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a  b  s  t  r  a  c  t

Solar-light-driven  photocatalysts  with  porous  structure  are  preferred  for gaseous  pollutants  removal
at  low  concentration  levels.  In  this  study,  hierarchical  porous  ZnWO4 microspheres  were  synthesized
by  a facile  ultrasonic  spray  pyrolysis  method  for the  first time.  The  as-prepared  ZnWO4 samples  were
composed  of microspheres  with  diameter  ranging  from  0.1  to 2 �m and it was revealed  that  these  micro-
spheres  are  formed  by the  self-assembly  of  nanoparticles.  The  photocatalytic  performances  of  these
microspheres  were  evaluated  by  the  degradation  of  gaseous  NOx under  simulated  solar  light  irradiation.
It  was  found  that  the  ZnWO4 batch  synthesized  at 700 ◦C  exhibited  superior  photocatalytic  activity  to
those  synthesized  at 650 ◦C and  750 ◦C as  well  as  Degussa  TiO2 P25.  Both •OH and  O2

•− radicals  were  found
to  be  the  major  reactive  species  involved  for NOx degradation  as identified  by  electron  spin  resonance
spectroscopy  (ESR)  method,  which  was  consistent  with  the  theoretical  analysis.  The  excellent  catalytic
activity  of  ZWO-700  was  attributed  to its  special  hierarchical  porous  structure,  which  facilitated  the

separation/diffusion  of  the  photogenerated  charge  carriers  and  the  diffusion  of  intermediates  and  final
products  of  NOx oxidation.  The  photocatalytic  NOx removal  mechanism  over  ZnWO4 samples  was also
proposed.  This  study  suggests  that  ultrasonic  spray  pyrolysis  is  a  facile  and  scalable  process  to  fabri-
cate  ZnWO4 porous  microspheres  which  are  promising  photocatalytic  materials  for  gaseous  pollutants
purification.

©  2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

Nitrogen oxides (NOx, the sum of NO and NO2) are mainly
mitted from combustion-related processes, and are one of the
ost important precursors for secondary organic aerosols (SOAs)

ormation which contribute 22–77% of the PM2.5 mass concen-

rations in China during serious haze episode [1]. Therefore, it is
ssential to control and reduce NOx concentrations to mitigate
he air pollution problems in China. Various techniques have been
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developed for NOx abatement, including selective catalytic and
non-catalytic reduction [2,3], three-way catalysis [4], wet scrub-
bing and biofiltration [5,6], and adsorption [7]. However, most of
these approaches have been hindered in application because they
either need high temperature to initiate the catalytic conversion
reactions or cause secondary pollution. Hence, novel and practi-
cal strategies for reducing atmospheric NOx to levels that could
improve the environment are urgently needed.

Photocatalysis is an effective and promising technique for
environmental NOx removal at ambient temperature, and it has
attracted considerable attention in the past few decades [8].
ZnWO , with a wolframite structure, is one of the most important
4
metal tungstates that has high potential applications in vari-
ous fields as well as utilized for photocatalytic degradation of
organic pollutants [9–13]. As it is well known, the crystallinity,

dx.doi.org/10.1016/j.apcata.2016.02.007
http://www.sciencedirect.com/science/journal/0926860X
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imensions and morphology of photocatalysts are crucial to
mprove their catalytic performance [14,15]. Therefore, to enhance
he photocatalytic activity of ZnWO4, various methodologies
ncluding conventional solid-state reactions, microwave-assisted
recipitation, and hydro/solvothermal methods have been adopted
o prepare ZnWO4 photocatalysts with different microstructures
nd tunable properties [10,11,14,16–20]. For example, ZnWO4
anoparticles and nanorods were successfully synthesized via
inetic and thermodynamic control processes by hydrothermal
ethod, and it was demonstrated that the perfect crystallinity

f ZnWO4 nanorods can enhance the photocatalytic activity [10].
nWO4 with cubic morphology [16], nanocrystals [21], yolk-shell
icrospheres [20], nanorods with different aspect ratio [22] were

lso synthesized for photocatalysis application in recent years. The
ffects of morphology on the photocatalytic activity of ZnWO4 are
lso discussed in several studies. Photocatalysts with porous struc-
ures could possess high surface areas to facilitate the mass transfer
f reactants, which is crucial for the efficient elimination of gaseous
ollutants at low concentration levels [23]. However, there was
o reported study about porous structured ZnWO4 fabrication and
pplication in photocatalysis for air purification.

