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ABSTRACT: Novel plasmonic Bi nanoparticles deposited in situ in (BiO)2CO3
microspheres (Bi/BOC) were fabricated via a one-pot hydrothermal treatment of
bismuth citrate, sodium carbonate, and thiourea. Different characterization techniques,
including XRD, SEM, TEM, XPS, UV−vis DRS, PL, time-resolved fluorescence
spectra, and photocurrent generation, were performed to investigate the structural and
optical properties of the as-prepared samples. The results indicated that the Bi
nanoparticles were generated on the surface of (BiO)2CO3 microspheres via the in situ
reduction of Bi3+ by thiourea. The Bi nanoparticle deposited (BiO)2CO3 microspheres
were employed for the photocatalytic removal of NO in air under visible light
irradiation, and the sample exhibited a drastically enhanced photocatalytic activity and
oxidation ability. The highly enhanced activity was attributed to the cooperative
contribution of the surface plasmon resonance (SPR) effect, the efficient separation of
electron−hole pairs, and the prolonged lifetime of charge carriers by the Bi
nanoparticles. The behavior of Bi nanoparticles as a cocatalyst for enhancing
photocatalytic activity is similar to that of noble metals in photocatalysis. When the amount of thiourea was controlled at 5%, the
corresponding Bi/BOC sample exhibited the highest photocatalytic activity and exceeded those of other types of visible light
photocatalysts, such as nonmetal-doped TiO2, C3N4, BiOBr, N-doped (BiO)2CO3, and even Ag-deposited (BiO)2CO3. The
visible light photocatalytic activity of Bi/BOC was also tested at different wavelengths and with different light sources. It was
found that the high activity could be well maintained even under a 5 W energy-saving light, demonstrating its great potential in
practical applications. On the basis of DMPO-ESR spin trapping, the active species produced from Bi/BOC under visible light
were hydroxyl radicals. Bi/BOC could produce more hydroxyl radicals in comparison to BOC due to the SPR effect of Bi,
contributing to the enhanced oxidation ability. Furthermore, the Bi/BOC sample displayed a high photochemical stability under
repeated irradiation. This work demonstrated the great feasibility of utilizing low-cost Bi nanoparticles as a substitute for noble
metals to enhance visible light photocatalysis.

KEYWORDS: plasmonic Bi nanoparticles, (BiO)2CO3 microspheres, hydrothermal method, SPR effect, visible light photocatalysis,
charge separation

1. INTRODUCTION

Photocatalysis technology has attracted enormous interest
because it is an economical and environmentally friendly
technology that can be applied in environmental remediation,
solar energy conversion, and organic photosynthesis.1−5

Various types of semiconductor photocatalysts have been
developed.6−8 Specifically, TiO2-based photocatalysts have
been widely investigated.9,10 However, the rapid recombination
rate of electron−hole pairs and the low utilization of solar
energy on TiO2 photocatalysts result in low photocatalytic
activity.11 Therefore, the development of photocatalysts with
outstanding visible light activity is urgent and indispensable.
Bismuth is a semimetal that has a very small band overlap

and possesses interesting surface plasmon resonance (SPR)

properties.12 Various nanostructured Bi species have been
synthesized for nanocatalysis and optical applications.13−17

Recently, Bi was also found to show photocatalytic
activity.18−22 We have discovered the direct plasmonic
photocatalysis of Bi element mediated by SPR for NO
removal.22 Given the high cost of noble metals, inexpensive
Bi with its unique properties can be an alternative (SPR effect
and electron trap) in the photocatalytic process. The synthesis
and modification of Bi-based semiconductor photocatalysts has
attracted intense research interest.23−25 Several Bi element
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deposited photocatalysts have been reported, such as Bi/
Bi2O3,

26 Bi/BiOCl,27,28 and Bi/BiOI.29 These nanocomposite
photocatalysts exhibit enhanced photocatalytic activity in
comparison with their separate components due to the
existence of Bi.
As a bismuth-containing semiconductor photocatalyst,

