
induced by pristine ZnWO4 (0.3 uA/cm2) and Bi (0.5 uA/
cm2), respectively. This distinctly enhanced photocurrent
indicates that the formation of the Bi/ZnWO4 heterointerface
can efficiently accelerate the separation of photoexcited
electron−hole pairs. The same tendency was also obtained
from the photoluminescence (PL) spectra, in which the
composite samples exhibit a lower PL signal than the pristine
ZnWO4 microspheres do, suggesting a considerably low
recombination efficiency of electron−hole pairs (see Support-
ing Information, Figure S4).
Based on the photoelectrochemical analytical results, the

band configuration of the Bi-ZnWO4 composite is tentatively
proposed to further illustrate the charge separation mechanism
across the metal−semiconductor interface. Herein, the flat band

Figure 6. (a) NO removal efficiency (C/C0) against irradiation time over ZnWO4, Bi, and Bi/ZnWO4 composites with different mass ratios and the
physical mixture composed of 50% ZnWO4 and 50% Bi under visible light (λ > 420 nm); (b) the corresponding NO2 yields over as-prepared
samples; (c) photochemical stability of the B0.5Z nanocomposites; and (d) XRD spectra of B0.5Z composites before and after photocatalytic activity
tests.

ACS Sustainable Chemistry & Engineering Research Article

DOI: 10.1021/acssuschemeng.6b01852
ACS Sustainable Chem. Eng. XXXX, XXX, XXX−XXX

F

http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.6b01852/suppl_file/sc6b01852_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.6b01852/suppl_file/sc6b01852_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.6b01852/suppl_file/sc6b01852_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.6b01852/suppl_file/sc6b01852_si_001.pdf
http://dx.doi.org/10.1021/acssuschemeng.6b01852


potential and Eg of ZnWO4 microspheres were obtained using
Mott−Schottky plots and the UV−visible diffuse reflectance
absorption, as shown in Figure S5. The calculated bandgap
energy of ZnWO4 was estimated to be 3.71 eV. As the typical n-
type semiconductor, the flat band potential is close to the
conduction band position of ZnWO4, which is marked as −0.53
V vs NHE (at pH 7), and thus the valence band is 3.18 V vs
NHE (at pH 7). Apparently, the original ZnWO4 cannot be
excited under visible light due to its broad band gap energy.
When semimetal Bi and semiconductor are in direct contact,
the visible light absorption is strongly enhanced which is similar
to the dye-sensitized process, as demonstrated by UV−vis
results. Regarding this phenomenon several reporters have
ascribed it to the SPR effect,29,32 which has been studied
intensely in recent years. The surface plasmon is produced
when incoming photons interacting with surface electrons on
metals at certain frequency result in resonance and strong
optical absorption.41 Thus, this effect has significant implica-
tions on photocatalytic reactions. Due to the proper dielectric
functions of noble metals Au and Ag, they can support excellent
optical absorption in visible light to infrared range, while
semimetal Bi was found to exhibit strong resonance between
near-ultraviolet and visible region.24 As in our case, when
plasmonic metal (Bi) and ZnWO4 are in direct contact, with
the formation of heterointerface semimetal Bi with SPR
function digests the photons to produce the excited electrons
(SP state higher than the CB of ZnWO4) under visible light
irradiation and donates free electrons to the CB of ZnWO4,

20 as
shown in Figure 8, thereby decreasing the recombination rates
of electron−hole pairs. Meanwhile, when the electrons from Bi
are released, the potentials drop rapidly, and it has the potential
to capture electrons directly from the VB of ZnWO4 and ensure
that its original state is restored. During electrons and holes
transfer at the interface, the recombination of electron−hole
pairs is decreased, and the lifespan of the charge carriers from
Bi is extended, consequently enhancing the visible photo-
catalytic activity.
To probe the photocatalytic degradation mechanism of NO

in air under visible light irradiation, we performed trapping
experiments to identify the involved active species in NO
degradation. Figure 9 illustrates that TBA, as an effective ·OH
scavenger, can hardly reduce the photocatalytic removal rate of

