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ABSTRACT: Understanding the photocatalytic conversion
mechanism of NO is crucial to develop an effective and
practical strategy for indoor air pollution control. In this study,
we systematically investigated the photocatalytic removal
mechanism of NO over nanocrystalline Bi2Sn2O7, which was
successfully synthesized via hydrothermal method using
bismuth citrate and stannic chloride pentahydrate as precursors
for the first time. Various characterizations were carried out to
study the physicochemical properties of the as-prepared
samples. The performance of the as-prepared Bi2Sn2O7
samples was evaluated by the photocatalytic degradation of
NO in a continuous reactor under simulated solar light irradiation. The NO removal rate over the Bi2Sn2O7 sample synthesized
for 12 h (BSO-12) was 37%, which was much higher than those of Bi2Sn2O7 samples synthesized for 24 h (BSO-24) and 36 h
(BSO-36). Results from photocurrent tests and electrochemical impedance spectroscopy (EIS) demonstrated that the BSO-12
sample presents much more effective interface charge separation efficiency, which can contribute to its improved photocatalytic
performance. Reactive radicals during the photocatalysis processes were identified via trapping experiments, which were also
confirmed by electron spin resonance (ESR) study. Combined with the quantification of reaction intermediates, the
photocatalytic removal mechanism of NO over nanocrystalline Bi2Sn2O7 was proposed for the first time.

1. INTRODUCTION

Indoor air quality (IAQ) has received increasing attention in
recent years because of its potential effect on human health.1

Gaseous pollutants such as nitrogen oxides (NOx), sulfur
dioxide (SO2), and volatile organic compounds (VOCs) are
common indoor air pollutants.2 Studies showed that the
concentrations of many indoor air pollutants are even higher
than those outdoors, which can be attributed to the presence of
emission sources in indoor environment.3−5 Among these
pollutants, NOx is one of the most common gaseous pollutants
found in indoor environment.6 Long-term exposure to NOx

may cause sick building syndrome, which refers to the
symptoms including eyes and throat stimulus, stuffy nose,
and headache.7 Traditional methods such as physical
adsorption and biofiltration are not economically feasible at
low pollutant concentrations of part-per-billion (ppb) levels,
which are typical concentrations for indoor air pollutants.8

Therefore, highly efficient technologies that can be operated at

room temperature with low cost for eliminating NOx are
urgently needed.
Semiconductor photocatalysis is an innovative and promising

technique for NOx removal because it can use inexhaustible
solar light energy to mitigate air pollution problems. A number
of studies have reported the degradation of NOx using the
photocatalytic technique.9−12 Among various oxide semi-
conductor photocatalysts, TiO2-based nanomaterials have
been studied intensively for their intrinsic redox proper-
ties.13−15 However, TiO2 can only absorb UV light, which
accounts for less than 5% of solar light energy due to its large
band gap energy (3.2 eV for anatase).16 Therefore, much effort
has been focused on designing visible-light-driven photo-
catalysts to enhance the efficiency of utilizing solar energy.
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Bismuth-containing photocatalysts, such as Bi2WO6,
12

Bi2MoO6,
17 and BiVO4,

18 have been studied extensively
because of their high activities and nontoxicity for environ-
mental applications. Their visible-light-driven activity can be
ascribed to the orbital hybridization of O 2p and Bi 6s.19

Bismuth stannate (Bi2Sn2O7) is a type of Bi-based semi-
conductor material that has received considerable interest in
catalysis, gas sensors, and optoelectronic devices in recent
years.20,21 Bi2Sn2O7, which has a typical pyrochlore structure
and dispersed valence band, can facilitate the mobility of
charged carriers and narrow the band gap.20 In addition, the
hybridization states Bi 6s26p0, Sn 5s05p0, and a small amount of
O 2p comprise the valence band maximum (VBM) and
conduction band minimum (CBM) of Bi2Sn2O7. On the one
hand, the dispersed s and p orbitals guarantee small effective
masses for electrons and holes, which make them easily
transferred to the surface of the photocatalyst. On the other
hand, the hybridized interactions between Bi and Sn lead to
highly dispersed VBM and CBM electronic configurations to
enhance the mobility of photogenerated holes and electrons.20