(BiO)2CO3 has received great research interest because of its
attractive morphology and high photocatalytic activity. Chen
and co-workers prepared (BiO)2CO3 nanotubes, nanobars,
nanoplates, and nanocubes via a simple reflux or solvothermal/
hydrothermal process.30,31 Xie’s group also synthesized various
(BiO)2CO3 microstructures for the degradation of the aqueous
dye Rhodamine B (RhB).32 (BiO)2CO3 nanosheets and
flowerlike structures were prepared by Huang et al.33 Cao’s
group fabricated persimmon-like (BiO)2CO3, which displayed
efficient photocatalytic activity for the degradation of RhB and
eosin sodium salt under simulated solar light irradiation.34 Yu
and co-workers reported on BiVO4/(BiO)2CO3 and graphene/
(BiO)2CO3 nanocomposites with enhanced visible light
photocatalytic activity.35,36 Our research team fabricated N-
doped (BiO)2CO3 and Ag-deposited (BiO)2CO3 hierarchical
microspheres, which exhibited outstanding photocatalytic
activity for the degradation of NO in air under visible light
irradiation.37−40 Given the noble-metal-like behavior of Bi,
developing Bi/(BiO)2CO3 nanocomposites to enhance photo-
catalysis efficiency has drawn significant interest. To date,
studies on Bi nanoparticle-deposited (BiO)2CO3 microspheres
have never been reported.
In this study, we developed a one-pot hydrothermal method

to deposit Bi in situ as cocatalyst on (BiO)2CO3 microspheres.
During the hydrothermal reaction, thiourea functioned as a
reductant and easily reduced Bi3+ to metallic Bi. Photocatalytic
activity tests for NO removal were carried out to investigate the
activity variation of the sample after metallic Bi deposition. The
results showed a drastically enhanced visible light photocatalytic
activity which was much higher than that of pure (BiO)2CO3
and Bi because of the SPR effect, efficient separation of
electron−hole pairs, and prolonged lifetime of charge carriers
by Bi nanoparticles. The catalytic behavior of Bi nanoparticles
as a cocatalyst is similar to that of noble metals. Meanwhile, the
as-prepared samples exhibited decent photochemical stability
and could work under low-energy lamps, which are significant
for their practical applications. The present work demonstrated
the possibility for the utilization of low-cost Bi nanoparticles as
a substitute for noble metals to improve the performance of
other photocatalytic materials.

2. EXPERIMENTAL SECTION
2.1. Synthesis. All of the reagents employed in this study

were of analytical grade and were used without further
purification. In a typical synthesis process, sodium carbonate
(0.46 g) was first dissolved in distilled water (70 mL) in a 100
mL autoclaved Teflon vessel and the mixture was then stirred
for 10 min. An appropriate volume of 0.04 mol/L thiourea
solution was then added, and the resulting solution was stirred
further for 10 min. The amounts of thiourea solution added
were 0.5, 2.5, and 5.0 mL. Afterward, bismuth citrate (1.6 g)
was added to the solution, and the mixture was stirred for 30
min to ensure that all reagents were dissolved. The resulting
precursor suspension was hydrothermally treated at 160 °C for
24 h. After the mixture was cooled to room temperature, the
resulting solid was filtered, washed with water and ethanol four
times, and dried at 60 °C for 12 h to obtain the final sample.

The mass ratios of thiourea to (BiO)2CO3 were controlled at
1%, 5%, and 10%, and the resulting samples were labeled as Bi/
BOC-1, Bi/BOC-5, and Bi/BOC-10, respectively. Pure
(BiO)2CO3 microspheres and Bi nanoparticles were also
prepared as references and labeled as BOC and Bi,
respectively.22,39

2.2. Characterization. The X-ray diffraction (XRD)
patterns of the samples were obtained using an X-ray
diffractometer equipped with intense Cu Kα radiation
(Model D/max RA, Rigaku Co., Japan). The morphology,
structure, and chemical composition of the obtained products
were analyzed using a scanning electron microscope (SEM-
EDX, JEOL Model JSM-6490, Japan), a transmission electron
microscope (TEM, JEM-2010, Japan), and a high-resolution
transmission electron microscope (HRTEM). The Brunauer−
Emmett−Teller (BET) specific surface areas (SBET) of the
samples were determined using a nitrogen adsorption apparatus
(ASAP 2020, USA) with all samples degassed at 100 °C for 12
h prior to measurements. X-ray photoelectron spectroscopy
(XPS) measurements were carried out to investigate the surface
chemical compositions and states with Al Kα X-ray (hν =
1486.6 eV) radiation source operated at 150 W (Thermo
ESCALAB 250, USA). The UV−vis diffuse reflection spectra
(UV−vis DRS) were obtained for the dry-pressed disk samples
by using a Scan UV−vis spectrophotometer (UV-2450,
Shimadzu, Japan) with 100% BaSO4 as the standard sample.
Photoluminescence (PL, F-7000, Hitachi, Japan) was used to
investigate the optical properties of the obtained samples. The
steady and time-resolved fluorescence emission spectra were
recorded at room temperature by using a fluorescence
spectrophotometer (Edinburgh Instruments, FLSP-920). The
sample for ESR measurement (FLsp920, England) was
prepared by mixing the as-prepared samples in a 50 mM
DMPO (5,5′-dimethyl-1-pyrroline N-oxide) solution with
aqueous dispersion for DMPO·OH. The visible light irradiation
source was a 300 W Xe arc lamp (PLS-SXE 300, Beijing)
system equipped with a UV cutoff filter (λ >420 nm). The
photoelectrochemical measurements were conducted in a
three-electrode system on a CH 660D electrochemical
workstation, using the FTO glass with the as-prepared samples
as the working electrode, saturated calomel electrode as the
reference electrode, and Pt wire as the counter electrode. For
the photocurrent test, the working electrode was irradiated
from the sample side under a 300 W Xe lamp. Incident visible
light was obtained by utilizing a 420 nm cutoff filter. The
photocurrent−time dependence at open circuit potential was
measured in 0.5 M Na2SO4 under chopped illumination.