Ultrasonic spray pyrolysis (USP) method is a low-cost and envi-
onmentally benign process, which has been used to synthesize
arious nanostructured materials, such as mesoporous nickel fer-
ites [24], hollow BiFeO3 microspheres [25], and amorphous metal
xide catalysts [26]. In our previous studies, we adopted USP to
abricated a series of microsphere photocatalysts, including core-
hell microspherical Ti1-x ZrxO2 solid solutions [27], B-Ni-codoped
iO2 solid and hollow microspheres [28], Bi2WO6 [29], and PbWO4
23]. Compared with other conventional methods for fabrication of
orous structured catalysts, USP is a template-free method which
an produce products with high purity. Most recently, Overcash and
oworkers reported the fabrication of high surface area iron oxide
icrospheres of different morphologies, sizes, and crystallinities

ia USP method [30]. Wolframite ZnWO4, however, has not been
reviously prepared with hierarchical porous structure through
SP method.

In this study, wolframite ZnWO4 with porous structures were
repared using the continuous, scalable process of ultrasonic spray
yrolysis at different preparation temperature for the first time,
nd the photocatalytic performance of the material were evaluated
y gaseous NOx degradation under simulated solar light irradiation.
he physical and chemical properties of the resulting products were
ully characterized and the photocatalytic degradation mechanism
f NOx over the as-prepared porous ZnWO4 was elucidated in detail.

. Experimental

.1. Synthesis of hierarchical porous ZnWO4

Zinc (II) nitrate hexahydrate (Zn(NO3)2·6H2O), tungstic acid
H2WO4), and ammonia were obtained from Sinopharm Chemical
eagent Co., Ltd. (Shanghai, China). All chemicals used for synthe-
is were of analytical grade and used without further purification.
eionized water was provided by Millipore® Milli-Q water purifi-
ation system (Merck Millipore, Darmstadt, Germany). Hierarchical
nWO4 samples with porous structures were synthesized through
ltrasonic spray pyrolysis (USP) method. For the preparation of
nWO4 microspheres, 10 mmol  of zinc nitrate (Zn(NO3)2) and
0 mmol  of tungstic acid were first dissolved in 10 mL  of deionized
ater and 10 mL  of concentrated ammonia solution, respectively.
ubsequently, the tungstic acid/ammonia solution was added into
he Zn(NO3)2 aqueous solution and stirred for about half an hour.
inally, the mixed solution was diluted to 100 mL  with deionized
ater. The aqueous solution was nebulized using an ultrasonic neb-
 General 515 (2016) 170–178 171

ulizer at 1.7 MHz  ± 10% (YUYUE 402AI, Shanghai, China). Aerosol
droplets generated were carried through a tube furnace at 700 ◦C
(OTF-1200X, Hefei, China) by an air flow. ZnWO4 microspheres
were also prepared at 650 ◦C and 750 ◦C under other identical
conditions with the sample at 700 ◦C. The ZnWO4 products were
collected by percolators at the end of the tube furnace. The obtained
products were washed with ethanol and deionized water several
times, and then dried at 70 ◦C in air. The resulting ZnWO4 prod-
uct obtained from USP at finance temperature of 650 ◦C, 700 ◦C,
and 750 ◦C was  denoted as ZWO-650, ZWO-700, and ZWO-750,
respectively.