NO. Thus, ·OH is not the main active species in the B0.5Z
nanocomposite. However, the addition of K2Cr2O7 and KI,
especially the addition of an electronic capture agent and the
holes scavenger, can largely decrease the rate of NO removal
from the B0.5Z composites. This result indicated that the
photoinduced electrons and holes are mainly involved active
species for NO photocatalytic degradation. As shown in Figure
8, after the photoinduced charge carriers are separated, the
aggregated electrons on the CB of ZnWO4 are then captured by
the surface-adsorbed O2 to produce ·O2

−, and final ·O2
− can

efficiently destroy air pollutants. The excited electrons from the
Bi surface should be with equal force. In addition, the
photoinduced holes play an important role in NO removal.
Presumably, the photogenerated holes in Bi nanospheres
capture the electrons from the nearby VB of ZnWO4 rather
than directly acting on target pollutants.29 Thus, the holes
remaining on the VB of ZnWO4 directly oxidize the gaseous
pollutants, and ·OH does not contribute to NO removal. We
speculate that the introduction of semimetal Bi can suppress
the generation of ·OH on the ZnWO4 samples, and the similar
phenomenon was described in a previous study.32 Qu et al.42

also demonstrated that ·OH was not the main active oxidative
species in Bi@Bi2O3@carboxylate-rich carbon spheres. The
holes left in VB of ZnWO4 possibly can further react with
surface hydroxyl group/water to produce ·OH. Unfortunately,
the output of ·OH is possibly much lower than that of ·O2

−. ·
O2

− is the main active species. NO degradation on the ZnWO4

Figure 7. Transient photocurrent density-time curves of as-obtained
sample electrodes at the potential of 0.2 V versus Ag/AgCl in Na2SO3
(0.1 mol/L) under visible light irradiation (λ > 420 nm).

Figure 8. Mechanism of the NO removal and the visible light-driven
(λ > 420 nm) charges transfer between the pristine ZnWO4
microspheres and semimetal Bi with SPR effect.

Figure 9. Photocatalytic degradation of NO with the addition of
different active species trapped for B0.5Z samples.
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and Bi surface also occurs rapidly; as such, the function of ·OH
becomes negligible. These results further confirmed that the
inexpensive semimetal Bi nanoparticles can improve the visible
light photocatalytic performance of the ZnWO4 microspheres
because of the SPR effect.
It has been reported that nitrate (NO3

−) during the
photocatalytic processes is the major NO degradation product
and is accompanied by a small amount of intermediates (nitrite
ions, NO2

−).43 In our case, the relative accumulated amount on
the photocatalytic surface was determined after activity test, and
the results were shown in Table S1 (Supporting Information).
It was found that the amount of NO3

− on B0.5Z nano-
composites was the highest and up to 1276.2059 μg/g, followed
by ZnWO4 (106.7741 μg/g) and Bi (230.9163 μg/g). This
trend is consistent with the photocatalytic activity of the three
samples.

■ CONCLUSIONS
In summary, visible-light-driven plasmonic Bi/ZnWO4 compo-
site photocatalysts were successfully fabricated via a facile
solvothermal process. Bi nanoparticles are well dispersed and
deposited on the surface of ZnWO4 microspheres, and the
activity of the as-prepared composites was significantly
improved for NO in air degradation as compared with pristine
ZnWO4. With the Bi to ZnWO4 mass ratio of 0.5, the B0.5Z
sample exhibits the highest activity among all the final products
under visible light irradiation, which can be attributed to the
synergistic effect of surface plasmon resonance (SPR) and the
formation of the metal−semiconductor heterojunction inter-
face. The construction of the Bi/ZnWO4 plasmonic composite
can remarkably improve the visible light absorption capability
and enhance the separation/diffusion rate of the photo-
generated charge carriers. The trapping experiments demon-
strated that ·O2

− radical is the main active species for NO
degradation, and ·OH is not involved in the photocatalytic
degradation process. The coupling of semimetal Bi nano-
particles with semiconductor provides a new avenue to improve
the photocatalytic performance, making the application of some
UV light-responsive excellent photocatalytic materials possible.
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