2.3. Evaluation of Photocatalytic Activity. The photo-
catalytic activity of the as-synthesized samples was evaluated by
removing NO at the ppb level in a continuous flow reactor. The
reactor had a capacity of 4.5 L (30 cm × 15 cm × 10 cm), made
of polymeric glass and covered with Saint-Glass. A commercial
tungsten halogen lamp (100 W) was vertically placed 20 cm
above the reactor. A UV cutoff filter (420 nm) was applied to
remove UV light for tests of visible light photocatalytic activity.
A diagrammatical representation and a photo of the
experimental setup are shown in Figure S1 (Supporting
Information). The as-prepared sample (0.20 g) was dispersed
in distilled water (50 mL) in a beaker via ultrasonic treatment
for 10 min and then coated onto two glass dishes (12.0 cm in
diameter). The coated dishes were pretreated at 70 °C to
remove water in the suspension and were placed at the center
of the reactor after being cooled to room temperature. The NO
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gas was acquired from a compressed gas cylinder at a
concentration of 100 ppm of NO (N2 balance). The initial
concentration of NO was diluted to about 600 ppb via air
streaming. The flow rates of the air stream and NO were
controlled at 2.4 L min−1 and 15 mL min−1, respectively. The
two gas streams were then premixed in a three-way valve. The
relative humidity was controlled at 50% in the air stream. When
the adsorption−desorption equilibrium was achieved, the lamp
was turned on. The concentration of NO was measured every 1
min by using an NOx analyzer (Thermo Scientific, 42i-TL),
which also monitored the concentrations of NO2 and NOx
(NOx represents NO + NO2). The removal ratio (η) of NO
was calculated using η (%) = (1 − C/C0) × 100%, where C is
the outlet concentration of NO after reaction for time t and C0
represents the inlet concentration after achieving adsorption−
desorption equilibrium.

3. RESULTS AND DISCUSSION
3.1. Phase Structure. Figure 1 shows the XRD patterns of

the as-prepared samples. The diffraction peaks of BOC are

perfectly indexed as a tetragonal (BiO)2CO3 phase (JCPDS-
ICDD Card No. 41-1488). After the addition of thiourea to the
precursors, all results for the Bi/BOC samples can also be
indexed to the (BiO)2CO3 phase. The intensity of diffraction
peaks increased with the addition of thiourea, which suggests
that the addition of thiourea results in improved crystallinity of
the samples. The average particle sizes of BOC, Bi/BOC-1, Bi/
BOC-5, and Bi/BOC-10 estimated by XRD-Rietveld are 5.4,
5.8, 6.0, and 7.6 nm, respectively. The particle size of the
samples increases slightly when the amount of thiourea is less
than 5%. When the amount of thiourea is increased to 10%, the
particle size is increased up to 7.6 nm. However, no
characteristic peaks of Bi can be observed in the XRD patterns,
probably because of its low content and high dispersion. Similar
circumstances have been reported in other metal/semi-
conductor photocatalysts. For example, Zan et al. found that
it was difficult to prove the existence of metallic Ag in Ag/AgX/
BiOX by XRD patterns.41 Instead, the presence of metallic Ag
in the composites was further proved by XPS and HRTEM
observations.41 Zhu et al. found that no diffraction peaks were
observed for Au particles due to its high dispersion on the

surface of TiO2 nanosheets in Au/TiO2 composites.42 The
diffraction peaks of Ag were hardly found in the Ag/g-C3N4
heterostructures due to its low content and high dispersion.43