2.2. Characterization

The crystalline structure of the as-prepared ZnWO4 samples was
characterized through X-ray powder diffraction (XRD; PANanalyti-
cal, X’pert, Almelo, the Netherlands) using a Cu K� radiation source
(� = 1.5406 Å) at a scanning rate of 0.04◦ 2�/s in the 2� range of
10◦–80◦. The morphology of the samples was investigated through
field-emission scanning electron microscopy (FE-SEM; JEOL Model
JSM-6700F, Tokyo, Japan). The transmission electron microscopy
study (TEM; JEOL Model JEM-2100HR) was performed on a JEOL
JEM-2100HR electron microscopy instrument. The samples for TEM
were prepared by dispersing the ZnWO4 powders in ethanol, fol-
lowed by dropping onto carbon-coated copper grids. A Varian
Cary 100 Scan UV–vis system equipped with a labsphere diffuse
reflectance accessory was used to obtain the reflectance spectra
of the catalysts over a range of 200–800 nm.  Labsphere USRS-99-
010 was  employed as a reflectance standard. The spectra were
converted from reflection to absorbance by the Kubelka–Munk
method. Photoluminescence (PL; F-7000, Hitachi, Japan) was  used
to investigate the optical properties of the as-prepared samples.
The Brunauer–Emmett–Teller (BET) surface area and pore structure
of ZnWO4 samples were obtained from N2 adsorption/desorption
isotherms at 77 K by using an ASAP 2020 automatic analyzer
(Micromeritics Instrument Corp., Norcross, GA, USA). The samples
for electron spin-resonance spectroscopy (ESR; ER200-SRC, Bruker,
Germany) were prepared by mixing 0.05 g of the as-prepared pho-
tocatalyst in a 25 mM 5,5′-dimethyl-1-pirroline-N-oxide (DMPO)
solution with a 50 mL  aqueous dispersion for DMPO–•OH or a 50 mL
methanol dispersion for DMPO–•O2

−, respectively, under irradi-
ation with 254 nm ultraviolet (UV) light. After the photocatalytic
activity test was  completed, the intermediate and final products
(nitrate and nitrite ions) remaining on the catalyst powders were
extracted by immersing the powders into deionized water (6 mL)
and measured with a Dionex-600 Ion Chromatograph (Dionex Inc.,
Sunny-vale, CA, USA) equipped with an IonPac AS14A column. The
mobile phase was  composed of a mixture of 1.8 mM  Na2CO3 and
1.7 mM NaHCO3 at a flow rate of 1.20 mL  min−1, and the injected
sample volume was  20 �L. The detection limit for NO2

− and NO3
−

is 15 mg  L−1.

2.3. Photocatalytic activity test

The photocatalytic activity of ZnWO4 microspheres was inves-
tigated by degradation of NO at ppb levels in a continuous flow
reactor at ambient temperature under simulated solar-light irradi-
ation. The reaction chamber was  made of a rectangular stainless
steel vessel (30 cm L × 15 cm W × 10 cm H) and covered with a
quartz window. The simulated solar-light, which supplied by a
300 W Xenon lamp with the wavelength range from 200 to 1100 nm
(Perfect Light MICROSOLAR 300, Beijing, China) and the spectral

composition of the light source is shown in Fig. S1. The light beam
vertically passed through the quartz window. For each photocat-
alytic activity test experiment, one sample dish (with a diameter
of 12 cm)  containing the photocatalyst powders was placed in the
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microspheres and built by the aggregation of a large quantity of
nanoparticles with a crystallite size of 15 nm. Additionally, Fig.
S3 also further exhibited that the ZnWO4 microspheres were

Table 1
Brunauer–Emmett–Teller (BET) surface area, pore volume, pore size, and crystallite
size of the sample batches.

Sample batch SBET (m2/g)a Vp (cm3/g)b Pore size (nm)c Crystallite size (nm)d

ZWO-650 9.71 0.05 22.2 12.9
ZWO-700 15.48 0.09 24.7 13.2
ZWO-750 10.03 0.05 21.6 13.6
Scheme 1. Schematic diagram of porous ZnWO4 mi

enter of the reactor. The photocatalyst samples were prepared by
oating an aqueous suspension of ZnWO4 product onto a glass dish.
he weight of the photocatalysts used for each experiment was
ept at 0.1 g. The dishes containing the photocatalyst were pre-
reated at 70 ◦C for several hours until complete removal of water
n the suspension and then cooled to room temperature before the
hotocatalytic test.