Bi2Sn2O7 has been synthesized via different methods as
reported in previous studies. For example, Walsh et al.19

synthesized polycrystalline Bi2Sn2O7 using solid-state reaction
methods at 1100 °C and performed an electronic structure
study by gradient corrected density functional theory and an
experimental approach. Tian et al.21 prepared polycrystalline
Bi2Sn2O7 using bismuth nitrate and potassium stannate as
precursors using a hydrothermal route and Bi2Sn2O7 for
photocatalytic removal of As(III). Bi2Sn2O7 has been applied as
a potential catalyst for the removal of organic compounds,
different types of dyes, and water splitting.22 However,
Bi2Sn2O7 has scarcely been studied for indoor air pollution
control, especially for the abatement of gaseous NOx.
In this work, nanocrystalline Bi2Sn2O7 samples were

synthesized by a facile hydrothermal route under different
reaction times using bismuth citrate and stannic chloride
pentahydrate as precursors for the first time. The involvement
of citrate ions during the synthesis processes can facilitate the
formation of nanoparticles in view of complexation. Under
simulated solar light irradiation, the nanocrystalline Bi2Sn2O7
exhibited high photocatalytic activity on the removal of NO.
The characterization results showed that bismuth citrate as a
source of Bi3+ greatly influenced the chemical and physical
properties of Bi2Sn2O7. The role of active species during the
photocatalytic processes was also investigated in detail.
Moreover, a reasonable mechanism for the photooxidation of
NO over Bi2Sn2O7 has been proposed.

2. EXPERIMENTAL SECTION
2.1. Synthesis of Nanocrystalline Bi2Sn2O7. Nano-

crystalline Bi2Sn2O7 samples were prepared by a facile one-
pot hydrothermal process using bismuth citrate (C6H5BiO7)
and stannic chloride (SnCl4·5H2O) as precursors. All the
chemicals employed in this study were of analytical grade and
used without further purification. Bismuth citrate was obtained
from Sigma-Aldrich, and other chemicals used in the experi-
ment were purchased from Sinopharm Chemical Reagent Co.,
Ltd. (Shanghai, China). Deionized water was provided by
Millipore Milli-Q water purification system. (Shanghai, China).
For the synthesis of Bi2Sn2O7, SnCl4·5H2O (1 mmol) was

first dissolved in 35 mL of NaOH solution (1.0 mol L−1) and
stirred for a short time. Bismuth citrate (1 mmol) was added to
the above solution under vigorous stirring for 30 min. The

forming white suspension was transferred into a 50 mL Teflon-
lined stainless steel autoclave maintained at 180 °C for 12 h and
cooled down to room temperature naturally. The products
were collected by centrifugation, rinsed several times with
deionized water and absolute ethanol, and dried at 80 °C. To
investigate the effect of reaction time on the properties of
Bi2Sn2O7, hydrothermal synthesizes at 24 and 36 h under other
identical conditions with those of the sample synthesized at 12
h were also conducted. The resulting samples synthesized at 12
h, 24 h, and 36 h were denoted as BSO-12, BSO-24, and BSO-
36, respectively.

2.2. Characterization. Powder X-ray diffraction (XRD)
was performed with a Philips X’pert PRO SUPER diffrac-
tometer using Cu Kα (λ = 0.154 06 nm) radiation at 40 kV and
40 mA with a scanning rate of 0.04° 2θ/s in the 2θ range of
10°−80°. The morphology of the samples was characterized by
field emission scanning electron microscopy (SUPRA 55,
Japan) and transmission electron microscopy (TEM, JEM-
2010, Japan). The Fourier transform infrared spectroscopy
(FTIR) spectra were recorded on an FTIR absorption
spectrometer (Magna-IR 750, Nicolet, USA), with KBr as the
diluent. The Brunauer−Emmett−Teller (BET) surface area
and pore structure of the Bi2Sn2O7 samples were obtained from
N2 adsorption/desorption isotherms at 77 K using an ASAP
2020 automatic analyzer (Micromeritics Instrument Corp.,
Norcross, GA, USA). A Varian Cary 100 Scan UV−visible
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 Kubelka−Munk spectral function by the Kubelka−
Munk method. The samples for electron spin resonance (ESR)
spectroscopy (ER200-SRC, Bruker, Germany) were prepared
by mixing 0.05 g of the as-prepared photocatalyst 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