The changes in diffraction peaks and lattice parameters of
(BiO)2CO3 in the Bi/BOC samples are also not detectable,
which implies that Bi did not enter the lattice of (BiO)2CO3
but was only on the surface.44 On the basis of the crystal
structure of (BiO)2CO3, the (Bi2O2)

2+ and CO3
2− layers are

orthogonally intergrown. This internal layered structure would
mediate a lower growth rate along a particular axis to form a
nanosheet morphology.38,45

3.2. Morphological Structure. The morphologies of the
samples were characterized via SEM, TEM, and HRTEM.
Typical SEM images at different magnifications are shown in
Figure 2. The pure (BiO)2CO3 (Figure 2a,b) sample consists of

many flowerlike hierarchical microspheres (∼1.0 μm) self-
assembled by nanosheets. The Bi/BOC-1 microspheres (Figure
2c,d) with an increased diameter of about 1.5 μm are self-
assembled by nanosheets and are more compact.
Figure 3a,b indicates that these microspheres become less

regular when the amount of thiourea is increased from 1% to
5%, and this result was caused by the generation of Bi particles.
Although the reduced Bi cannot be directly detected in the
SEM images because of its small size, the change in sample
color (see the inset photos in UV−vis DRS spectra in Figure 6)
from white to gray confirms the presence of Bi in Bi/BOC-5.
The morphological structure of the sample was further
examined via TEM and HRTEM. On the basis of TEM
observations (Figure 3c), the Bi/BOC-5 sample consisted of
hierarchical microspheres that have solid centers. Figure 3d
shows a typical HRTEM image of Bi/BOC-5, which is taken on
the edge of a single nanosheet. The lattice spacings are 0.27 and
0.33 nm, which correspond to the (110) crystal plane of
(BiO)2CO3 and (012) lattice plane of Bi, respectively. This
result confirms the presence of Bi particles with an average
diameter of 10 nm on the surface of (BiO)2CO3 microspheres.
The Bi particles were produced by the reduction of thiourea via
the reaction given in eq 1. The resulting sulfur is removed by
filtering and washing during the preparation.
Figure S2 (Supporting Information) shows the EDX of one

point in a microsphere (Figure 3e), and the result indicates that
the Bi/O atomic ratio in Bi/BOC-5 is 2.075/5, which is higher

Figure 1. XRD patterns of BOC, Bi/BOC-1, Bi/BOC-5, and Bi/BOC-
10 samples.

Figure 2. SEM images of BOC (a, b) and Bi/BOC-1 (c, d).
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than that of BOC (2/5 in (BiO)2CO3). This fact implies that
elemental Bi particles are actually deposited on BOC,
consistent with HRTEM. The EDX mapping of a microsphere
in Bi/BOC-5 as shown in Figure 3f−h suggests that the C, O,
and Bi elements are distributed uniformly in Bi/BOC-5.
Figure 4a,b obviously shows that the flowerlike hierarchical

microspheres partially collapsed and transformed into stacked
nanosheets because of the generation of more Bi particles.

When the amount of thiourea is increased to 10%, more Bi3+

ions are reduced to Bi particles, which is confirmed by the
change in sample color from gray to dark gray (see the inset of
photos in UV−vis DRS spectra in Figure 6). The TEM in
Figure 4c indicates that Bi/BOC-10 is hollow in the center and
is self-assembled by numerous thin nanosheets. The HRTEM
image (Figure 4d) of a single nanosheet shows that some Bi
particles with an average diameter of 10 nm are attached on the
surface. Except for the lattice spacing (0.27 nm) of the (110)
crystal plane in (BiO)2CO3, the lattice spacing (0.33 nm)
corresponding to the (012) lattice plane of Bi could also be
observed.
The BET surface areas of BOC, Bi/BOC-1, Bi/BOC-5, and

Bi/BOC-10 are determined to be 46, 45, 44, and 34 m2/g,
respectively. The obvious decrease in the surface area of Bi/
BOC-10 is associated with the morphological change and
increased particle sizes (Figure 4). The partial destruction of
the hierarchical microspheres resulted in decreased surface
areas.

3.3. Chemical Composition by XPS. The surface
chemical composition of the Bi/BOC-5 sample was inves-
tigated via XPS (Figure 5). Figure 5a shows the survey of the
samples, indicating that all of the samples consist of Bi, O, and
C. The high-resolution XPS spectra for Bi 4f are shown in
Figure 5b. The two strong peaks at 159.1 and 164.4 eV are
assigned to Bi 4f7/2 and Bi 4f5/2, respectively, which are the
features of Bi3+ in (BiO)2CO3.

