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H I G H L I G H T S

• Oxygen vacancies-engineered Bi/
Bi2O2−xCO3 nanosheets were de-
signed and synthesized.

• The as-prepared samples show com-
plete oxidation of NO under visible
light.

• Oxygen vacancies promoted the di-
rectional charge migration and H2O2

generation.

• Effects of H2O2 generation during the
photocatalytic processes were in-
vestigated.

• The NO degradation mechanisms and
biocompatibility were systematically
studied.
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A B S T R A C T

The photocatalytic removal of gaseous NOx is commonly accompanied by secondary pollution, which necessitates the
development of highly efficient nanostructured catalysts with a decreased propensity to toxic intermediate pro-
duction. Herein, we describe the synthesis of plasmonic Bi/Bi2O2−xCO3 and demonstrate the presence of surface
oxygen vacancies therein, revealing that the maximal NOx removal efficiency of Bi/Bi2O2−xCO3 under visible light
irradiation reached 50.5% and exceeded that of a commercial photocatalyst, while the production of toxic NO2 as a
by-product was completely suppressed (the selectivity reached up to 98%). In-situ introduction of plasmonic Bi on
the surface of Bi2O2−xCO3 promoted the generation of H2O2 by capturing electrons from the defect states of
Bi2O2−xCO3 via the two-electron reduction of O2 and thus inhibited NO2 production (as confirmed by scavenger
experiments), additionally broadening the light absorption range of the above photocatalyst. Moreover, surface
oxygen vacancies in Bi–O layers provided a channel for electron transfer between Bi and Bi2O2−xCO3, which resulted
in increased charge separation efficiency (maximum photocurrent=1.1 μA cm−2, 14.5 times higher than that of
pristine Bi2O2CO3). Furthermore, the toxicity assessment authenticated good biocompatibility of Bi/Bi2O2−xCO3.
Thus, this study sheds light on the possible roles of H2O2 in NOx degradation and provides an efficient surface
engineering strategy to prepare highly reactive and selective photocatalysts.
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1. Introduction

One of the major challenges faced by developing countries is NOx

(NO and NO2) pollution, which originates from the combustion of fossil
fuels and poses a great threat to human health, additionally causing
events such as acid rain and photochemical smog [1,2]. Although high-
concentration NOx emissions can be mitigated by several traditional
technologies (selective catalytic reduction, absorption, and adsorption),
the low efficiency of these techniques and their tendency to generate
secondary pollutants make them poorly suited for the removal of low-
concentration NOx [3,4]. Currently, photocatalysis has been recognized
as a promising technology of ppb-level NO removal [5,6], converting
toxic NOx into nitrates and thus stimulating plant growth and enhan-
cing soil carbon storage [6,7]. However, the widespread use of photo-
catalytic methods is hindered by the weak redox capacity and deacti-
vation of photocatalysts as well as by their tendency to generate
substantial amounts of toxic by-products [8,9]. Thus, to be well suited
for environmental remediation, NOx removal photocatalysts should
allow the highly effective transformation of NO into non-toxic species.

According to several reports, oxygen vacancies (OVs) can act as
active sites and optimize the electronic band structure to facilitate the
separation of electron-hole pairs and thus promote the generation of
reactive oxygen species (ROS) involved in important surface reactions
in heterogeneous photocatalysis [10–12]. Among the various ROS, OH%

and O2
%− are the ones widely researched for environmental purifica-

tion processes [6,13], whereas the role of H2O2 in heterogeneous
photocatalysis is underexplored, even though this species can oxidize a
broad variety of inorganic and organic substrates under very mild
conditions [14–16]. Although oxides with surface OVs are capable of in
situ H2O2 generation via O2 activation by electrons to enhance Fenton
reaction efficiency [17,18], the OV-promoted selective formation of
H2O2 in heterogeneous photocatalysis has not been extensively in-
vestigated. Importantly, H2O2 can effectively and directly oxidize NO2,
which is a by-product of photocatalytic NO removal [19,20]. According
to recent reports, the aqueous-phase oxidation of SO2 by NO2 is of
critical importance for the efficient formation of sulfates accounting for
the Chinese haze [21]. Therefore, the development of novel and reliable
techniques of engineering oxygen vacancy-containing catalytic surfaces
is indispensable for a deep understanding of the roles of H2O2 in het-
erogeneous photocatalytic reactions.

