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A B S T R A C T

NO removal is one of the most important issues in dealing with air pollution. In this report, Z-scheme (BiO)2CO3-
BiO2-x-graphene (BOC-BiO2-x-GR) composite photocatalyst was designed for NO removal under simulated solar
light irradiation. Characterizations of physical properties of the ternary composites revealed extended light
absorption and high efficient electron-hole separation. Through the optimization of the BiO2-x content, we ob-
served that the BOC-BiO2-x(35wt%)-GR composite exhibited superior photocatalytic activities in NO removal as
compared to pure BOC, BiO2-x, and BOC-BiO2-x binary composites. Detailed microstructural observation showed
that the BOC-BiO2-x heterojunction was formed between BOC (013) and BiO2-x (111) planes. The density of state
(DOS) calculation revealed that due to the different hybridization conditions in the energy bands of BOC and
BiO2-x, the Z-scheme charge transfer should be dominant at the heterojunction interface. The density functional
theory (DFT) computation on the Fermi level results confirmed that energy band structure between BOC and
BiO2-x is more in favor of the transfer of photo-generated electrons from CB of BOC to the VB of BiO2-x, which can
be further enhanced by highly conductive GR sheets. The electron spin resonance (ESR) experiments results
show that O2

%− and HO% were produced during the photocatalytic process, which further provided evidences
that the BOC-BiO2-x(35wt%)-GR composite works as a Z-scheme photocatalyst. This work indicates that Bi-based
nanomaterials can be employed as a stable and high efficient solar light active photocatalyst for NO removal in
air pollution control.

1. Introduction

Nitric oxide (NO) have been a primary cause of acid rain, smog and
solid particles PM2.5, which lead to a wide variety of negative impact
on human health especially respiratory diseases [1,2]. It is important to
find efficient and economical ways to remove NO from the atmosphere.
Currently, many established techniques and methods have been ex-
plored for NO removal. The commonly adopted NO control technolo-
gies include wet scrubbing [3], biofiltration [4], thermal catalytic re-
duction [5], and selected catalytic reduction [6], but these methods are
uneconomical and inefficient for the removal of NO at the parts per
billion (ppb) level [7,8]. Regarding this issue, semiconductor photo-
catalysts, which is considered a promising approach for NO removal at
ppb levels, have received much interest because of their eco-friendly
merit and high photocatalyst efficiency [9]. Research on semiconductor

photocatalysts for NO purification was initially focused on TiO2 because
of its low cost, non-toxicity, and high activity. Because the UV light
occupies only around 5% of solar light as compared to the visible light
(52%), the efficiency of TiO2 is mainly limited by its relatively larger
band gap energy (∼3.2 eV) [10]. Besides TiO2, several novel photo-
catalysts, including Bi-based materials [11,12], g-C3N4-based materials
[13], perovskite LaFeO3-SrTiO3 composite [8], graphene-decorated 3D
BiVO4 [14], and Bi2MoO6 [2] have also been reported for their favor-
able photocatalytic activities in the removal of NO at low concentra-
tion.

(BiO)2CO3 (BOC), as an emerging Bi-based semiconductor, has at-
tracted special attention due to its low mammalian toxicity and good
photocatalytic capability [15]. However, as a photocatalyst, BOC can
only absorb UV light and exhibit a poor photo-generated electron-hole
(e−-h+) pairs separation ability [16,17]. Great efforts have been
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devoted to overcome these drawbacks and maximize its photocatalytic
activity. For instance, fabricating of type-II heterojunctions (e.g.,
Bi2O3/(BiO)2CO3 [15] and g-C3N4/(BiO)2CO3 [18]), p-n heterojunc-
tions(e.g., (BiO)2CO3/ZnFe2O4 [19]), and Z-scheme heterojunctions
(e.g., (BiO)2CO3/MoS2 [20] and (BiO)2CO3/MoS2 on carbon nanofibers
[21]) can greatly improve the catalytic performance of BOC. Among
these hybrid composites, the Z-scheme systems composed of two or
more semiconductors are promising photocatalysts for efficient NO
removal due to their advantages in promoting the spatial separation of
photoinduced charges and keeping the reduction and the oxidation
reactions at two different materials. For instance, BOC-based Z-scheme
systems such as AgI/Ag/I-(BiO)2CO3 [22], (BiO)2CO3/MoS2 [20], and
(BiO)2CO3/MoS2 on carbon nanofibers [21] have been designed and
showed enhanced photocatalytic activities for dye or NO degradation.
Therefore, it is still desirable to fabricate high active and stable BOC-
based Z-scheme photocatalysts for the elimination of NO.