46 For Bi/BOC-1, Bi/BOC-3,
and Bi/BOC-5, samples, two low peaks located at 156.7 and
162.0 eV can be observed, which can be attributed to black
metallic Bi, consistent with EDX and HRTEM results (Figure
3d,e).47 The peak intensity of metallic Bi is increased with an
increasing amount of thiourea. The concentrations of Bi on the
surface of Bi/BOC-1, Bi/BOC-5, and Bi/BOC-10 samples are
determined to be 0.77, 0.92 and 1.04%, respectively. These
findings provide a decent explanation for the color change from
white to dark gray, which is also in agreement with the TEM
observations. The O 1s peak (Figure 5c) centered at 530.5 eV
can be ascribed to the Bi−O bonds in (BiO)2CO3. Figure 5d
shows the C 1s spectra. The peak at 284.8 eV is caused by the
adventitious carbon species, whereas the peak at 288.7 eV is the
characteristic peak of CO3

2− in (BiO)2CO3. N and S are not
detected for the Bi/BOC samples, as shown in Figure S3a,b
(Supporting Information), indicating that N and S are not
doped in (BiO)2CO3 during the synthesis.

3.4. Light Absorption, Charge Separation, and Carrier
Lifetime. UV−vis DRS was performed to determine the
optical properties of the as-prepared samples. As shown in
Figure 6, Bi/BOC-1 exhibits the strongest absorption in the UV
region, which can be attributed to its regular morphology. The
UV absorption intensity gradually decreased with increasing
amounts of thiourea. For Bi/BOC-10, the absorption intensity
even becomes lower than that of BOC, which can be attributed
to its collapsed microspheres (Figure 4). In the visible light
region, the absorption is gradually enhanced with increasing
amounts of thiourea. Such absorption is in accordance with the
color change of the samples (inset of Figure 6) caused by the
appearance of metallic Bi. Notably, a stronger absorption
centered at 550 nm is observed, which could be due to the SPR
property of metallic Bi. A previous report demonstrated that, as
a non-noble metal, Bi displays SPR properties in the near-
ultraviolet and visible light range.48 This SPR peak is red-shifted
in comparison with that for pure metallic Bi (50−100 nm),
which can be ascribed to the different sizes of Bi particles.48

Figure 3. SEM (a, b), TEM (c), and HRTEM (d) images and EDX
mapping of a microsphere ((f)−(h) in (e)) of Bi/BOC-5.

+ +

→ + + +

+

+

3(NH ) CS 2Bi 6H O

2Bi 3S 3CO 6NH
2 2

3
2

2 4 (1)

Figure 4. SEM (a, b) TEM (c), and HRTEM (d) images of Bi/BOC-
10.
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Wang et al. observed the SPR absorptions of Bi (10−70 nm in
size) at around 550 nm, which was attributed to the surface
plasmon resonance and light scattering.20 Broad visible
absorption bands (450−600 nm) of Bi-based composite
samples were also reported by other groups.27,28 In general,
the formation of metallic Bi on the surface of (BiO)2CO3
microspheres can significantly enhance the visible light
absorption through the SPR effect.
Photoluminescence (PL) emission is a useful technique in

investigating the generation, transfer, and recombination of
charge carriers. Figure 7 shows the room-temperature PL
spectra of the as-prepared samples. All samples exhibit a broad
emission peak centered around 350−400 nm. Generally, a low

PL intensity is generally indicative of a high separation
efficiency of electron−hole pairs.28,49−51 Obviously, the Bi/
BOC samples show significantly diminished PL intensity in
comparison with pure BOC, which suggests that the deposition
of Bi results in a remarkable decline in the recombination rate
of electron−hole pairs. This result is supported by the fact that
metallic Bi on the surface can function as electron traps and
therefore contribute to electron−hole separation.27 Further-
more, the Bi/BOC-5 sample displays the lowest intensity,
which suggests that it possess the highest separation efficiency
of charge carriers. However, a further increase in the amount of
Bi leads to an increase in recombination rate, which implies that

Figure 5. XPS spectra of the samples: (a) survey; (b) Bi 4f; (c) O 1s; (d) C 1s.

Figure 6. UV−vis DRS spectra of BOC, Bi/BOC, and Bi samples. The
insets give photos of sample color.