To achieve the above goal, we herein selected Bi subcarbonate
(Bi2O2CO3) [22] as a model environmentally friendly semiconductor
photocatalyst. It has attracted great interest due to its interfacial
Bi2O2

2+ and CO3
2− layers therein offer great potential for the en-

hancement of photocatalytic activity because they can facilitate the
separation of the photo-induced electron-hole pairs and thus improve
the quantum yields [23]. To control the delicate surface structure of the
above catalyst, we introduced metallic Bias a synergetic component to
efficiently broaden the light absorption range and enhance charge mi-
gration by surface plasmon resonance (SPR) [24]. In particularly, OV-
containing Bi/Bi2O2−xCO3 nanosheets were prepared via in situ one-
pot reduction and systematically characterized. Finally, a possible
photocatalytic mechanism was proposed to study the structure-property
relationships between OVs and H2O2 production. Thus, this study in-
spires the further exploration of surface engineering techniques for
preparing photocatalysts with controlled reactivity and selectivity to
control air pollution.

2. Experimental section

2.1. Photocatalyst preparation

All reagents were of analytical grade and used without further
purification. Typically, NaBiO3 (0.63 g) and urea (0.48 g) were

dissolved in distilled water (5–25mL, maintain total solvent volume at
35mL) in a 50-mL autoclaved Teflon vessel upon 15-min stirring. An
appropriate volume of ethylene glycol (EG) was subsequently added,
and the resulting solution was further stirred and ultrasonicated for 3 h.
The thus produced precursor suspension was heated at 180 °C for 24 h,
cooled down to room temperature, and filtered. The solid product was
washed with water (10× 8mL) and ethanol (10×8mL) and dried in
vacuum at 70 °C for 12 h. The as-prepared samples were denoted as B/
BOC-1, B/BOC-2 and B/BOC-3 according to the volume of added EG
(10, 23, and 30mL, respectively). For comparison, we also prepared
pristine Bi2O2CO3 (BOC) and Bi. BOC was synthesized from NaBiO3 and
urea in the absence of EG as described above, while Bi was synthesized
by dispersing NaBiO3 in EG (35mL) in the absence of distilled water
and heating the obtained mixture in a 50-mL autoclaved Teflon vessel
at 180 °C for 24 h. The obtained samples were washed with water
(10×8mL) and ethanol (10×8mL) and dried in vacuum at 70 °C for
12 h.

2.2. Characterization methods

Powder X-ray diffraction (XRD; PANalytical, X’pert, the
Netherlands) patterns were recorded at a scan rate of 0.04° s−1 using Cu
Kα (λ= 0.15406 nm) radiation. Sample morphology and structure were
characterized by field-emission scanning electron microscopy (FE-SEM;
Zeiss SUPRA 55, Germany) and transmission electron microscopy
(TEM; JEOL JEM-2010, Japan). Surface chemical states were in-
vestigated by X-ray photoelectron spectroscopy (XPS; Thermo ESCALAB
250, USA), and binding energies were calibrated using the C1s peak of
adventitious carbon at 284.6 eV. Elemental contents were determined
utilizing an Elementar Vario EL instrument (Vario EL III, Germany;
detection limit= 0.015%, standard deviation < 0.1% abs). Optical
properties were characterized by UV–visible diffuse reflectance spec-
troscopy (DRS; Varian Cary 100 Scan UV–vis, USA) using BaSO4 as a
reference. Charge separation properties were probed by photo-
luminescence (PL; HITACHI F-7000, Japan) spectroscopy. Surface
photovoltage spectra were recorded on a self-made apparatus com-
prising a monochromatic light source (500-W xenon lamp+double-
prism monochromator (Hilger and Watts, D 300, UK)) and a lock-in
amplifier (SR830 DSP, USA) synchronized with a light chopper (SR540,
USA). The employed modulating frequencies ranged from 20 to 70 Hz,
and no sample pre-treatment was used. The photovoltaic cell had an
ITO–sample–ITO configuration. In situ diffuse reflectance Fourier
transform infrared (FTIR) spectra (VERTEX 70, Bruker, Germany) were
recorded to analyze chemical composition. An electron spin resonance
(ESR; ER200-SRC, Bruker, Germany) spectrometer was used to re-
corded in situ ESR signals of the samples at low temperature (130 K)
and to detect free radicals by dispersing solid specimens in a 50-mL
DMPO solution tank (aqueous dispersion for DMPO-OH% and metha-
nolic dispersion for DMPO-O2