−. The light irradiation source was a
300 W Xe arc lamp (PLS-SXE 300, Beijing, China).
After the photocatalytic activity test was completed,

intermediates and final products (nitrate and nitrite ions)
remaining on the catalyst powders were extracted by immersing
the powders into deionized water (10 mL) and measured with
a Dionex-600 ion chromatograph (Dionex Inc., Sunnyvale, 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 μL. The detection limit for NO2

− and
NO3

− was 5 μg L−1 and 25 μg L−1, respectively.
2.3. Photoelectrochemical Characterization. The pho-

toelectrochemical properties of BSO-12, BSO-24, and BSO-36
were evaluated using a Parstat4000 electrochemical workstation
(USA) in a conventional three-electrode cell, in which a
platinum plate and an Ag/AgCl electrode were used as counter
electrode and reference electrode, respectively. To fabricate the
working electrode, 45 mg of Bi2Sn2O7 was dispersed into 5 mL
of Nafion ethanol solution to obtain a homogeneous
suspension through bath sonication. Bi2Sn2O7 films were
modified on the fluorine-doped tin oxide conductive glass by
dip coating and then dried at room temperature. The
photocurrent−time curves were measured at 0.2 V versus
Ag/AgCl in 0.5 mol L−1 Na2SO3 at ambient temperature under
irradiation with a 300 W Xe arc lamp. Electrochemical
impedance spectroscopy (EIS) was conducted at a frequency
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range of 0.1 Hz to 100 kHz with a 5 mV voltage amplitude
under open-circuit voltage in 1 mmol L−1 K3Fe(CN)6 and
K4Fe(CN)6 solution. The flat band potential was measured
through Mott−Schottky plots at a frequency of 1 kHz in 0.1
mol L−1 Na2SO4.
2.4. Photocatalytic Activity Test. The photocatalytic

activity of the as-prepared samples was evaluated for the
removal of NO at the ppb level performed at ambient
temperature in a continuous flow reactor. The volume of the
rectangular reactor with a quartz glass on the surface, which was
made of stainless steel composites, was 4.5 L (30 cm × 15 cm ×
10 cm). A sample dish containing the photocatalyst powders
was placed in the center of the reactor. Each sample (0.20 g)
was dispersed in deionized water (15 mL) via ultrasonic
processing for 10 min and then poured into glass dishes (R =
9.0 cm). The dishes containing the samples were treated at 70
°C for several hours until complete removal of water in the
suspension was achieved. The dishes were then cooled to room
temperature before use. A commercial 300 W Xe arc lamp
(MICROSOLAR 300 UV, Beijing) for the simulated solar light
photocatalytic activity test was vertically placed 20 cm above
the reactor. The wavelength of the simulated solar-light ranges
from 200 to 1100 nm, and the associated spectra composition
of the light source were shown in Figure S1 in Supporting
Information. The NO gas was acquired from a compressed gas
cylinder at a concentration of 50 ppm of NO (N2 balance). The
initial concentration of NO was diluted to about 400 ppb via air
streaming. A gas mixture of 400 ppb NO was fed into the
reactor system at 3.0 L min−1. The whole measurement was
conducted at ambient conditions and relative humidity of 30 ±
5%. After adsorption−desorption equilibrium among catalysts,
gases and water vapor were obtained, and the lamp was turned
on. The concentrations of NO, NO2, and NOx were
continuously measured every 1 min by a NOx analyzer
(Ecotech, 9841), which monitored NO, NO2, and NOx (NOx

= NO + NO2) with a sampling rate of 0.6 L min−1.
In the data analysis, the removal ratio (η) of NO and the

yield of NO2 were calculated according to the following
equation:

η =
−

×
C C

C
(%) 100o

o

=
−

×
C

C C
NO yield (%) 1002

NO

o

2

where η is the NO removal rate, C is the outlet concentration of
NO of each access gas for 1 min, CNO2

represents the

production of NO2, and Co represents the inlet concentration
after achieving adsorption−desorption equilibrium.
2.5. Trapping Experiments of Active Species. We used

potassium iodide (KI) and tert-butyl alcohol (TBA) as effective
scavengers of h+ and ·OH, respectively. Potassium dichromate
(K2Cr2O7) was utilized as a photogenerated electron scavenger.
Each sample (0.20 g) with different trapping agents was
dispersed in deionized water (15 mL), ultrasonically dispersed
for 20 min, and poured into glass dishes (R = 9.0 cm). The
dishes that coated the samples were treated at 70 °C for several
hours in an oven. Finally, the dried dishes were utilized for
further photocatalytic NO removal tests.

3. RESULTS AND DISCUSSION
3.1. Phase Structure and Morphology. The XRD

patterns of Bi2Sn2O7 synthesized at different reaction times
are shown in Figure 1. All the strong diffraction peaks could be

readily indexed to a pure cubic phase of Bi2Sn2O7 (JCPDS No.
87-0284) with a space group of Fd3 ̅m (No. 227).21 No impurity
peaks were observed in these patterns, indicating the high
purity of the Bi2Sn2O7 products. The intense and sharp
diffraction peaks suggested that the as-synthesized products
were well crystallized. Moreover, the intensity of the diffraction
peaks strengthened with the increase of synthesis time, thereby
illustrating that the prolonged synthesis time could promote
Bi2Sn2O7 growth.23 In order to compare the material
differences of performance obtained from shorter time, the
BSO-8 was synthesized at 180 °C for 8 h. However, the shorter
time cannot obtain pure Bi2Sn2O7 while the SnCl4·5H2O
completely fail to react (as shown in Figure S2). The average
size of Bi2Sn2O7 crystallite was also calculated from the (222)
peak by the Scherrer equation.24 As shown in Table S1, the
estimated particle sizes of BSO-12, BSO-24, and BSO-36 were
18, 25, and 30 nm, respectively, suggesting that the crystallite
size increased accordingly with the increase in reaction time.
Moreover, the IR spectra of the BSO-12, BSO-24, and BSO-36
samples recorded in the range of 400−4000 cm−1 are shown in
Figure S3. The experimental results revealed that the band at
about 625 cm−1 was ascribed to the Sn−O stretching vibration
in the BO6 octahedron, and the weak band of 513 cm−1 was
assigned to the stretching vibration of Bi−O−Bi bonds.25 The
IR-active optic modes from the vibration and bending of
metal−oxygen bonds in the IR spectra of BSO-12, BSO-24, and
BSO-36 indicated that all the samples were high purity
products.
Scanning electron microscopy (SEM) and transmission

electron microscopy (TEM) characterizations were performed
to understand the morphological and structural characteristics
of the as-prepared Bi2Sn2O7 samples. As shown in Figure 2a,
the BSO-12 sample was composed of irregular spheres with
diameter less than 500 nm, which formed via the combination
of nanocrystalline Bi2Sn2O7 (shown in the inset magnified SEM
image). As the hydrothermal synthesis time increased from 12
to 36 h, the morphological structures of the Bi2Sn2O7 samples
varied significantly (Figure 2a and Figure S4a,b), but all of them
formed via the aggregation of nanocrystalline Bi2Sn2O7 (inset
magnified images). The results demonstrated that the final
Bi2Sn2O7 samples consisted of nanocrystallines, which even-
tually assembled to different morphologies under different

Figure 1. XRD patterns of the Bi2Sn2O7 samples synthesized at
different reaction times.
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reaction times. The inset magnified images suggested that the
particle size of the Bi2Sn2O7 samples increased with the
increase in reaction time, which was consistent with the XRD
results.
The morphological structure of the BSO-12 sample was

further characterized by TEM. As shown in Figure 2b, the BSO-
12 sample consisted of nanoparticles with a size of
approximately 10−20 nm, which was consistent with the
SEM and XRD calculation results. The high-resolution TEM
image in Figure 2c exhibits continuous and well-resolved lattice
fringes, with d-spacing of ∼0.318 nm corresponding to the
(222) plane of Bi2Sn2O7.

