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Hollow Bi2WO¢ microspheres are successfully synthesized by a facile ultrasonic spray pyrolysis
(USP) method using NaCl as a salt template. The as-prepared hollow microspheres assembled as
nanoplates with dimensions of approximately 41-148 nm and are dispersed with non-uniform
pores on the template surface. By swapping the salt template with KCl or Na:SOs, different mor-
phologies of Bi,WOs are obtained. The experimental results demonstrate that NaCl plays a key role

on the formation of Bi;WOe with hollow structures. The specific growth mechanism of hollow mi-

ﬁ]ei;\:’sogzii spray pyrolysis crospheres was studied in detail. The Bi2WOs hollow microspheres exhibit an excellent photocata-
Salt template lytic efficiency for NO removal under solar light irradiation, which is 1.73 times higher than for the
Bi;WOs hollow microsphere BizWOs obtained in the absence of any salt template. This enhancement can be ascribed to the sim-
NO removal ultaneous improvement on the surface area and visible light-harvesting ability from the hollow

structures. Electron spin resonance (ESR) results suggest that both radicals of «OH and «0; are

involved in the photocatalytic process over the BWO-NaCl sample. The production of 0" radicals
offers better durability for NO removal.

© 2016, Dalian Institute of Chemical Physics, Chinese Academy of Sciences.

Published by Elsevier B.V. All rights reserved.

1. Introduction approaches has been hindered because they either need a high

temperature to initiate the catalytic conversion reactions or

Nitrogen oxide (NOy, the sum of NO and NOz2) is one of the
main air pollutants emitted from the combustion of fossil fuels
[1], which is the most important precursor for the formation of
acid rain, photochemical smog and the haze problem in China
[2]. The appearance of NOy in the atmosphere imposes adverse
effects on the air quality and human health [3,4]. Therefore,
various techniques, including filtration, physical adsorption and
thermal catalysis, have been used to remove NOx from industri-
al emissions [5,6]. However, the application of most of these

they cause secondary pollution [7]. Hence, novel and practical
strategies for reducing the atmospheric NOx level are an urgent
requirement.

Photocatalysis has attracted considerable attention in the
past few decades as an effective and promising removal tech-
nique for environmental NOxat ambient temperature [8-10].
Bismuth tungstate (BizWOg), as one of the simplest compounds
in the Aurivillius family (BizAs-1BnO3n+1; A = Ca, Sr, Ba, Pb, Bi, Na,
K and B = Ti, Nb, Ta, Mo, W, Fe), has been reported to exhibit
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excellent photocatalytic performance under visible light owing
to its layered structure and unique catalytic behavior [11]. It is
well known that the photocatalytic activity is closely interre-
lated to the morphology and the size of the photocatalyst [12].
For instance, Bi2WO¢ can adopt various morphologies, for ex-
ample, plate [13], particle [14], flower-like [10] and nanocage
[12]. It was reported by Wang that the hollow structured
Bi2WO0s microspheres consist of small nanoparticles (with sizes
of 50-80 nm) and exhibit a much better photocatalytic activity
than other morphologies, because minimizing the particle size
is an effective way to achieve a higher surface area and more
active catalytic sites. Moreover, the interconnected nanocrys-
talline network in hollow spheres shortens the diffusion path of
the charge carriers and decreases the resistance from the grain
boundaries, and results in the fast mass transfer and high pho-
tocatalytic performance [15,16]. Therefore, BizWO¢ with a hol-
low structure is highly desirable for NOx removal. The most
applied method for the synthesis of Bi:WO¢ hollow micro-
spheres by far is taking a suitable core as template and growing
Bi2WOs colloidal particles on its surface, followed by the re-
moval of the cores by an extra extraction process. Shang et al.
[12] synthesized Bi2WOs nanocages using colloidal carbon as
the template by a refluxing process in ethylene glycol, followed
by calcination to remove the carbon. Homogenous BizWOs hol-
low spheres were synthesized by Sivakumar Natarajan et al.
[17] using a silica protected hydrothermal method, after which,
the silica-core was etched by the NaOH solvent. Nevertheless,
such approaches suffer from the disadvantages of complex
synthetic procedures (extra template preparation and removal
steps are required) and high cost, which hinders their applica-
tion.