%−). A 420-nm filter was used to obtain
visible light (λ≥420 nm). The amount of generated H2O2 was de-
termined by a 2′,7′-dichlorofluorescinassay [14]. Specifically, a 1-mL
sample was incubated with 9mL of the fluorescence reagent at 37 °C for
15min, and the concentration of generated H2O2 was determined by a
spectrofluorometer (USB4000-FL-450, Ocean Optics, Dunedin, USA)
based on fluorescence intensity at 525 nm (excitation wave-
length=470 nm). 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 (10mL) and measured with a Dionex−600 Ion Chro-
matograph (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 1.7mM NaHCO3 at a flow rate of 1.20mLmin−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.
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2.3. In situ DRIFTS for NO conversion mechanism

All IR spectra were recorded on a VERTEX 70 spectrometer (Bruker,
Germany) equipped with an in situ reaction chamber, gas system, light
source, and pretreatment equipment. Prior to the adsorption process,
the samples were purged by high-purity He for 1 h at 150 °C to clean the
catalyst surface and then the background spectrum was collected after
cooling at 30 °C. Then, the reaction gas with 30mLmin−1 NO (50 ppm)
and 30mLmin−1 O2 was sent to the reaction chamber. Under dark
conditions, NO adsorption on the catalysts was carried out for 40min.
Next, photocatalysts were illuminated by a visible light source
(≥420 nm) for 40min. FTIR spectra were recorded every 2min and the
scanning range was 4000–600 cm−1.

3. Results and discussion

3.1. Microstructure and chemical composition

Fig. 1a shows the XRD patterns of Bi/Bi2O2−xCO3 samples, re-
vealing the presence of peaks at 30.3° and 27.3°, which were indexed to
orthorhombic Bi2O2CO3 (PDF Card No. 84-1752)[25] and rhombohe-
dral Bi (PDF Card No. 85-1329), respectively.[26] Additionally, the
successful preparation of the above nanosheets was confirmed by FTIR
spectroscopy (Fig. S1). Compared to pristine BOC, which comprised
micrometer-scale plates (∼2 µm, Fig. S2a and Fig. 1b), B/BOC-2 com-
prised numerous petal-like hierarchical nanoclusters self-assembled by
nanosheets (∼100 nm, Fig. S2b and Fig. 1c). High-resolution TEM
(HRTEM) imaging of BOC (Fig. 1d) and B/BOC-2 (Fig. 1e) revealed the
presence of two different lattice spacing (0.37 and 0.33 nm) in the latter
case, corresponding to the (0 0 2) lattice plane of BOC [25] and the
(1 0 2) lattice plane of Bi, respectively [27,28]. Elemental X-ray map-
ping (Fig. 1f–j) further demonstrated that Bi, O, and C elements were

uniformly distributed in B/BOC-2 heterojunctions in view of their or-
ientated growth promoted by EG as a solvothermal reductant. The mass
contents of Bi in B/BOC-1, B/BOC-2, and B/BOC-3 were determined by
elemental analysis (Table 1) and equaled 4.63, 9.66, and 17.30wt%,
respectively.

The surface chemical compositions of BOC and B/BOC-2 were probed
by XPS measurements, which revealed the presence of Bi, O, and C (Fig.
S3). As shown in Fig. 2a, the Bi4f XPS spectrum of BOC displayed two
characteristic peaks of Bi3+ at 164.4 and 159.1 eV [29], while the peaks at
162.4 and 156.9 eV additionally observed in the spectrum of B/BOC-2
were ascribed to the Bi–Bi bonds of elemental Bi. In addition, the C 1s
spectra of the above samples (Fig. 2b) featured two symmetric peaks at
288.3 and 284.6 eV that were assigned to the carbonate ions of BOC and
carbon-containing species adsorbed on the sample surface. Notably, the
intensity of the C 1s peak at 288.3 eV decreased upon the reduction of
Bi3+ to metallic Bi on the BOC surface, and the peaks of
Bi3+concomitantly shifted to lower binding energy (by 0.3 eV), which was
thought to reflect the preservation of electrostatic balance during the
above reduction [29]. Therefore, the above mentioned transformation and
the strong interaction between BOC and Bi could influence the electronic
distribution in Bi–O layers, which may result in the generation of surface
oxygen vacancies in the Bi–O layer for BOC.

Fig. 1. (a) XRD patterns of as-prepared samples; (b, c) TEM and (d, e) HRTEM images of BOC (b, d) and B/BOC-2 (c, e); (f) SEM image of B/BOC-2 and (g–j) the
corresponding elemental X-ray mappings for Bi, O and C.