The NO gas was acquired from a compressed gas cylinder
ith the initial concentration of 50 ppm. The initial NO concen-

ration for photocatalytic test was diluted to 400 ppb by the air
tream supplied by a zero-air generator (Model 1001, Sabio Instru-
ents LLC, Georgetown, TX, USA). The desired humidity level

f the NO flow was controlled at 70% by passing the zero air
treams through a humidification chamber. The gas streams were
remixed completely by a gas blender and the flow rate was
ontrolled at 3 L min−1 by a mass flow controller. After catalyst
chieving adsorption/desorption equilibrium, the Xenon lamp was
witched on. The concentrations of NO and NO2 were continu-
usly measured by a chemiluminescence NOx analyzer (Model 42c,
hermo Environmental Instruments Inc., Franklin, MA,  USA) dur-

ng the photocatalytic degradation process, with a sampling rate of
.7 L min−1. The reaction of NO with air was ignorable when per-
orming a control experiment with or without light in the absence
f the photocatalyst. The NO removal rate was calculated by the
ollowing equation

 = (C0 − C)/C0 × 100%

here D is the NO removal rate, C0 represents the initial concen-
ration of NO (ppb), and C is the NO concentration (ppb) measured
n real time.

. Results and discussion

.1. Phase structure and morphology

Fig. 1 shows the XRD patterns of the as-prepared ZnWO4 prod-
cts synthesized by ultrasonic spray pyrolysis method at different
emperature. The diffraction peaks in all the three samples can be
eadily indexed to monoclinic wolframite ZnWO4 with a unit cell of

 = 4.691 Å, b = 5.720 Å, and c = 4.925 Å (JCPDS card No.15-774, space
roup of P2/c). The strong and sharp peaks at (1 1 1), (1 0 0), and
0 2 1) planes suggest that the prepared ZnWO4 samples are highly

rystalline. Using Scherrer Equation, the average particle sizes of
ifferent samples were calculated using (1 1 1) diffraction peak and
resented in Table 1. D = 0.9�/(B cos �),where 0.9 is the typical
alue for the shape factor K, � is the X-ray wavelength, B is the line
heres formation through ultrasonic spray pyrolysis.

broadening full width at half maximum (FWHM) of peak height in
radians, and � is the Bragg diffraction angle. As observed, with the
rise of pyrolysis temperature, the crystallite size slightly increases
from 12.9 nm to 13.6 nm accordingly (as shown in Table 1), suggest-
ing the crystal growth along with the temperature rise. Moreover,
during the synthesis processes, the synthesis temperature shows
dramatic influences on the phase structure of ZnWO4 samples. As
shown in Fig. S2, as the temperature <650 ◦C or >750 ◦C, no pure
phase of ZnWO4 was obtained, indicating that the pyrolysis tem-
perature critically influences the crystallinity of ZnWO4 during the
USP synthesis processes.

Fig. 2a–c shows the typical SEM images of the as-prepared
ZnWO4 microspheres from ultrasonic spray pyrolysis at 650, 700
and 750 ◦C, respectively. It is clearly seen that the resulting ZnWO4
samples were composed of hierarchical microspheres with diame-
ter ranging from 0.1 to 2 �m.  As depicted in Fig. 2a–c, the surfaces
of the microspheres are not smooth, suggesting that the result-
ing microspheres are formed by the aggregation of nanoparticles,
which is also observed in our previous studies [29]. Moreover,
it is noted that few smooth spheres and spheres with irregular
structures were present in the ZWO-650 and ZWO-750 batches,
respectively. This finding suggests that temperature affects the
surface texture of the ZnWO4 produced. The close-up view of ZWO-
700 (Fig. 2d) indicates that the as prepared ZnWO4 possess pores
and cavities on the surface of the spheres. This morphology was
probably the result of rapid solvent evaporation at high pyrolyzing
temperatures and subsequent shell cracking [30].

The spherical and porous structures of the as-prepared ZWO-
700 sample were further confirmed by TEM, as shown in Fig. 3.
Fig. 3a demonstrates that the ZWO-700 is porous structured
a BET surface area calculated from the linear part of the BET plot.
b Pore volume obtained from the volume of N2 adsorbed.
c Average pore diameter estimated using the adsorption branch of the isotherm

and  the Barrett–Joyner–Halenda formula.
d Average crystallite size calculated using the Scherrer Equation.
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Fig. 1. XRD patterns of the as-prepared ZWO-650, ZWO-700, and ZWO-750 samples.