Figure 7. Room-temperature PL spectra of BOC and Bi/BOC.
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the amount of metallic Bi influences the separation of the
charge carriers.
The photophysical properties of photoexcited charge carriers

of BOC and Bi/BOC-5 were further analyzed using nano-
second-level time-resolved fluorescence decay spectra, as
illustrated in Figure 8. The decay spectra were fitted to obtain
the radiative lifetime of the samples. The fitting results are given
in Table 1 with two lifetime components (τ1, τ2) and the

corresponding relative percentages of charge carriers. The
shorter lifetime (τ1) of BOC is 0.4 ns. After deposition of
metallic Bi, the shorter lifetime of Bi/BOC-5 increased up to
0.7 ns. The relative percentage of charge carriers with shorter
lifetime of the two samples shows only a slight change. The
longer lifetime (τ2) of charge carriers increased from 5.5 ns for
BOC to 6.9 ns for Bi/BOC-5. In addition, the relative
percentage of charge carriers with longer lifetime changes
slightly for the two samples. These results suggest that the

radiative lifetimes of all charge carriers are increased by the
formation of Bi/BOC heterostructures. The prolonged lifetime
of charge carriers can be attributed to the interface transfer of
photoexcited electrons between (BiO)2CO3 and Bi particles.
The prolonged lifetime of charge carriers can increase their
probability of participating in photocatalytic reactions before
recombination.49

Figure S4 (Supporting Information) shows the curves of
photocurrent generation for BOC and Bi/BOC-5 electrodes
under visible light irradiation. It can be seen that the
photocurrent of Bi/BOC-5 is significantly higher that of
BOC, which confirms that the charge separation efficiency of
Bi/BOC-5 is greatly enhanced by metallic Bi, consistent with
results from room-temperature PL and time-resolved fluo-
rescence decay spectra.49

3.5. Photocatalytic Activity, Mechanism, and Photo-
chemical Stability. The photocatalytic activities of the
obtained Bi/BOC nanocomposites were evaluated in terms of
NO removal in the gas phase. Previous reports have shown that
NO is very stable and cannot be photolyzed under light
irradiation without photocatalysts.46 In the presence of
photocatalytic materials, NO can react with photogenerated
reactive radicals to produce HNO3 as the final product.39,46

Figure 9a shows the variation of NO concentration (C/C0 %)
with irradiation time for Bi/BOC samples under visible light
irradiation with pure (BiO)2CO3 and Bi as references.

Figure 8. Nanosecond-level time-resolved fluorescence spectra monitored at 440 nm under 375 nm excitation at room temperature for BOC (a) and
Bi/BOC-5 (b) samples.

Table 1. Kinetics of Emission Decay Parameters of BOC and
Bi/BOC-5 Samples

sample component lifetime (ns) rel amt (%) χ2

BOC τ1 0.4 95.6 1.021
τ2 5.5 4.4

Bi/BOC-5 τ1 0.7 96.0 1.010
τ2 6.9 4.0

Figure 9. Adsorption process and visible light photocatalytic activity of Bi/BOC, Bi, and BOC samples for the removal of NO at different
wavelengths (a) and with different light sources (λ >420 nm) (b).
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Obviously, metallic Bi exhibits negligible visible light activity for
NO removal. This can be attributed to the fact that the
potential of electrons generated under visible light irradiation
are not negative enough to induce the production of •O2

− and
the holes are not positive enough for the production of •OH.22

An NO removal ratio of 22% is achieved for pure (BiO)2CO3
under visible light irradiation because of surface scattering and
the reflecting effect.49 The NO removal ratios for Bi/BOC-1,
Bi/BOC-5, and Bi/BOC-10 are 36%, 58%, and 34%,
respectively, which are more efficient than that of pure
(BiO)2CO3. Considering the similar morphologies, surface
areas, and particle sizes of Bi/BOC-1 and Bi/BOC-5 samples,
we can conclude that the metallic Bi can act as an excellent
cocatalyst for enhancing visible light photocatalytic activity.
Obviously, the Bi/BOC-5 exhibits the most efficient photo-
catalytic performance, which is significantly higher than that of
other types of visible light photocatalysts, such as C-doped
TiO2 (25%), N-doped TiO2 (36%), C3N4 (33%), and BiOBr
(21%), and significantly higher than that of Ag-deposited
(BiO)2CO3 (54%).49 These reference photocatalysts were
tested under the same conditions. Thus, the discovery that
metallic Bi could behave as a superior non-noble-metal-based
cocatalyst is of great significance.
However, a further increase in the amount of thiourea to 10%

leads to a decrease in photocatalytic activity, which can be
ascribed to the collapsed (BiO)2CO3 microspheres (Figure 4),
decreased BET surface area, increased particle size, and
shadowing effect of excess Bi on (BiO)2CO3. The collapsed
microspheres hinder the rapid diffusion of reaction inter-
mediates and products. The decreased BET surface area
reduces the surface active sites in the photocatalytic reaction.
The excess metal would become the recombination centers of
electron−hole pairs and finally result in decreased activity.52,53