21 Multidiffraction rings instead of dots
were observed in the inset of Figure 2c, suggesting that the
hydrothermally synthesized BSO-12 sample possessed a
polycrystalline nature. Figure 2d shows the particle size
distribution of the BSO-12 sample by measuring the
dimensions of 100 particles, and the results demonstrated
that the dominant particle size of Bi2Sn2O7 was 13 nm.
3.2. Specific Surface Area and Pore Structures. Table

S1 shows the specific surface areas and pore sizes of the
Bi2Sn2O7 samples. The BET surface areas of BSO-12, BSO-24,
and BSO-36 were 15, 10, and 9 m2/g, respectively. The pore
sizes of these samples varied with the surface areas. The
obvious decreases in the surface area and pore size of BSO-24
and BSO-36 were associated with morphological changes and
increased particle sizes. Generally, high surface area could
promote the mass transfer of gas pollutants or reaction

intermediates during the photocatalytic reaction processes.
The high surface area and high mass transfer efficiency of our
products were expected to enhance photocatalytic activity.

3.3. Optical Absorption. UV−vis diffuse reflectance
spectroscopy (DRS) was performed to characterize the
electronic states of the as-prepared samples. Figure 3 shows
the UV−vis spectra of the BSO-12, BSO-24, and BSO-36

Figure 2. (a) SEM images, (b) low-magnification TEM image, (c) high-resolution TEM images of BSO-12 (inset is SAED image of BSO-12), and
(d) particle size distributions of the BSO-12 sample obtained by measuring the length of the side of 100 particles.

Figure 3. DRS of the as-prepared Bi2Sn2O7 samples. Data are plotted
as transformed Kubelka−Munk function F(R) versus the wavelength
of light. Inset shows the plots of [F(R)hν]2 versus photon energy to
determine the direct transition energies of the final products.
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samples. The inset plots show the optical absorption edges (in
eV) of the Bi2Sn2O7 samples. As shown in Figure 3, all the
samples exhibited absorption bands in the visible light region.
The steep shape of the spectrum indicated that visible light
absorption was due to the band gap transition.26 The
absorption edge of BSO-36 blue-shifted (shifted to shorter
wavelengths) compared with those of BSO-12 and BSO-24,
which may be caused by the particle size effect.27−30 The band
gap energies estimated from [F(R)hν]2 versus photon energy
plots are summarized in Table S1. The optical band gaps were
2.65, 2.75, and 2.96 eV for BSO-12, BSO-24, and BSO-36,
respectively. These findings suggested the beneficial optical
(light absorption and scattering) and electrical properties of
Bi2Sn2O7 at effective particle sizes. Therefore, visible light
absorption ability makes nanocrystalline Bi2Sn2O7 a promising
photocatalyst for solar-driven applications.

4. PHOTOCATALYTIC PERFORMANCE ON NO
DEGRADATION

The photocatalytic efficiency of the as-prepared Bi2Sn2O7
samples was evaluated by the degradation of NO under
simulated solar light irradiation in a continuous reactor. Figure
4a shows the variation in NO removal rate ([(Co − C)/Co] %)
with irradiation time over the obtained Bi2Sn2O7 samples. Co is
the initial concentration of NO, and C is the concentration of
NO after photocatalytic degradation for time t. As previously
reported, NO can barely be photolyzed under light irradiation
without photocatalysts.11 As shown in Figure 4a, the NO
concentration drastically decreased after the simulated solar
light was turned on, and it reached a steady state after about 10
min. The NO removal rate over the BSO-12 sample reached
37%, which was much higher than those over BSO-24 (28%)
and BSO-36 (23%). The NO conversion rate and NO2 yield
over the samples are contrasted in Figure S5. The BSO-12