The ultrasonic spray pyrolysis (USP) method is a versatile
technique for preparing nanostructured microspheres with
controllable size. To date, the obtained products are typically
solid spheres owing to the agglomeration nature of nanocrys-
tals during the decomposition period [18,19]. In previous work,
our research group successfully prepared BizWOe solid micro-
spheres by the USP method, which presented superior photo-
catalytic activity owing to their unique morphology [20]. How-
ever, the fabrication of hollow Bi2WOs by the USP method has
never been reported in a previous study.

Herein, for the first time, we report the fabrication of
Bi2WOs hollow microspheres assembled by nanoplates by a
simple USP method. The NaCl salt was used as template. The
influence of the salt species on the morphologies was investi-
gated. A possible formation mechanism of BizWO¢ hollow mi-
crospheres was proposed. The photocatalytic activities of the
as-prepared samples were evaluated for NO removal under
simulated solar light irradiation. It is demonstrated that the
Bi2WOs hollow microspheres show excellent photocatalytic
performance.

2. Experimental
2.1. Synthesis of BizWOs hollow microspheres

All chemicals were purchased from Sigma-Aldrich and used

as received without further purification. Bismuth tungstate
(Biz2WOe¢) microspheres were fabricated by the USP method. In
brief, 10 mmol tungstic acid (H2WO04) and 20 mmol bismuth
citrate (BiCsHs07) were dissolved in concentrated ammonium
solution (28% in mass, NHs-H20). The obtained two solutions
were mixed with magnetic stirring to form a transparent solu-
tion. Then, 20 mM salt (NaCl, KCI or Na2S04) solution was add-
ed into the above solution to obtain the precursor solution for
USP. Finally, the precursor solution was nebulized by an ultra-
sonic nebulizer at a frequency of 1.7 MHz + 10% (YUYUE,
Shanghai, China). Aerosol droplets generated by the nebulizer
were carried into the tubular furnace at a temperature of 873 K
by an air gas stream. The products were collected from the
percolator located at the furnace outlet, followed by washing
several times with ethanol and deionized water. The
as-prepared sample obtained by using NaCl salt was abbrevi-
ated as BWO-NaCl. For comparison, the samples prepared us-
ing KCI and NazSO4 as assisting salts were named as BWO-KCl
and BWO0-NazS0s, respectively. The Bi;WO¢ prepared in the
absence of salt was abbreviated as BWO.

2.2. Characterization

The X-ray powder diffraction (XRD) patterns were recorded
on a Philips Xpert X-ray diffractometer system with Cu Ky radi-
ation (A = 1.54178 A) at a scan rate of 26 = 0.05°/s. The accel-
erating voltage and the applied current were 40 kV and 30 mA,
respectively. The morphology of the obtained samples was
characterized by a scanning electron microscope (SEM; JEOL
model JSM-6490). A Philips CM-120 electron microscopy in-
strument was used to record the transmission electron mi-
croscopy (TEM) images of the samples. A Varian Cary 100 Scan
UV-Visible system equipped with a Labsphere diffuse reflec-
tance accessory was used to obtain the reflectance spectra of
the catalysts over a range of 200-800 nm, in which the Lab-
sphere USRS-99-010 was employed as a reflectance standard.
X-ray photoelectron spectroscopy (XPS) measurements were
performed on a PHI Quantum 2000 XPS System with a mono-
chromatic Al Kr source and a charge neutralizer. All the binding
energies were referenced to the Cls peak at 284.8 eV of the
surface  adventitious carbon. The nitrogen adsorp-
tion-desorption isotherms at 77 K were measured using a Mi-
crometritics ASAP 2010 system after the sample was vacu-
um-dried at 473 K overnight. Samples for electron spin reso-
nance spectroscopy (ESR; ER200-SRC, Bruker, Germany) were
prepared by dispersing 0.05 g of photocatalyst into 50 mL of 25
mM 5,5'-dimethyl-1-pirroline-N-oxide (DMPO) solution for
DMPO/+0OH or 50 mL of methanol dispersion for DMPO/«0>",
under irradiation with simulated solar light for 30 s. Measure-
ment conditions of ESR were central field 323.4 mT, modula-
tion frequency 100 kHz, modulation amplitude 0.2 mT, micro-
wave power 3 mW, and temperature 300 K. The microwave
frequencies for the hydroxyl radical and superoxide radicals
were 9058 and 9074 mHz, respectively.