The above results indicate that an appropriate amount of
metallic Bi could dramatically enhance the visible light
photocatalytic activity of (BiO)2CO3 microspheres. As is
known, NO2 is an intermediate during the photocatalytic
oxidation of NO. For practical application, the generation of
NO2 should be inhibited. Figure S5 (Supporting Information)
shows the evolution of NO2 in the outlet of the reactor system.
The fraction of NO2 produced by Bi/BOC-5 is much lower
than that of BOC, which implies that Bi/BOC-5 has a much
higher oxidation ability than other samples. This could be
explained by the fact that Bi/BOC-5 produces more hydroxyl
radicals, which will be discussed later.
When a 450 nm cutoff filter was used, the photocatalytic

activities of BOC and Bi/BOC-5 both decreased, but the
activity of Bi/BOC-5 remained higher than that of BOC. The
photocatalytic activity of Bi/BOC-5 was further tested under
different light sources. As shown in Figure 9b, the NO removal
ratio under a 32 W energy-saving lamp decreased to 46%.
When the lamp was changed to 5 W, the NO removal ratio still
reached as high as 31% and was even higher than that of BOC
(22%) under 100 W. This result implies that the Bi/BOC-5
sample is a powerful photocatalyst that could work under low-
energy lamps, which is definitely favorable for saving energy.
The factors that drive the Bi cocatalyst deposited (BiO)2CO3

microspheres to possess such an exceptionally high visible light
activity and oxidation ability were further investigated. On the
basis of the various characterizations, the highly enhanced
photocatalytic activity of Bi/BOC can be ascribed to the
synergistic effects of particular factors. First, the SPR effect of
metallic Bi propels the Bi/BOC samples to absorb more visible

light, as demonstrated in UV−vis DRS (Figure 6). Meanwhile,
the SPR effect photoexcites Bi nanoparticles, thereby enhancing
the surface electron excitation and interfacial electron trans-
fer.22,49,54,55 Second, given that the Fermi level of metal Bi
(−0.17 eV) is higher than the conduction band of (BiO)2CO3
(0.20 eV), the photoexcited electrons would transfer from Bi
particles to (BiO)2CO3 (Figure 10). Once the electrons are

released, Bi would shift to more positive potentials to generate
positive charges. By accepting electrons from the valence band
of (BiO)2CO3, Bi would return to its primal state, similar to
that of Ag as a concatalyst in photocatalysis.56 Such interface
transfer (I) of electrons from (BiO)2CO3 to Bi nanoparticles
reduces the recombination of electron−hole pairs and increases
the lifetime of charge carriers in (BiO)2CO3 (Figures 7 and 8
and Figure S2 (Supporting Information)). In addition, the SPR-
mediated local electromagnetic field of Bi(II) also radiatively
contributes to the generation and separation of electron−hole
pairs in (BiO)2CO3.

57 After the separation of electrons and
holes, these two kinds of photogenerated charge carriers would
be transformed into active species (•OH) that are responsible
for the degradation of pollutants. Given that the redox potential
of O2/

•O2
− is −0.33 eV, which is more negative than that of the

CB of (BiO)2CO3, the CB electrons could not reduce the O2.
Instead, the photoexcited electrons of (BiO)2CO3, together
with the electrons transferred from Bi, can reduce O2 to H2O2,
given that the redox potential of O2/H2O2 is 0.695 eV. The
formed H2O2 would be further transformed into •OH by
capturing an electron.58 Meanwhile, the potential of the holes at
the VB of (BiO)2CO3 (3.53 eV) is more positive than the redox
potential of OH−/•OH (1.99 eV), and therefore the holes can
oxidize OH− into •OH radicals. Given that •OH radicals are
major reactive oxidation species, they could oxidize NO to for
the final HNO2 and HNO3 products.
The •OH radicals are further detected by DMPO-ESR spin

trapping, as shown in Figure 11. Under the irradiation of visible
light, •OH radicals can be detected for BOC and Bi/BOC-5
samples. Further observations in Figure 11 indicate that the
signal of •OH radicals for Bi/BOC-5 is much stronger than that
of BOC. This result also suggests that Bi/BOC-5 could produce
more radicals, which is responsible for its enhanced photo-