showed superior performance in NO conversion with lower
NO2 yield. Apparently the production of NO2 intermediate was
efficiently inhibited over the BSO-12 sample, which displayed
much higher selectivity than BSO-24 and BSO-36. Here we
suppose that the lower yield of NO2 generated from BSO-12
under irradiation is due to the superior charge separation and
rich amount of strong oxidative species. For an obviously
quantitative comparison, we used the Langmuir−Hinshelwood
model to describe the rates of the photocatalytic removal of
NO.9 Notably, the initial photocatalytic degradation of NO was
recognized to follow mass transfer controlled first-order kinetics
comparatively as a result of low-concentration target pollutants,
as evidenced by the linear plot of ln(C/Co) versus photo-
catalytic reaction time t. Figure 4b shows that the initial rate
constant of NO degradation over BSO-12 under simulated
solar light irradiation was estimated as 0.057 min−1, which was
faster than that over BSO-24 (0.041 min−1) and BSO-36 (0.040
min−1). These observations indicated that the reaction time
during synthesis significantly affected the photocatalytic activity
of the Bi2Sn2O7 samples because of its influence on the
photocatalyst microstructure, as evidenced by XRD, SEM, and
TEM characterizations.
To further study the stability of the Bi2Sn2O7 samples on the

photocatalytic oxidation of NO in gas phase, we carried out
multiple runs of the photocatalytic experiment with the
Bi2Sn2O7 samples. Interestingly, the Bi2Sn2O7 samples only
exhibited slight deactivation after five cycles of repeated
experiments. The slight decrease in activity was due to the
accumulation of NO3

− on the catalyst surface, resulting in the
deactivation of the photocatalysts.26,31 The stability of Bi2Sn2O7
was further confirmed via XRD. As shown in Figure S6, the
crystal structure of the used photocatalyst did not change after
the photocatalytic reaction with NO, which suggested its phase
stability. The produced amounts of NO2

− and NO3
− on the

surfaces of the Bi2Sn2O7 samples after the photoactivity test

Figure 4. (a) NO photocatalytic degradation under solar light irradiation for different Bi2Sn2O7 samples, (b) plots of the dependence of ln(C/Co) on
irradiation time, (c) photochemical stability of the BSO-12 sample, and (d) amount of produced NO2

− and NO3
−.
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were determined by ion chromatography. Figure 4d shows a
plot of the amount of produced NO2

− and NO3
− which was

estimated by the following equation: the amount of [NO3
−(μg/

g)] = [Cmeasured (NO3
−) × 10]/0.2. The amount of NO3

− on
the BSO-12 surfaces was the highest at 449.77 μg/g, followed
by those on BSO-24 (284.75 μg/g) and BSO-36 (241.29 μg/g).
This trend was consistent with the photocatalytic activity of the
three Bi2Sn2O7 samples. Moreover, an unstable intermediate
NO2

− which was estimated using the above methods showed
only a weak signal in the samples, probably because of the
presence of some active species with strong redox potential,
which can oxidize the majority of NO into NO3

−. These results
provide an accurate estimation of the final products from NO
degradation by the nanocrystalline Bi2Sn2O7. These results
demonstrated that the Bi2Sn2O7 samples are promising for air
purification under solar light irradiation.

5. INSIGHTS INTO THE ENHANCED
PHOTOCATALYTIC DEGRADATION MECHANISM
OF NO

The above experimental results demonstrated that the BSO-12
sample showed superior photocatalytic activities to the BSO-24
and BSO-36 samples under simulated solar light irradiation. In
general, the photocatalytic activity is closely related to the
generation, separation, migration efficiency, and oxidation−
reduction ability of the photogenerated charge carriers.32