2.3.  Photocatalytic activity test
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The photocatalytic activity of the obtained samples was de-
termined by the degradation of NO at ppb levels in a continu-
ous flow reactor under solar light irradiation at ambient tem-
perature (296 + 1) K. The NO degradation was carried out in a
rectangular reactor, which was made of stainless steel with a
Saint-Glass window. The volume of the reactor was 4.5 L (30
cm (L) x 15 cm (W) x 10 cm (H)). For each test, one sample
dish (d = 12 cm) containing a well-dispersed BizWO¢ powder
was placed in the center of the reactor. The sample dish was
prepared by coating an aqueous suspension onto the glass dish,
that is, 0.3 g of well-dispersed BizWOs suspension was placed
onto the glass dish and pretreated at 343 K for several hours
until the complete removal of water was achieved. A 300 W
commercial tungsten halogen lamp (General Electric) was used
as the simulated solar light source. The lamp was placed out-
side the reactor and the light beam vertically passed through
the Saint-Glass window before reaching the sample. The NO gas
was acquired from a compressed gas cylinder at a concentra-
tion of 48 ppm NO (N2 balance) with a traceable National Insti-
tute of Standards and Technology (NIST) standard. The initial
concentration of NO was diluted to approximately 400 ppb by
the air stream supplied by a zero air generator (Thermo Envi-
ronmental Inc. model 111). The 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 a mass flow controller. The lamp was turned on
after the adsorption-desorption equilibrium was achieved
among water vapor, gases and photocatalysts. The concentra-
tion of NO was continuously measured by a chemiluminescence
NO analyzer (Thermo Environmental Instruments Inc., model
42c) at a sampling rate of 0.7 L/min.

3. Results and discussion
3.1. Phase structure and morphologies
The structure and composition of the Bi2WOs samples were

examined by XRD, as shown in Fig. 1. The distinct diffraction
peaks of four BWO samples, including BWO-NaCl, BWO-KC],

e
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Fig. 1. XRD patterns of the as-prepared (1) BWO, (2) BWO-Na(], (3)
BWO-KCl and (4) BWO-NazS04 samples.

BWO-NazS04 and BWO, were all found at 26 = 28.3°, 32.8°,
47.0°, 55.9°, 58.5° and 68.9°, which can be indexed to the (131),
(200), (202), (133), (262) and (400) planes of orthorhombic
Bi2WOs (JCPDS no. 39-0256), respectively, with the lattice con-
stants of a = 5456 A, b = 5.436 A, and ¢ = 16.426 A. No charac-
teristic peaks of other impurities were observed from the XRD
patterns, indicating that pure orthorhombic BizWOe could be
synthesized by the USP method. This observation suggested
that the salt species showed no effect on the structure and
composition of the Bi2WOs samples. The average crystallite
sizes were calculated using the Scherrer equation [17], where
the crystallite size of the BWO, BWO-NaCl, BWO-KCl and
BWO-NazS04 samples were 42.37, 51.81, 46.59 and 58.39 nm,
respectively.