Figure 10. Photocatalytic mechanism scheme of Bi/BOC under visible
light irradiation: interface transfer of electrons from (BiO)2CO3 to
Bi(I) and local electromagnetic field of Bi(II).
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catalytic activity and oxidation ability (Figure S5 (Supporting
Information)). The generation of more •OH radicals by Bi/
BOC-5 is associated with the SPR effect of Bi particles and
transfer of electrons from Bi particles to BOC.22 Figure S6
(Supporting Information) shows that the superoxide radicals
(•O2

−) cannot be detected by DMPO-ESR spin trapping, as the
redox potential of O2/

•O2
− is more negative than that of the

CB potential of (BiO)2CO3. On the basis of the above analysis,
the schematic illustration of the photocatalytic mechanism of
Bi/BOC under visible light irradiation has been shown in
Figure 10. The metallic Bi particles exhibit special noble-metal-
like behavior (Ag and Au) in terms of increased visible light
absorption and enhanced charge separation and transfer
because of the SPR effect, thereby greatly promoting the
visible light photocatalytic activity.
An ideal photocatalyst should maintain photochemical

stability and durability under repeated irradiation.46 Figure
12a shows the repeated visible light photocatalytic activity of
Bi/BOC-5. No distinct activity decay is observed after five
recycling runs. Figure 12b implies that the Bi/BOC-5 sample
could main a high activity for 300 min irradiation without
obvious deactivation. These results indicate that the Bi
nanoparticle deposited (BiO)2CO3 microspheres are relatively
stable and cannot be easily photocorroded during the
photocatalytic process. The stability of Bi/BOC-5 was further
confirmed via XRD. As shown in Figure 13a, the XRD patterns

of the sample before and after repeated irradiation are almost
the same, which suggests its phase stability. The morphology of
Bi/BOC-5 is also well-maintained after repeated irradiation
(Figure 13b). Figure S7 (Supporting Information) shows the
high resolution XPS spectra of the elements in Bi/BOC-5 after
repeated runs. The N-related species cannot be detected
(Figure S7), indicating that the oxidation product (NO3

−) is
rare on the catalyst surface and did not accumulate on the
surface. Instead, the oxidation product as a HNO3 vapor would
be mainly released in the gas phase and can be easily removed
by subsequent absorption (Figure S1a (Supporting Informa-
tion)). Figure S7 also shows that the XPS spectra for Bi 4f, O
1s, and C 1s for the fresh samples, together with the XRD and
SEM of Bi/BOC-5 after repeated runs, which indicates the
excellent structural and photochemical stability of Bi/BOC-5.
The photochemical stability of Bi/BOC-5 can be attributed to
the fact that the reaction intermediates and products could
rapidly diffuse in the special hierarchical structures of
(BiO)2CO3 microspheres, thereby effectively preventing the
photocatalyst from deactivation.

4. CONCLUSION

In summary, Bi cocatalyst deposited (BiO)2CO3 microspheres
with outstanding visible light photocatalytic activity were
fabricated via a one-pot hydrothermal method by using
thiourea as reductant. During the hydrothermal process, Bi3+

was reduced in situ to metallic Bi particles by thiourea and then
deposited on the surface of (BiO)2CO3 microspheres. The
introduction of Bi particles has a significant effect on the
morphology as well as the optical and electronic properties of
(BiO)2CO3. The drastically enhanced visible light photo-
catalytic activity of Bi/BOC samples can be ascribed to the
cooperative contribution of SPR effects, efficient separation of
electron−hole pairs, and prolonged lifetime of charge carriers
by Bi nanoparticles. Among the as-synthesized samples, the Bi/
BOC-5 sample with an appropriate amount of Bi particles and
well-maintained hierarchical microspheres exhibited the most
efficient visible light photocatalytic activity and oxidation ability.
The Bi/BOC-5 sample could also work under a low-energy
lamp, which is promising for practical applications. The
hydroxyl radicals were confirmed to be the main active species
for NO photo-oxidation. Bi/BOC could generate more
hydroxyl radicals in comparison to BOC, which is responsible
for the enhanced oxidation ability. The metallic Bi particles
with noble metal-like behavior exerted multiple positive effects
on (BiO)2CO3, including increased visible light absorption and

Figure 11. DMPO-ESR spin-trapping spectra of BOC and Bi/BOC-5
for detection of hydroxyl radicals (•OH) in aqueous solution.

Figure 12. Repeated (a) and long-term (b) photocatalytic activity of Bi/BOC-5 under visible light irradiation for the removal of NO in air.
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enhanced charge separation and transfer because of the SPR
effect. This work not only provides new insights into the in situ
fabrication of Bi/semiconductor nanocomposites but also
opens a new avenue for the modification of photocatalysts
with non-noble metals as cocatalyst to achieve a highly
enhanced performance.
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