Photocurrent is effective in characterizing the generation,
separation, and migration efficiency of photocarriers.33 As
shown in Figure 5a, steady and prompt photocurrent
generation was obtained over all the Bi2Sn2O7 samples during
the on and off cycles under simulated solar light irradiation.
Notably, the intensity of the photocurrent produced over the
BSO-12 sample was the highest among the three Bi2Sn2O7
samples, which exhibited a positive correlation with the
photocatalytic activity. The superior photocurrent production
ability of BSO-12 was attributed to the shorter migration
distance of carriers because of the largest surface area and
smallest particle size of BSO-12, as characterized by XRD and
SEM. The interface charge separation efficiency was inves-
tigated by the EIS spectra (Nyquist plots). A small arc radius
suggests high efficiency of charge transfer.21 As shown in Figure
5b, the radius of BSO-12 was the smallest among the three
samples, indicating that the charge transfer efficiency of BSO-12
was the highest, which was consistent with the photo-
luminescence characterization results (Figure S7). Obviously,
the BSO-12 sample displayed the lowest intensity, which
suggested that it possessed the highest separation efficiency of
charge carriers. These results implied that the small BSO-12
nanoparticles could effectively improve the separation efficiency
of photogenerated electron−hole pairs and charge migration.
An increase in the arc radius was observed with the prolonged
synthetic time. The superior charge transfer rate of BSO-12 was
attributed to its small particle size, high specific surface area,
and large dipole moment.
A proper band structure is essential for the photocatalytic

oxidation/reduction ability of photocatalysts.34 Figure 5c shows
the typical Mott−Schottky plots (1/C2 versus voltage (V/
SCE)) for the BSO-12 sample. The slope of the curve provided
the flat band potential (Vfb), which plays an important role in
deciding photocatalytic performance.35 The Vfb value of BSO-
12 was estimated at −0.81 V versus Ag/AgCl at pH 6.8
(equivalent to −0.61 eV vs NHE at pH 6.8). Thus, ECB of BSO-
12 was −0.61 eV, and the valence band potential (EVB) of BSO-

12 was 2.06 eV based on the measured band gap energy (Eg =
2.67 eV) of BSO-12 from UV−vis DRS measurements (Figure
3). ECB (−0.61 eV) of BSO-12 was more negative than that of
the redox potential of O2/·O2

− (−0.33 eV vs NHE),36

suggesting that the photoexcited electrons in the conduction
band could reduce O2 to ·O2

−. However, ECB of BSO-12 was
2.65 eV, which was more negative than the redox potential of
E0 (OH−/·OH, +2.38 eV).21,37 These analyses demonstrated
that the production of ·O2

− radicals during the photocatalysis
processes over the as-prepared BSO-12 samples was
thermodynamically favorable, whereas the formation of ·OH
radical was thermodynamically not allowed.
Radical trapping experiments were conducted to identify the

active radical species in the photocatalytic NO degradation
processes over the Bi2Sn2O7 samples. Scavengers, such as KI

Figure 5. (a) Photocurrent transient responses with a 300 W Xe arc
lamp for BSO-12, BSO-24, and BSO-36 in 0.1 M Na2SO4 solution at
0.2 V versus Ag/AgCl; (b) EIS Nyquist plots of BSO-12, BSO-24, and
BSO-36 in a 5.0 mM [Fe(CN)6]

3−/4− solution under simulated solar
light; and (c) Mott−Schottky plots of the BSO-12 sample.
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(1%), TBA (1%), and potassium dichromate (K2Cr2O7, 1%),
were used to trap hole (h+), hydroxyl radical (·OH), and
electron (e−), respectively. As shown in Figure 6a, the

photocatalytic activity of NO degradation over the BSO-12
sample showed insignificant variation after the addition of TBA
scavenger, which confirmed that ·OH radicals were not
involved in the photocatalytic processes. However, with the
addition of scavenger K2Cr2O7, the NO removal rate over BSO-
12 was reduced to 18%, which was reduced by 2 times as
compared with the original removal rate (37%). Thus, the
photoactivated electrons played an important role in NO
removal. Moreover, photocatalytic activity was also inhibited
with the introduction of scavenger KI, indicating that h+ was
also involved in the photocatalytic NO degradation processes.
These radical trapping results were consistent with the
aforementioned band structure analysis.