The morphologies of the Bi2WO¢ samples were investigated
by SEM and TEM analysis. Fig. 2(a-d) depict the SEM images of
BWO, BWO-NaCl, BWO-KCI and BWO0-NazS0s, respectively. Fig.
3 shows the TEM images of BWO, and the TEM and HRTEM
images of the BWO-NaCl samples. Fig. 2(a) shows that the BWO
sample was composed of polydispersed microspheres. Fig. 3(a)
and (b) indicate that the BWO sample was comprised of solid
microspheres with diameters of approximately 0.5-1.2 pm, and
aggregated into small nanoparticles with a diameter of ap-

Fig. 2. SEM images of (a) BWO, (b) BWO-NaCl, (c) BWO-KCI and (d)
BWO-Na;S0a.

Fig. 3. TEM images of BWO (a,b), BWO-NaCl (c,d), and HRTEM images
of the BWO-NaCl sample (e).
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proximately 40 nm. The particle size was in agreement with the
calculated result from XRD analysis. From Fig. 2(b),
non-uniform large cavities and small pores were observed on
the BWO-NaCl surface. The structure was further investigated
by TEM spectroscopy. As shown in Fig. 3(c), the BWO-NaCl
presented a shell-like hollow microspheres structure. In
agreement with the SEM images, the large cavities and small
pores were also found on the surface. The diameters of the
hollow microspheres ranged from 1.0 to 2.3 pm (see Fig. 3(d)),
which is much larger than those of BWO. This is proposed to be
because the NaCl can enlarge the droplets formed in the earlier
stage of USP. A similar phenomenon was revealed in a previous
study, where the Y203-ZrO; microspheres obtained from
salt-assisted USP method showed a bigger size than those
without salt addition [21]. Moreover, the hollow BWO-NaCl
were comprised into nanoplates with dimensions of
41.2-148.4 nm, rather than nanoparticles as obtained in the
BWO sample.

To specify the role of NaCl, the effect of CI” and Na* ions
were investigated by using KCl and NazS04 as precursors, re-
spectively. In general, the presence of KCl and/or Na2S04 both
had a significant influence on the BizWOs morphology. In Fig.
2(c), the BWO-KCI consisted of polydispersed microspheres
dispersed with small pores on the surface. In agreement with
the morphology of BWO-NaCl, the formation of small pores on
the Bi2WOs surface should be ascribed to the presence of the
CI” ion. Fig. 2(d) reveals that the microspheres in BWO-Na2S04
were aggregated into nanoplates, indicating Na+ ion played a
key role for fabricating the nanoplates [22].

The high-resolution TEM (HRTEM) image of BWO-NaCl was
recorded at the edge of an individual microsphere. As shown in
Fig. 3(e), the fringe spacing at approximately 0.273, 0.315,
0.327 and 0.410 nm correspond to the lattice spacings of the
(200), (131), (041) and (040) planes of orthorhombic BizWOs,
respectively [23]. The phase analysis from HRTEM confirmed
the orthorhombic phase structure analyzed from XRD.

3.2.  Formation mechanism of the hollow structured BizWOs
microspheres

It is known that the aerosol-assisted USP method commonly
proceeds in several stages, that is, droplet generation, solvent
evaporation, solute diffusion, precipitation, decomposition, and
densification [24]. The formation process of a solid BWO mi-
crosphere has been demonstrated in our previous study [20].
Briefly, when the nebulized droplets carrying solutes of ammo-
nium bismuth citrate and ammonium paratungstate (formed in
the ammonia solution) undergo high temperature treatment,
solvent evaporation and solute diffusion occurs. The decom-
posed products react with each other and produce crystallized
Bi2WOs particles, which are then assembled into a solid sphere
through free aggregation (see Scheme 1). On the basis of the
experiments and characterizations, the formation of the hollow
BWO-NaCl microspheres was proposed as follows. First, when
the droplets pass through the furnace at high temperature, a
single NaCl crystal is obtained by the calcination step, which
can act as the core template and is surrounded by a chemical