Table 1
C, Bi2O2CO3 and Bi contents (wt%) of investigated samples determined by
elemental analysis.

B/BOC-1 B/BOC-2 B/BOC-3

C 2.24 2.12 1.94
Bi2O2CO3 95.37 90.34 82.70
Bi 4.63 9.66 17.30
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The existence of OVs was directly confirmed by ESR spectroscopy.
As shown in Fig. 2c, all Bi/Bi2O2–xCO3 heterojunctions showed char-
acteristic OV signals at g=2.0028, while no such signals were observed
for pristine BOC [10,30]. Based on the electroneutrality condition and
the fact that the concentration of OVs increased with progressing re-
duction of Bi3+ on the BOC surface, the above signals were explained
by the formation of single electrons in the Bi–O layer, in agreement
with XPS results [31]. Briefly, the partial reduction of Bi3+ on the
surface of BOC led to the sputtering of some oxygen atoms from the
surface Bi–O layer and the concomitant formation of OVs, resulting in
“oxygen vacancy doping” (Fig. S4). The influence of OVs on the inter-
action between Bi and Bi2O2−xCO3 was also investigated by theoretical
methods (the detailed description of the density functional theory
(DFT) calculation methods is available in Supporting Information),
which showed that Bi on the surface of Bi2O2−xCO3 exhibited a more
positive charge density than that of Bi on the surface of OV-free
Bi2O2CO3 (Fig. 2d). Additionally, a new strong interaction was estab-
lished between Bi–Bi1 and Bi–Bi2 in the Bi/Bi2O2−xCO3 heterojunction.
It is noticed that the extent of Bi–Bi1 and Bi–Bi2 reduced obviously with
the bond length decreased from 3.27 Å and 3.29 Å to 2.94 Å and 3.08 Å,
i.e., the presence of OVs in the surface Bi–O layer promoted the inter-
action between Bi and Bi2O2−xCO3 and the corresponding electron
transfer.

3.2. Photocatalytic activity and selectivity of Bi/Bi2O2−xCO3 nanosheets

The photocatalytic activity of Bi/Bi2O2−xCO3 heterojunctions under
visible light irradiation was evaluated using NOx as a model

atmospheric pollutant. Fig. 3a presents the efficiencies of NO removal
over as-prepared samples and a commercial P25 catalyst, demon-
strating that less than 5% NO was removed over pristine BOC after 30-
min irradiation. The poor performance of pristine BOC was ascribed to
its wide bandgap and the large (micron-scale) size of constituent plates,
which hindered the generation of photoexcited electrons and their
transfer to the semiconductor surface. Conversely, B/BOC-1, B/BOC-2
and B/BOC-3 exhibited NO removal performances superior to that of
P25 (16.1%), with the maximum removal efficiency (50.5% within
30min) observed for B/BOC-2. Fig. S5 shows the NO removal effi-
ciencies of photocatalysts obtained using different amounts of the re-
ducing agent, revealing a similar activity trend. Thus, the above results
demonstrated that the synergy between surface-plasmon-resonant Bi
and surface OVs in the Bi/Bi2O2−xCO3 heterojunction resulted in en-
hanced photocatalytic NO removal efficiency under visible light irra-
diation.

The accumulated amounts of NO2
− and NO3

− on the surfaces of the
B/BOC-1 and B/BOC-2 were determined by ion chromatography (IC)
method (Fig. S6). The amount of NO3

− over B/BOC-2 is the highest,
while the generation of NO2

− is efficiently suppressed (Fig. S7). This
phenomenon illustrates that most of NO was completely oxidized to
NO3

−. These results provide an accurate evidence of major NO trans-
formation over B/BOC-2. However, if large amount of nitrate ions oc-
cupy the surface active sites, it can cause the deactivation of catalysts.
Fig. 3b shows that (i) the activity (i.e., NO removal efficiency) of B/
BOC-2 did not significantly decrease after five repeated cycles and (ii)
the concentration of NO2 remained constant during repeated runs.
Additionally, no significant photoreactivity decrease was observed for

Fig. 2. High-resolution Bi 4f (a) and C 1s (b) spectra of BOC and B/BOC-2; (c) ESR spectra of BOC and B/BOC-1–3; (d) DFT-calculated crystal structure and electron
density differences of all atoms in Bi/Bi2O2CO3 and Bi/Bi2O2−xCO3 systems. Charge accumulation/depletion regions are indicated by blue/red color, respectively.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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successive runs lasting 300min (Fig. S8). The results implied surface
OVs-induced Bi/Bi2O2−xCO3 heterojunction maintained the photo-
catalytic NO removal efficiency and inhibited the deactivation of cat-
alysts under visible light irradiation.