0, (b)

c
i
t
o

Fig. 2. SEM images of ZnWO4 microspheres prepared through USP: (a) ZWO-65
omposed of a large number of nanospheres. This observation
s consistent with the crystallite size calculated from XRD pat-
erns as shown in Table 1. The aggregation and/or self-assembly
f the nanoparticles can produce abundant hierarchical pores at
 ZWO-700, (c) ZWO-750, and (d) a magnified image of ZWO-700 microspheres.
nanoscale. High-resolution TEM (HRTEM) image (Fig. 3b) was
recorded at the edge of an individual ZnWO4 sphere. It indicates
that the single-crystalline nature of the nanoparticles and clari-
fies the particular orientation of the nanoparticles. The d-spacing
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ig. 3. TEM images of ZWO-700 microspheres: (a) low-magnification, and (b) high-re

s 0.293 nm,  which agrees well with the lattice spacing of (1 1 1) of
he monoclinic ZnWO4.

.2. Surface area and pore structures

The N2 adsorption-desorption isotherms and pore size distri-
ution curves of samples ZWO-650, ZWO-700, and ZWO-750 are
hown in Fig. S4. The pore size distribution was calculated from
esorption branch of nitrogen isotherms by Barret-Joyner-Halenda
BJH) method using the Halsey equation. The physioadsorption
sotherms as shown in Fig. S4a can be classified as type IV with hys-
eresis loops according to the IUPAC classification, suggesting the
resence of porous structure in the as-prepared ZnWO4 samples
31]. The pore diameters were mainly distributed within the range
f 5–30 nm,  and the average pore size is around 20 nm (Table 1). The
pecific surface area, average pore size, and pore volume of the sam-
les are summarized in Table 1. The ZWO-700 sample processed
he highest BET surface area (15.48 m2/g) than those of ZWO-650
9.71 m2/g) and ZWO-750 (10.03 m2/g), which is also true for the
ore volume. The high surface area can probably facilitate the mass
ransfer of air pollutants or reaction intermediates during the pho-
ocatalytic reaction processes. Therefore, it is expected that the high
urface area and high crystallinity of our products could enhance
he photocatalytic activity.

A possible formation mechanism for porous ZnWO4 micro-
pheres produced through USP is illustrated in Scheme 1. Based
n the experimental results and observations, we  propose that
he formation process consists of the following three sequen-
ial stages: (1) the precursor droplets containing Zn(NO3)2 and
NH4)2WO4 was generated by the ultrasonic nebulizer; (2) the pro-
uced droplets pass through the tubular furnace, where the high
emperature induces the solvent evaporation and the formation of
nWO4 nanoparticles; and (3) the further annealing results in the
elf-assembly and aggregation of ZnWO4 nanoparticles, leading to
he formation of porous microspheres. This is consistent with the
EM results as shown in Fig. 2 which shows that the droplets tended
o cluster with continuous heating and finally self-assembled into

icrospheres with diameters of 0.1 to 2 �m.  The rapid evaporation
f solvents during the pyrolysis processes promoted the formation
f porous structures.
.3. Optical properties

Fig. 4 shows the UV–vis absorption spectra of sample ZWO-650,
WO-700, and ZWO-750, respectively. The results show that all
on TEM images of ZnWO4 microspheres obtained from the edge of the microspheres.

samples present excellent photoabsorption at wavelengths shorter
than 420 nm.  Moreover, the absorption curve of sample ZWO-700
shows significant red shift as compared with those of ZWO-650 and
ZWO-750. Assuming ZnWO4 acted as a direct-band gap semicon-
ductor, the band gap energies (Eg) were estimated by extrapolation
of the linear part of the (ah�)2 versus h� plots (where � is the
absorption coefficient, and h� is the photon energy) [32]. As a
result, the Eg values of ZWO-650, ZWO-700, and ZWO-750 were
explored as 3.46, 3.37, and 3.72 eV, respectively (inset of Fig. 4).
Our synthesized ZnWO4 shows slightly higher Eg values than that
reported by Kim and coworkers, of which the value is 2.95 eV [33].
This difference may  be due to the different crystal structural envi-
ronments, such as the W O bond lengths. As reported by kim et al.
[33], ZnWO4, as the typical wolframite structure, the tungsten atom
is surrounded by six oxygen atoms to form WO6 octahedra, and
its conduction band and valence band were mainly consisted of
the W 5d orbitals and O 2p orbitals. Thus the different interactions
between the orbitals of W and O elements in different crystal field
would influence the band gap. Other studies also indicated that
the electronic band structures are strongly influenced by the crys-
tal structure [34–36]. A shorter band length induces the stronger
interaction between metal and oxygen orbital and leads to a higher
band gap. Therefore, we  speculate that the different band-gap val-
ues of our ZnWO4 microspheres can be attributed to the variations
in the microsphere structures.