The DMPO-ESR method was adopted for the direct
identification and quantification of short-lived ·OH and ·O2

−

radicals during the photodegradation of NO over the as-
prepared Bi2Sn2O7 samples with DMPO as the spin trapping
reagent under simulated solar light irradiation. As shown in
Figure 6b and Figure 6c, the characteristic ESR signals of ·OH
and ·O2

− radicals were absent under dark conditions. The
signals assigned to ·OH radicals were not observed as in Figure
6b, whereas ·O2

− radicals were detected in the as-prepared
samples under simulated solar light irradiation (Figure 6c). The
signal of ·O2

− radicals for BSO-12 was much stronger than
those for BSO-24 and BSO-36. This result also suggested that
BSO-12 could produce more radicals, which was responsible for
its enhanced photocatalytic activity.
Therefore, based on the above analysis, the ·O2

− radicals and
holes were the predominant reactive oxidation species during
photocatalytic NO removal over Bi2Sn2O7 samples under
simulated solar light irradiation. The BSO-12 sample could
produce more intensive active species, which resulted in its
superior photocatalytic activity compared with BSO-24 and
BSO-36. This finding was attributed to the intrinsic properties
of BSO-12, such as small particle size, superior light absorption
ability, and high surface area. A possible photocatalytic reaction
mechanism for NO removal over the Bi2Sn2O7 samples under
simulated solar light irradiation was proposed, as shown in
Figure 7. The photodegradation mechanism of NO involves a

battery of processes.38,39 First, NO is adsorbed on the surface of
the photocatalyst until adsorption−desorption equilibrium
achieved. The photocatalytic oxidation of gaseous NO has
been proposed to involve the reactions displayed in eqs 1−4, in
which nitrogen monoxide reacted with reactive radicals
producing NO2

− and NO3
−, which can be formed by the

following processes:

ν+ → +− +hBSO e (BSO) h (BSO) (1)

+ → ·− −e (BSO) O O2 2 (2)

+ · →− − −NO O NO /NOx 2 3 2 (3)

Figure 6. (a) Active species trapping of BSO-12. DMPO-ESR spin
trapping spectra for the detection of ·OH (b) and ·O2

− (c) in aqueous
solution under simulated solar light irradiation.

Figure 7. Schematic diagram of the photocatalytic degradation
mechanism of NO with the as-prepared Bi2Sn2O7 samples under
simulated solar light irradiation.
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+ →+ −NO h (BSO) NOx 3 (4)

In order to verify the quantitative transformation of NO in
nitrite and or nitrate (NOx

−), the nitrogen mass balance was
calculated between the amount of produced final product NOx

−

and NO2 intermediate and the amount of NO removed from
air after 60 min of irradiation. As shown in Figure S8, the BSO-
12 shows the maximum amount in NO conversion and
accumulation of NOx

− with lower NO2 yield than BSO-24 and
BSO-36. The results appearing may be due to the rapid charge
separation and sufficient amount of strong oxidative species,
while the BSO with smaller particle size could potentially
reduce the chance of charge recombination and increase the
surface area and amount of oxidative species leading to a more
complete oxidation of NO. The inserted table showed the
calculated and measured [NOx

−] values. Compared with the
calculated values, the measured values are lower, which could
be attributed to the particle of NOx

− on the surface of catalysts
drawn airflow away. Moreover, there may be some new species
undetectable by chemiluminescent NOx analyzer and ion
chromatography.11

6. CONCLUSION
In summary, nanocrystalline Bi2Sn2O7 samples were success-
fully synthesized through a facile hydrothermal route, and the
associated photocatalytic NO removal mechanism was
investigated in detail. Synthesis time was a key factor
influencing the microstructures of the resulting Bi2Sn2O7
samples, which eventually affected their photocatalytic
activities. The BSO-12 sample exhibited superior activity to
those of BSO-24 and BSO-36 samples because of its smaller
particle size, improved optical absorption capability, high
specific surface area, and rapid separation/diffusion rates of
the photogenerated charge carriers. Results of trapping
experiments of active species and DMPO-ESR characterization
demonstrated that the photogenerated holes and ·O2

− radicals
were involved in photocatalytic NO degradation. This study
showed that nanocrystalline Bi2Sn2O7 is a promising photo-
catalyst for indoor air purification.
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