Additionally, we investigated the selectivity of NO2 production
during the photocatalytic reaction, probing the relative change of NO
conversion, NO2 selectivity, and NOx conversion over various samples
(Fig. 3c). The selectivity of NO2 over B/BOC-2 exceeded that over B/
BOC-1 (43%) and B/BOC-3 (57%) by a factor of almost two, and the
highest NO2 selectivity (up to 99%) was observed for B/BOC-2. The
concentration of NO over B/BOC-2 decreased from 409 to 205 ppb after
10-min irradiation with visible light (Fig. S9). More interestingly, the
concentrations of NO2 did not change during the irradiation time fol-
lowing the concentration change of NO. These results illustrated that
the presence of OVs in Bi/Bi2O2−xCO3 not only suppressed catalyst
deactivation but also effectively inhibited the formation of NO2 as a by-
product. The mechanism of photocatalytic NOx oxidation was further
clarified by studying the visible light–driven catalytic removal of NO2

and monitoring the transformations of the corresponding reaction in-
termediates over the photocatalyst surface (Fig. S10). Based on the
obtained results, the suppression of NO2 formation over B/BOC-2 was
ascribed to the sufficient diffusion of NO2 on the photocatalyst surface
and the effective generation of reactive oxygen species for the deep
oxidation of NO2.

To directly visualize processes occurring during the photocatalytic
oxidation of NO on Bi/Bi2O2−xCO3 nanosheets, the change of func-
tional groups on the sample surface under visible light irradiation was
monitored by FTIR spectroscopy in a special reaction cell (Fig. 3d).
First, the band at 1570, 1460 and 1070 cm−1 gradually decreased and
became negative with increasing irradiation time (Fig. 3e). The band at
1070 cm−1 could be attributed to NOH and at 1570 and 1460 cm−1 due
to NO absorption species, suggesting the disproportionation of NO on
the surface of Bi/Bi2O2−xCO3 [32]. Seconds, replaced NO was im-
mediately converted to other nitro compounds. The sharp bands at

1520, 1290 and 1020 cm−1 were assigned to nitrate in a particular
monodentate state and 1440 cm−1 was ascribed to the almost symme-
trical surface bidentate nitrate [33,34]. These bands gradually gained
intensity as the irradiation time increased from 0 to 40min, which
strongly suggested that surface OV–containing Bi/Bi2O2−xCO3 could
deeply oxidize NO to NO3

− (Fig. 3f). The nitrogen mass balance was
also calculated to verify the quantitative transformation of NO into
nitrite or nitrate. As shown in Fig. S11, the B/BOC-2 shows the max-
imum amount in NO conversion and accumulation of NO3

− with lower
NO2 and NO2

− yield, which is consistent with the results of FTIR.
Compared with the calculated values, the measured values are lower
due to the particle phase of nitrates drawn airflow away or some new
species undetectable by chemiluminescent NOx analyzer and ion
chromatography (the inserted Table S1). The results of nitrogen mass
balance illustrate the Bi/Bi2O2−xCO3 heterojunction with surface
OV–containing could potentially generate more reactive oxygen species
for the deep oxidation leading to complete oxidation of NO.

3.3. Charge transfer and optical properties

The effect of surface OVs in Bi/Bi2O2−xCO3 heterojunctions on the
electron-hole separation efficiency was investigated by transient pho-
tocurrent and PL measurements. Fig. 4a shows that all samples quickly
responded to visible light irradiation. Generally, high photocurrent
density is indicative of rapid photogenerated charge transfer and high
separation efficiency.[8] Fig. 4a shows that B/BOC-2 exhibited the
highest charge separation and transfer efficiency (1.1 μA cm−2, 14.5
times higher than that of BOC). Thus, OVs were concluded to govern
visible light response and ultrafast charge transfer [35], i.e., OV-rich
Bi/Bi2O2−xCO3 heterojunctions showed increased photocatalytic ac-
tivity. However, excessive reduction of Bi3+ resulted in a high con-
centration of OVs (Fig. 2c) that acted as charge carrier recombination
centers.[36] Similar results were obtained by PL spectroscopy (Fig. 4b),
i.e., the strong emission of B/BOC-3 infers from the deep OVs to