3.4. Photocatalytic performance on NO degradation

The photocatalytic efficiency of the as-prepared ZnWO4 samples
was evaluated by the degradation of NO under simulated solar-light
irradiation in a continuous reactor. Fig. 5a shows the variation of
NO concentration (C/C0) with irradiation time over the obtained
ZnWO4 microspheres. Here, C0 is the initial concentration of NO,
and C is the concentration of NO after photocatalytic degradation
for time t. As a comparison, photocatalytic oxidation of NO over
commercial P25 was also performed under identical conditions.
As shown in Fig. 5a, the NO concentration drastically decreased
after the simulated solar light was  turned on, and it reached the
steady state after about 10 min. The sample ZWO-700 shows the
highest photocatalytic activity and the NO removal ratio reached
about 40%, which is much higher than that of commercial P25. The

NO removal ratios over ZWO-650 and ZWO-750 are 29% and 25%,
respectively. This observation indicates that the pyrolysis tempera-
ture of USP significantly affect the photocatalytic activity of ZnWO4
because of the influence on the microstructures of photocatalyst.
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Fig. 4. UV–vis absorption spectra of the as-prepared ZWO-650, ZWO-700, and ZWO-750 batch samples. The inset shows the Tc plot of (�h�)2 versus photon energy (h�) for
different samples.
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ig. 5. (a) NO photocatalytic degradation under solar light irradiation for different 

oreover, it was found that the NO removal efficiencies over ZWO-
50 and ZWO-750 decreased about 5% after 60 min  reaction, which
an be ascribed to the accumulation of nitrate on the photocat-
lyst surface [37–39]. Interestingly, the photocatalytic activity of
O removal over ZWO-700 did not show any deactivation, which
ight be attributed to its porous structure with a high surface area

nd smaller particle size, and eventually facilitated the diffusion of
O and reaction products.

To further study the stability of the porous ZWO-700 micro-
pheres on photocatalytic oxidation of NO in gas phase, we carried
ut the multiple runs of photocatalytic experiment with the used
WO-700 microspheres. As shown in Fig. 5b, the highest NO
emoval efficiencies reached 40% during the degradation of first
un, and hardly any decrease later. When entered the second loop,
he NO degradation ratio is slight reduce, which may  be due to the

pecial porous structure. ZnWO4 microspheres could adsorb more
O into the internal pore canal in the first run. It was  interesting to
nd the catalyst only exhibited negligible deactivation after next
4 microsphere batches and (b) photochemical stability of the ZWO-700 sample.

four cycles of repeated experiments, and the removal efficiency is
still not less than 35%, suggesting that the ZnWO4 microspheres
is relatively stable and is not easy to photo-corroded during the
photocatalytic degradation.

3.5. Insights into the photocatalytic degradation mechanism of
NO

The separation of electron and hole pairs after light irradia-
tion is the fundamental process for semiconductor photocatalysis.
The electron and hole pairs could migrate to the semiconductor
surfaces and be captured by the surface adsorbed O2 and H2O to
produce •O2

− and •OH radicals, respectively. These generated radi-
cals can eventually lead to the efficient destruction of air pollutants.