Tube furnace
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Scheme 1. The formation mechanism of hollow Bi2WOs microspheres.

shell (ammonium bismuth citrate and ammonium para-
tungstate). This observation has been proven by Brinker and
co-worker [25] in the synthesis of hollow silica microspheres
by the NaCl-assisted USP process. Second, the BizWOs nano-
plates grow on the surface of the NaCl crystal by a chemical
reaction between ammonium bismuth citrate and ammonium
paratungstate. It should be noted that the Na+ ion assists in the
growth of the nanoplates. Simultaneously, the volatile gases of
NHs and COx (CO2+ CO) escaped from the shell to leave pores,
where the volatile gases of NHs and COx were produced from
the decomposition of ammonium and citrate, respectively. In
addition, the CI” ion also contributed to the small pores, as ob-
served from the SEM characterization. Finally, the NaCl crystal
leaching in the washing step resulted in the formation of the
hollow microspheres. Besides, the NaCl crystal also acted as the
porosity inducing agent [26], which produced pores after it
leached out and consequently increased the porosity of the
final prepared BWO-NaCl.

3.3.  Surface compositions of hollow Bi;WOs microspheres

X-ray photoelectron spectroscopy (XPS) was used to char-
acterize the surface compositions and chemical state of the
as-prepared hollow BWO-NaCl microspheres. Fig. 4 shows the
high-resolution spectra of C1s, Bi 4f, W 4fand O1s of BWO-NaCl.
The C1s peak was ascribed to the surface adventitious carbon
(Fig. 4(a)). In Fig. 4(b), the two Bi 4f peaks with binding ener-
gies at 158.3 and 163.6 eV, corresponding to Bi 4f7/2 and Bi
4fs/2, respectively, were attributed to the trivalent oxidation
state of Bi [20]. The peaks appearing at binding energies of 36.8
and 34.8 eV in Fig. 4(c) were assigned to the W6+ oxidation
state [27]. The O 1s XPS spectra peak with a binding energy of
529.7 eV corresponded to the oxygen species in the ortho-
rhombic BizWOs phase [27]. The peak observed close to 531.9
eV in the Ols spectra indicated the presence of a hydroxyl
(-OH) species adsorbed on the BizWOs surface [28].

3.4. Optical properties
UV-vis diffuse reflectance spectroscopy (DRS) was per-

formed to characterize the light absorption properties of the
as-prepared Bi2WOe samples. As shown in Fig. 5, the absorption
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Fig. 4. XPS profiles spectra of hollow BWO-NaCl microspheres (a) C1s, (b) Bi 4f, (c) W 4f, and (d) O1s.

spectrum of BWO extends from the UV region to the visible
region at 450 nm. Compared with BWO, the BWO-NaCl spec-
trum showed a slight red-shift of the absorption edge and dis-
played an improved absorption around 450-600 nm. This ob-
servation clearly indicated that BWO-NaCl exhibited a stronger
absorption within the visible light range, which should be an
advantage for a better photocatalytic activity owing to its en-
hanced light-harvesting ability. The band gap of BizWQs sam-
ples can be estimated according to the Kubelka-Munk function
[29]:
ahv = A(hv-Eg)n/2