Fig. 3. (a) Photocatalytic NO removal efficiencies (C/Co) of as-prepared samples. (b) Repeated photocatalytic removal of NO over B/BOC-2 and the amount of
concomitantly produced NO2. (c) NO, NOx conversion and NO2 selectivity obtained for catalysts subjected to 30-min irradiation. Error bars were calculated based on
the results of several measurements using multiple catalyst batches. (d) Schematic illustration of the reaction cell for in situ FTIR study. (e) FTIR spectra recorded
during photocatalytic NO oxidation over B/BOC-2. (f) Mechanism of photocatalytic NO oxidation on Bi/Bi2O2−xCO3 samples.
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increase new recombination center [10,17]. Meanwhile, B/BOC-2 ex-
hibited the weakest emission peak, which, together with the results of
transient photocurrent measurements (Fig. 4a), indicated that this
sample exhibited the most pronounced ability to inhibit the re-
combination of electron-hole pairs. Therefore, OVs were concluded to
be responsible for the improvement of carrier separation efficiency.

The mechanism of photogenerated electron transfer in Bi/
Bi2O2−xCO3 nanosheets was probed by surface photovoltage spectro-
scopy (SPS). Fig. 4c shows surface photovoltage spectra of BOC and B/
BOC-2, demonstrating that a strong response peak at ∼280 to 370 nm
(UV region) was observed in the former case [37]. In the case of B/BOC-
2, the above signal gained intensity and shifted to longer wavelengths,
which was ascribed to the increased efficiency of electron-hole pair
separation [38]. Moreover, the strong SPS signals at 380–480 nm
probably reflected the migration of plasmonic electrons from metallic
Bi to Bi2O2−xCO3 [38–40]. These results demonstrated the existence of
a strong interaction and efficient electron transport between plasmonic
Bi metal and OV-containing Bi2O2−xCO3, which promoted charge
transfer. SPS and photoelectrochemical analysis revealed that surface
OVs in Bi–O layers can provide a channel for electron transfer between
Bi and Bi2O2−xCO3, allowing the transfer of electrons between defect
levels and metallic Bi and thereby facilitating charge separation.

The optical properties of samples were probed by UV–vis DRS.
Fig. 4d shows that Bi/Bi2O2−xCO3 nanosheets exhibited a markedly
extended light harvesting range extending from UV to near-infrared

regions.[30] Compared to pristine BOC (3.32 eV), B/BOC-1, B/BOC-2
and B/BOC-3 exhibited decreased band gap energies (estimated from
threshold wavelengths as 2.50, 2.52 and 2.42 eV, respectively) and
could therefore efficiently utilize visible light.[41] Moreover, an addi-
tional wide absorption peak at ∼500 nm assigned to the typical char-
acteristic SPR of metallic Bi was observed for Bi/Bi2O2−xCO3 (inset in
Fig. 4d) [28,26]. This behavior was attributed to the collective excita-
tion of free electrons in Bi metal that generated a strong resonant op-
tical absorption with near-field and scattering enhancements [42]. The
enhanced visible light adsorption ability of Bi/Bi2O2−xCO3 nanosheets
was assigned to the plasmonic effect of Bi metal, which verified the
presence of Bi in Bi/Bi2O2−xCO3 nanosheets and was consistent with
the results of high-resolution TEM imaging and XPS.

3.4. Identification of ROS and the role of H2O2 in NOx conversion

To elucidate the interaction mechanism between gas-phase NOx and
the photocatalyst surface, the ROS involved in photocatalytic NOx re-
moval over Bi/Bi2O2−xCO3 were identified using ESR spectroscopy
[43]. Fig. 5a displays that under the same conditions, DMPO−OH%

signals were detected only for Bi/Bi2O2−xCO3 but not for BOC. Mean-
while, the production of O2

%− was inhibited in the Bi/Bi2O2−xCO3

system under visible light irradiation. Fig. 5b shows that during the
photocatalytic process, H2O2 was generated in the Bi/Bi2O2−xCO3