In order to fully understand the photocatalytic mechanism for the
as-prepared porous ZnWO4 microspheres, electron spin resonance
spectroscopy (ESR) method was adopted for the direct identi-
fication and quantification of short-lived •OH and •O2- radicals
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ig. 6. Electron spin resonance (ESR) spectra of radical adducts trapped for different Z
f  ultraviolet light.

uring the photodegradation of NO over as-prepared ZnWO4 pho-
ocatalysts, with DMPO as the spin-trap reagent under simulated
olar-light irradiation [40,41]. As shown in Fig. 6a and b, the char-
cteristic ESR signals of •OH and •O2

− radicals were absent without
V light irradiation. Upon irradiation for 10 min  in the presence of
nWO4 samples synthesized at different temperature, we  clearly
bserved a six-line spectrum with the hyperfine splitting param-
ter of aN = 1.36 mT,  a�H = 1.07 mT,  suggesting the formation of
he adduct between DMPO and superoxide, DMPO-O2

•− (Fig. 6a)
42–44]. Meanwhile, a four-line spectrum with an intensity ratio
f 1:2:2:1 (Fig. 6b) were also observed after 10 min  of UV light irra-
iation with the existence of as-prepared ZnWO4 samples, and the
yperfine splitting parameter is aN = aH = 1.49 mT,  suggesting the

ormation of DMPO-•OH[45]. Therefore, the ESR spectra confirms
he formation of •OH and •O2

− radicals during the photocatalysis
rocesses, and both of them play a crucial role in photodecom-
osition of NO. Based on the above results, both •OH and •O2

−

adicals were involved in the photocatalytic reaction associated
ith ZnWO4 samples, which is consistent with theoretical estima-

ion by comparing the band edge energies of ZnWO4 with the redox
otentials of relevant species. As reported by Kim et al. [33], the con-
uction band potential (Ec) of ZnWO4 was about −0.799 eV which is
ore negative than E0 (O2/•O2

−, −0.33 eV), while the valence band
otential (Ec) is 2.15 eV which is more positive than E0 (OH−/•OH,
1.99 eV). These analysis demonstrated that the production of •OH
nd •O2

− radicals during the photocatalysis processes over the as-
repared ZnWO4 samples is thermodynamically favorable.

Moreover, it is interesting to find that the signal intensities
f •OH and •O2

− radicals over ZWO-700 sample are the highest
mong ZWO-650, ZWO-700 and ZWO-750. This was probably due
o the improved charge separation efficiency over sample ZWO-
00 because of its superior porous structure, particle size and
rystallinity. Generally, the activities of photocatalysts are mainly
etermined by the optical absorption capability, specific surface
rea, and separation/diffusion rate of the photogenerated charge
arriers. As shown in Fig. 5a, ZWO-700 shows the highest NO
emoval ratio among all the three ZnWO4 samples obtained from
SP method. Based on the characterization results, this higher pho-
ocatalytic activity of the ZWO-700 sample is probably attributed
o the following two aspects: (1) suitable particle size and crys-
allinity. It is well-accepted that small particle size may  provide
igh surface area and more active sites, while crystallinity deter-
4 samples by (a) DMPO-•O2
− and (b) DMPO-•OH with or without 10 min  illumination

mines the separation rates of photogenerated charge carriers.
When the pyrolysis temperature varied from 650 ◦C to 750 ◦C, the
crystallite size of sample ZWO-650, ZWO-700, and ZWO-750 were
12.9 nm,  13.2 nm and 13.6 nm,  respectively. The ZWO-700 sample
also shows the highest BET surface area, which is beneficial for the
enhancement of photocatalytic activities. However, the small parti-
cle size of ZWO-650 led to poor crystallinity and therefore reduced
photocatalytic performances, (2) enhanced light absorption ability
and porous structure. A smaller band gap is effective in generating
charge carriers. Moreover, charge carrier mobility is an important
indicator of transferring the photogenerated charge carriers from
bulk to the surface. As shown in Fig. 4, the Eg value of ZWO-700 is the
smallest among all the three samples, suggesting its superior light
absorption ability. The photoluminescence (PL, Fig. 7) emission is
a useful technique for investigating the generation, transfer, and
recombination of photogenerated charge carriers. A low intensity
of PL spectra indicates a high separation efficiency of electron-hole
pairs. The PL spectra of ZWO-650, ZWO-700 and ZWO-750 were
recorded with the excitation wavelength at 300 nm.  All ZnWO4
samples present broad emission peaks from 300 to 600 nm, and
the peaks centered at 463 nm which is consistent with the previ-
ous studies [28]. The photoluminescent properties of ZnWO4 are
attributed to the charge-transfer transition between the empty d
orbitals of the central W and the O 2p orbitals in the W (d◦)-O (-
II) groups [46]. The peak intensity varied significantly suggesting
the synthesis temperature has a significant impact on the catalyst
structures. Consistent with the results of activity, the as-prepared
ZWO-700 samples exhibit the lowest PL intensity, indicating that
the charge-carrier recombination rate is relatively slow.