where a, h, v and Eg are the absorption coefficient, constant,
light frequency and band-gap energy, respectively. It is known
that n = 1 by assuming BizWOe to be a direct semiconductor.
The Eg of BWO, BWO-NaCl, BWO-KCl and BWO-NazS0s were
estimated to be 2.58, 2.56, 2.54 and 2.51 eV, respectively, by
plotting the (athv)? versus photon energy hv (see inset of Fig. 5).
These results indicate that all Bi2WOs samples showed a suita-
ble Eg for photocatalytic reaction under visible light irradiation.
Moreover, all the salt-assisted BizWOe samples, including
BWO-NaCl, BWO-KCl and BWO-Na2S04, exhibited better visible
light absorption than BWO. It was reported by He and
co-workers [30] that the morphologies of Bi2WOs significantly
affect the light absorption property, where the BizWOQs nano-
plates showed a smaller E; than nanoparticles. Our results are
in agreement with their finding that the Eg of BizWOQOs micro-
spheres composed of nanoplates (i.e, BWO-NaCl and
BWO-NazS04) was lower than those of nanoparticles (ie.,
BWO-KCl and BWO). Moreover, in contrast to the light only
arriving at the outside surface of solid BWO spheres, in the
BWO-NaCl sample, the light reached the interior of the hollow

spheres followed by multiple reflections in the hollow space,
which allowed an efficient use of light energy and improved the
photocatalytic activity [15].

3.5. BET test

The N2 adsorption-desorption isotherms and pore size dis-
tribution curves of BWO and BWO-NaCl samples are shown in
Fig. 6. Both samples can be classified as type IV in the IUPAC
classification with a distinct hysteresis loop observed in the
range of p/po = 0.4-1.0, which are characteristic of porous ma-
terials. The Brunauer-Emmett-Teller (BET) specific surface
area of the BWO-NaCl sample was approximately 11.2 m2/g. It
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Fig. 5. UV-vis absorption spectroscopy of the as-prepared samples of
BWO, BWO-NaCl, BWO-KClI and BWO-NazS0s. The inset is a plot of
(cthv)? versus photon energy (hv), where o is the absorption coefficient.
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Fig. 6. N2 adsorption and desorption isotherms and pore-size distribu-
tion (inset) of BWO-NaCl and BWO.

was bigger than the BWO sample, as its specific surface area
was 9.7 m?/g. It can be deduced that the use of NaCl in the pre-
cursor could increase the specific surface area of the sample.
This improvement takes advantage of the absorption of more
active species and pollutant molecules on its surface, and con-
sequently favors the photocatalytic activity. The Bar-
rett-Joyner-Halenda (BJH) pore-size distribution plot for the N2
sorption isothermal is shown in the inset of Fig. 6. The pore size
distribution curve of BWO-NaCl displayed a unimodal type of
pores with a mean diameter of approximately 30 nm, when the
BWO sample showed a mean diameter of 18 nm.

3.6. Photocatalytic activity of NO removal

To investigate the morphology-dependent photocatalytic
activity of the as-synthesized Bi2WOe microspheres, the air
pollutant NO was used as the photoreaction probe at an initial
NO concentration of 400 ppb. Fig. 7(a) displays the relative NO
removal efficiency against irradiation time under the irradia-
tion of simulated solar light. Among the four BizWOQs samples,
the NO removal efficiency over the BWO-NaCl sample reached

353

BWO0-NazS04 samples possessed a NO removal efficiency of
25.7%, 30.0% and 36.9%, respectively, demonstrating the salt
species significantly affect the photocatalytic activity of BizWOes.
For a clear quantitative comparison, the Lang-
muir-Hinshelwood model was used to describe the initial rates
for NO degradation [10]. The initial NO removal (in the first 3
min) was found to follow pseudo-first-order kinetics as evi-
denced by the linear plot of In(c/co) versus reaction time (Fig.
7(b)). The initial rate constant (k, min-1) of BWO-NaCl was es-
timated as 0.181 min-1, faster than those of BWO (0.068 min-1),
BWO-KCI (0.088 min-1) and BWO-Naz2S04 (0.159 min-1). It was
noted that the BET surface area of BWO-NaCl (11.2 m2/g) was
higher than that of BWO (9.7 m2 g-1), illustrating that the higher
surface area of BizWOs was a key factor for the higher initial
rate constant and higher NO removal rate. This arises because a
large specific surface area can supply abundant unsaturated
sites on the catalyst surface, accelerating the diffusive transport
of photogenerated holes to oxidizable species [31]. However,
the difference in pore size of Bi2WOs has been believed to be
another key factor for the difference in photocatalytic perfor-
mance in the literature [32], where the bigger average pore size
of Bi2WOe resulted in a better photocatalytic performance. Sim-
ilarly, in this study, the BWO-NaCl with an average pore size of
30 nm showed a better performance than BWO with an aver-
age pore size of 18 nm. This is because the suitable pore size
allowed light waves to penetrate deep inside the microsphere
and led to a high mobility of charge carriers [33]. Meanwhile,
the suitable pore size offered a quick transformation channel
for the pollutant and sped up the pollutant degradation [34].
Overall, these results illustrate that the nanoplates-comprised
porous BWO-NaCl catalyst with hollow microsphere morphol-
ogies was superior to ensure a rapid and high degree of NO
removal. Fig. 7(c) shows the NO: accumulation profile by
BWO-NaCl under simulated solar light. It can be observed that
nearly 25% of decontaminated NO is transferred to NO2.