system but not in the pristine BOC system (as determined by the 2′,7′-

Fig. 4. (a) Photocurrent responses of fabricated samples in 0.5M Na2SO4 under visible light irradiation (λ= 420 nm); (b) room-temperature PL spectra of B/BOC
samples; (c) surface photovoltage spectra of BOC and B/BOC-2; (d) UV–vis DRS spectra of Bi, BOC and B/BOCs.
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dichlorofluorescin assay) [14]. The amount of H2O2 generated in the B/
BOC-2 system increased with increasing reaction time, which illustrated
that OV-containing Bi/Bi2O2−xCO3 effectively promoted the photo-
reduction of O2 to H2O2 [14]. However, the H2O2 production abilities of
B/BOC-1 and B/BOC-3 were dramatically lower than that of B/BOC-2,
which was ascribed to the uneven distribution of Bi on the surface of the
first two heterojunctions (Fig. S12). Thus, the insufficient interfacial
interaction between Bi and surface OVs in B/BOC-1 and B/BOC-3
suppressed the two-electron reduction of O2 to H2O2 and/or aggravated
the dissociation of H2O2 into OH%, which resulted in rapid H2O2 re-
duction [44]. Therefore, the dissociation of H2O2 was concluded to be
interdicted by the in situ formation of Bi, which suppressed the single-
electron reduction of H2O2 to OH% and enhanced the selectivity of O2

reduction to H2O2. Fig. 5a shows that no characteristic peaks of DMPO-
O2

%− could be observed in the Bi/Bi2O2−xCO3 system. Based on these
observations, we concluded that H2O2 in the Bi/Bi2O2−xCO3 system is
mainly produced via one-step two-electron reduction of O2 (Fig. 5c).
The Bi/Bi2O2−xCO3 heterojunction can facilitate the formation of H2O2

by in situ reduction Bi realizing the modification of OVs on the surface.
The significant difference in ROS generation implied that OVs changed
the transfer pathway of photoelectrons, as verified by the results of
transient photocurrent measurements and SPS.

Based on the above results, the yield of H2O2 (and hence, the NO2

selectivity) over B/BOC-2 was concluded to exceed that over B/BOC-1
and B/BOC-3. The relevance of H2O2 and NO2 selectivity was high-
lighted by performing control experiments to further investigate the
effect of H2O2 on NOx conversion using catalase as an H2O2 scavenger
(Fig. 5d) [20]. H2O2 can yield OH% upon single-electron reduction
(H2O2+ e−→OH−+OH%) [45]. At constant visible light irradiation
time, the amount of NO2 produced during NO removal dramatically
increased in the presence of catalase, which suggested that the presence
of OVs in Bi/Bi2O2−xCO3 is critical to H2O2 production selectivity. This
phenomenon illustrated that the gradually reduction in photocatalytic
activity and selectivity after several minutes can be aroused without
H2O2 production due to the accumulation of the intermediates and final
products occupying the active sites (Fig. 5d). In other words, the
modifying of OVs can further transform NO2 to NO3

− at a different
location due to the surface oxygen vacancy diffusion mechanism, which
can alleviate the deactivation to photocatalyst. These results demon-
strated that the formation of OVs via in situ reduction of Bi3+ on the
BOC surface promoted the formation of H2O2 in the B/BOC-2 system to
effectively and directly inhibit NO2 formation.

Fig. 6 shows the proposed mechanisms of charge transfer and
photocatalytic NOx oxidation over Bi/Bi2O2−xCO3 nanosheets. Notably,
the broad band gap (3.32 eV) of pristine Bi2O2CO3 precluded its ex-
citation by visible light. However, the formation of a heterointerface

Fig. 5. (a) Detection of OH% and O2
%− radicals over BOC and B/BOC-2 under visible-light illumination (λ≥420 nm) by DMPO ESR spin trapping; (b) concentration

of H2O2 as function of irradiation time in the B/BOC-2 system (inset: fluorescence intensities in different systems used to assay the concentration of generated H2O2);
(c) possible mechanisms of H2O2 formation over Bi/Bi2O2−xCO3 nanosheets; (d) influence of catalase on photocatalytic NO conversion over B/BOC-2 and the
concentration of concomitantly generated NO2 under identical conditions.
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between metallic Bi and Bi2O2−xCO3 resulted in direct contact. The free
electrons produced from metallic Bi with SPR function under visible-
light irradiation, which is more prone to transfer to Bi2O2−xCO3 [8,46].
Additionally, the photogenerated electrons in Bi/Bi2O2−xCO3 could be
excited to OV-induced defect states, and the restructured holes accu-
mulated in the valence band of Bi2O2−xCO3 and oxidized H2O to OH%