Therefore, based on the characterization results and analysis of
our synthesized porous structured ZnWO4 microspheres, we  pro-
pose a possible photocatalytic reaction mechanism for NO removal
over ZnWO4 microspheres under simulated solar light irradiation,
as shown in Fig. 8. As a consequence, the poisonous gas could
be oxidized to nitrate via active radicals with strong redox abil-
ity. The accumulated amount of nitrate (NO3

−) and nitrite ions
(NO2

−) on the surfaces of ZnWO4 samples after the photoactiv-
ity test were determined by ion chromatography method, and the

results are presented in Table S1. It was found that the amount of
NO3

− accumulated on ZWO-650, ZWO-700, and ZWO-750 surfaces
were 57.10 ug/m2, 38.93 ug/m2, and 46.22 ug/m2, respectively. It
suggested that the high specific surface area of ZWO-700 facilitated
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Fig. 7. Photoluminescence (PL) spectra of ZWO-650, ZWO-700, and ZWO-750 microsphere samples.
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Fig. 8. Schematic diagram of the photocatalytic degradation mechanism of NO

he diffusion of reaction products which is beneficial for the
nhancement of photocatalytic activity. Moreover, NO2

− is an
nstable intermediate, and it showed only a weak signal in the
amples, probably because this active species has a strong redox
otential and is capable of oxidizing the majority of the NO into
O3

−. These results provide an accurate estimation of the final
roducts from NO degradation by ZnWO4 microspheres. Ai et al.
37] have also reported that NO3

− is the major product formed after
he photocatalytic oxidation of gaseous NO, but a small amount of
O2

− also can be generated. Thus, the reaction pathway for NO
emoval over ZnWO4 includes the following steps:
nWO4 + h� → ZnWO4(e−) + ZnWO4(h+)

− + O2 → •O2
−

the as-prepared ZnWO4 microspheres under simulated solar-light irradiation.

•O2
− + H+ → HO2

•

2HO2
• → H2O2 + O2

H2O2 + e− → •OH + OH−

OH− + h+ → •OH

NO + •O2
− → NO3

−

2 •OH + NO → NO2 + H2O

NO2 + •OH → NO3
− + H+
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Firstly, the electrons of ZnWO4 are excited from the valence
and to the conduction band upon simulated solar light irradia-
ion. The holes left in VB could react with hydroxyl groups/water
o form hydroxyl free radicals because of its suitable electrode
otential position, thereby leading to the effective separation of
hoto-generated carriers. Moreover, the electrons in CB were able
o reduce oxygen to •O2

− because of its much more negative elec-
rode potential position. The as-prepared ZnWO4 samples showed
pecific porous structures, which allowed the rapid transfer of
hoto-generated electrons to the surface where they can partici-
ate in photocatalytic reactions: this is why the pore structure of
he catalyst is an important factor influencing NO degradation.

. Conclusions

Hierarchical porous ZnWO4 microspheres were successfully
ynthesized through ultrasonic spray pyrolysis method. The pho-
ocatalyitc removal of NO under simulated solar light irradiation
nd associated degradation mechanisms over these resultants were
urther investigated. It was found that synthesis temperature was

 key factor influencing the microstructures of resulting ZnWO4
amples which eventually affect their photocatalytic activity. The
ample ZWO-700 exhibited superior activity than those of ZWO-
50 and ZWO-750, which could be explained by its improved
ptical absorption capability, high specific surface area, and fast
eparation/diffusion rate of the photogenerated charge carriers.
SR analysis indicated that •O2

− and •OH radicals function as
ctive species for NO degradation. This study shows that porous
tructured ZnWO4 microspheres with high activity can be readily
repared by ultrasonic spray pyrolysis method which is a promising
pproach for large scale production.
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