3.7. Insights into the photocatalytic degradation mechanism of
NO

the highest value of 44.5%. The BWO, BWO-KCl and To clarify the reaction mechanism of the photocatalytic oxi-
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Fig. 7. (a) NO degradation curves, (b) the pseudo-first-order kinetics for NO degradation under simulated solar light irradiation and (c) the accumula-

tion profile of NO2 by BWO-NaCl under simulated solar light.
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dation of NO over Bi2WOs samples, the ESR spin-trap technique
was performed to probe the active oxygen species during the
photocatalytic processes. Fig. 8 showed the ESR spectra ob-
tained using DMPO as the spin-trap reagent under simulated
solar light irradiation. No ESR signal was observed when the
tests were performed with Bi2WOes samples in the dark. The
7-line characteristic peaks in Fig. 8(a) indicate that both BWO
and BWO-NaCl produced considerable hydroxyl radicals by
solar light photocatalysis [35]. The 7-line characteristic peaks
should be ascribed to the di-substituted adducts of DMPO
(DMPOX, 5,5-dimethyl-2-pyrrolidone-N-oxyl), rather than the
four-line ESR signal of DMPO-OH
(5,5-dimethyl-2-hydroxypyrrolidine-N-oxyl) [36]. This is be-
cause the abundant hydroxyl radicals generated from
BWO-NaCl photocatalysis lead to the DMPO-OH oxidizing to
DMPOX intermediately without any residue [37]. This observa-
tion demonstrated that our synthesized BWO-NaCl and BWO
were powerful catalysts for generating hydroxyl radicals [37].

The 4-line spectrum of BWO-NaCl in Fig. 8(b) displays a
characteristic intensity of 1:1:1:1 originating from the
DMPO/«0;" adduct, suggesting the 02" radicals were produced
during the BWO-NaCl photocatalysis process [38]. In contrast, a
6-line ESR spectrum was obtained in the BWO sample. This
spin adduct could be characterized as the methoxyl spin adduct
of DMPO, that is DMPO/eCH20H. The signal for the
DMPO/+CH20H adduct originates from the attack of «OH radi-
cals [39]. The interaction of «OH radicals and methanol ulti-
mately leads to the loss of a hydrogen atom from the CHs group
in methanol and the formation of the DMPO/CH20H adduct
[40]. In addition, the presence of the DMPO/#0;" adduct signals
and the absence of the DMPO/CH20H signal in the BWO-NaCl
photocatalyst could be explained by the formation of
DMPO/CH20H being suppressed in the presence of superoxide
[39].