(Eqs. (1) and (2)) [8]. The thus produced OH% effectively oxidized NO
to NO2

−/NO3
−, although partial conversion to NO2 was also observed

(Eqs. (3)–(5)). As expected, OVs promoted the conversion of NO2 and
NO2

− to NO3
− by facilitating the production of H2O2, which also al-

leviated photocatalyst deactivation (Fig. 5d). Considering the fact that
adsorbed O2 can capture electrons from the defect states of Bi2O2−xCO3

to generate H2O2 via two-electron reduction, it is essential to facilitate
the role of H2O2 species in deep oxidization of NO (Eqs. (6)–(8)) [16].
Therefore, the presence of OVs in Bi/Bi2O2−xCO3 significantly pro-
moted the directional transfer of photogenerated charges and activated
the H2O2 generation pathway to facilitate deep NOx oxidation (verified
by FTIR, Fig. 3e). On the whole, the incorporation of Bi improved the
light-harvesting ability of Bi2O2-xCO3 ranging from UV to near-infrared
light, which enhances the production of more active electrons and holes
on Bi2O2-xCO3 surface. Moreover, the abundant OVs in Bi/Bi2O2-xCO3

system also can supply adsorption and active sites to improve visible
light activity of semiconductor photocatalyst in addition to generating
sufficient photo-induced electrons through two effective ways:

Bi/Bi O CO visible light e hx2 2 3 + + + (1)

h OH OH·++ (2)

NO OH NO H·
2+ + + (3)

NO 2OH NO H O·
2 2+ + (4)

NO OH NO H2
·

3+ + + (5)

e2 O 2H H O2 2 2+ + + (6)

NO H O NO H O2 2 2 3 2+ + (7)

2NO H O 2NO 2H2 2 2 3+ + + (8)

3.5. Cytotoxicity assessment and fluorescence cellular imaging

The toxicity of catalyst is important for practical applications. The
MTT cell viability assay was performed over different concentrations of
Bi/Bi2O2−xCO3 and P25 on A549 cells shown in Fig. 7a. For commer-
cial photocatalyst P25, the cell viabilities decreased with the en-
hancement of P25 concentration. Cells exposed to 50 µgmL−1 P25

exhibited 20% reduction, and greater than 60% was observed at high
concentrations of 200 µgmL−1 in a concentration-dependent manner.
In contrast, any significant change of cell viability did not appeared
treated with the supernatant of Bi/Bi2O2−xCO3 at 0–200 µgmL−1, in-
dicating that Bi/Bi2O2−xCO3 exhibits nontoxicity and good bio-
compatibility for A549 cells.

Fluorescence images were recorded to reflect cellular uptake and
deformation. From the images of Fig. 7b-c, fluorescence could be ob-
served clearly on A549 cells incubated with Bi/Bi2O2−xCO3, demon-
strating the good biocompatibility of Bi/Bi2O2−xCO3 to penetrate the
cell walls. But dimmest fluorescence of cell nucleus indicating Bi/
Bi2O2−xCO3 did not enter cell nucleus and generate cytotoxicity.
However, no fluorescence can be observed in the cells incubated with
P25 (Fig. 7d-e) under the same conditions. The microscopic observa-
tions from bright-field image reveal the good biocompatibility and
nontoxicity of Bi/Bi2O2−xCO3, which fall in line with the previous MTT
assay.

4. Conclusion

In summary, the plasmonic Bi/Bi2O2-xCO3 nanosheets with surface
oxygen vacancies were successfully prepared via an in situ one-pot
reduction method and the as-prepared samples were systematically
characterized. The photocatalytic activity, NO2 selectivity and stable
performance under visible light irradiation were remarkably enhanced
due to the in-situ introduction of plasmonic Bi on the surface of
Bi2O2−xCO3. The maximal efficiency of NOx removal over Bi/
Bi2O2−xCO3 under visible light irradiation was significantly improved.
More importantly, the production of toxic NO2 as a by-product was
completely suppressed. The generation of H2O2 promoted the complete
oxidation of NO by capturing electrons from the defect states of
Bi2O2−xCO3 via the two-electron reduction of O2. Moreover, surface
oxygen vacancies in Bi–O layers provided a channel for electron
transfer between Bi and Bi2O2−xCO3, resulting in increasing charge
separation efficiency. The as-prepared Bi/Bi2O2−xCO3 samples show
excellent biological compatibility as evaluated by human lung cells test.
This study provides an efficient surface engineering strategy to prepare
highly reactive and selective photocatalysts for air purification.

Fig. 6. Schematic illustration of charge transfer in the Bi/Bi2O2−xCO3 system
and the possible mechanism of photocatalysis.

Fig. 7. Relative viability of A549 cells after incubation of 24 h with different
concentration of P25 and B/BOC-2 (a); Intracellular delivery of P25 and B/BOC-
2 under bright field and at an excitation wavelength of 488 nm (b-e).
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