In general, the photocatalytic performance of the semicon-
ductor was highly dependent on its morphology, light absorp-
tion, surface area and the active oxygen species. Based on
above analysis, the NO degradation mechanism on BWO-NacCl
was proposed as following:

BWO-NaCl + hv - e + ht D
h* + OH™ - «OH (2)
(a)
BWO-NaCl
£l
=
2
= BWO
Dar]
n 1 n 1 n 1 n 1 n
321 322 323 324 325 326
Magnetic field (G)

e +02- 02" (3

02" + 2H* —» H20: 4)
H202 + e —» «OH + OH™ (5)
NO + «OH - HNO2 (6)

HNOz + «OH —» NO:z + H20 (7)
NOz + «OH — NOs~ + H* (8)

First, the «OH and 0 radicals were produced during the
BWO-NaCl photocatalysis process (Egs. 1-5). After which, the
generated active species of ¢OH react with NO to generate NO3~
(Egs. 6-8). The yield of NOz by-product in Eq. 7 was proven by
the detection of NOz during the photocatalytic reaction (see Fig.
7c). It should be noted that the 02" radicals generated from
BWO-NaCl can be further reduced to «OH radicals (Egs. 4-5),
which would assist in the NO abatement by integrating Eqs. 3-8
into one new pathway (Eq. 9):

02 + NO—>NO3~ 9)

It can be seen that the 02 radicals can transfer NO into
NO3~ without producing H* ions. Therefore, the drawback (i.e.,
deactivation in NO removal curves) of a pH decrease will be
hindered in the 0z induced degradation process. Therefore,
the BWO-NaCl sample should possess better durability for NO
removal owing to the production of 02" radicals.

Recycling experiments were conducted to test the stability
of the optimum photocatalyst of the BWO-NaCl sample. As
shown in Fig. 9, the NO removal efficiency in the five consecu-
tive cycles was (100, 96.3, 89.7, 96.4, 87.9 and 87.3)%, respec-
tively. Hence, a high performance after recycling was main-
tained, suggesting the obtained BWO-NaCl photocatalyst pos-
sesses high stability and no photocorrosion occurs during the
NO decay period.

4. Conclusions

In this study, hollow structured BizWOs microspheres com-
posed of nanoplates were synthesized by a facile USP method
with the assistance of NaCl salt. The BWO-NaCl showed a
broadening in the absorption range and higher specific surface
area compared with the bulk BWO sample. The NaCl crystal
acted as a core for the formation of the hollow structure of
Bi2WOs microspheres. Moreover, Na * served as the template
for nanoplates, and Cl” contributed to the small pores on the

(b)
BWO-NaCl
5
&
2
g
E BWO
Dark
I~ ANAPASANA N VIAASAN AN N Pt s N
1 n 1 n 1 n 1 n 1
320 322 324 326 328
Magnetic field (G)

Fig. 8. ESR spectra tests for the detection of (a) *OH in aqueous solution and (b) <0 in methanol solvent.
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Fig. 9. Cycling tests for NO removal by the BWO-NaCl photocatalyst
under simulated solar light irradiation. The BWO-NaCl was washed by
DI water before being reused.

surface. As a result, the hollow BWO-NaCl possessed excellent
solar light photocatalytic performance for NO with a removal
rate of 43.5%, which is 1.69, 1.45 and 1.04 times greater than
those of BWO, BWO-KCl and BWO0-NazS04, respectively. Addi-
tionally, the initial rate constant of BWO-NaCl was estimated to
be 0.181 min-!, which is faster than those of BWO (0.068
min-1), BWO-KCl (0.088 min-1) and BWO-NazS04 (0.159 min-1).
These observations suggest that the salts species have an im-
portant effect on the photocatalytic activity of Bi2WOes. The
main oxidative species were confirmed as «OH and 02" radi-
cals in the BWO-NaCl photocatalysis, based on which, an en-
hanced mechanism was proposed accordingly, where the 02"
radicals contributed to the better durability of BWO-NaCl for
NO removal.
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Hollow Bi2WO¢ microspheres are successfully synthesized by a
facile ultrasonic spray pyrolysis (USP) method with NaCl as the
salt template. Excellent photocatalytic efficiency for NO removal
under solar light irradiation is achieved.
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