BiO2-x is a narrow band gap (< 2 eV) semiconductor with good
visible light response (up to 850 nm) [23–25]. Due to these advantages,
BiO2-x has been investigated as a highly efficient photocatalyst for
pollutant degradation or bacterial inactivation under visible light irra-
diation [23–25]. We considered the BOC-BiO2-x nanocomposites be-
cause the former is an emergent attractive photocatalyst for NO and the
latter is a good visible light and near-infrared light (NIR) response
oxidative semiconductor [20–23]. The ECB and EVB of BiO2-x are about
−0.55 eV and 0.85 eV [23], whereas those of BOC are about +0.2 eV
and 3.53 eV [26]. Considering the band edge positions of BiO2-x and
BOC, it is possible to realize a Z-sheme phototcatalyst system using
these two materials. Therefore, the photogenerated electrons can
transfer from the CB of BOC to the VB of the BiO2-x and recombine with
the holes there. In this case, most electrons in BiO2-x and holes in BOC
participate in the reduction and oxidation reactions, respectively, re-
sulting in an improved photocatalytic NO removal efficiency in the Z-
scheme BOC-BiO2-x catalyst.

Furthermore, to ensure the above proposed Z-scheme charge
transfer to occur, a good interfacial conductivity is necessary. Since the
electrical conductivity of BOC is not good [27], Graphene (GR) has
been chosen as the charge transfer bridge for preparing Z-scheme BOC-
BiO2-x photocatalysts due to its outstanding high electron conductivity
[28,29]. Although BOC/GR or BOC/rGO nanocomposites have been
reported for photocatalyst applications [30,31], the BOC-BiO2-x-GR
composite has not been prepared and investigated as an all-solid-state
Z-scheme photocatalyst.

In this work, we report for the first time the synthesis of BOC-BiO2-x-
GR ternary Z-Scheme photocatalyst. The photocatalytic study revealed
that BOC-BiO2-x-GR showed much higher NO removal capability than
BOC or BOC-GR. In addition, the photochemical stability was confirmed
and the separation mechanism of photogenerated e−-h+ in the Z-
Scheme photocatalyst was elucidated through the surface photovoltage
spectroscopy (SPV), 5,5-di-methyl-1-pyrroline Noxide- electronic spin
resonance (DMPO-ESR), first principle density functional theory (DFT)
simulations, and the band edge position estimation.

2. Experiment section

2.1. Synthesis of BOC

The BOC nanoparticles were synthesized using a hydrothermal
method. Typically, sodium citrate (1.2 g) and Bi(NO3)3·5H2O (5.82 g)
were first dissolved in 60mL HNO3 (1M) in a 100mL autoclaved Teflon
vessel and then stirred for 60min A suitable amount of aqueous NaOH
(∼1.6M) was added to the above solution to maintain the pH value of
the solution at 5.4, and the resulting solution was further stirred for
60min. The resulting precursor suspension was hydrothermally treated
at 180°C for 24 h. The final products were washed using ethanol for
several times and dried in air at 70°C for 12 h to obtain BOC.

2.2. Synthesis of BiO2-x

BiO2-x was prepared by the hydrothermal method. Firstly,
NaBiO3·2H2O(1.68 g) was dispersed in 30mL of deionized water. Then,
20mL NaOH solution (1.6M) was added to the above suspension. The
suspension was transferred into a 100ml autoclaved Teflon vessel and
maintained at 180°C for 6 h. After cooling to room temperature, BiO2-x

was collected and washed with deionized water for five times, and dried
at 70°C.

2.3. Synthesis of BOC-BiO2-x

To prepare the BOC-BiO2-x composite, an appropriate amount of
BOC and BiO2-x were firstly completely dispersed in 50mL deionized
water and stirred for 30min. And then the mixed solution was soni-
cated for 30min and transferred into a 100mL Teflon-lined autoclave
which was maintained at 180°C for 12 h. After cooling to room tem-
perature, the BOC-BiO2-x composite was obtained by drying at 70°C.
The mass ratio of BiO2-x/BOC is designed as 5%, 15%, 25%, 35%, and
45%. Accordingly, the obtained sample was denoted as BOC-BiO2-x(5 wt
%), BOC-BiO2-x(15 wt%), BOC-BiO2-x(25 wt%), BOC-BiO2-x(35 wt%),
and BOC-BiO2-x(45 wt%), respectively.

2.4. Synthesis of BOC-BiO2-x(35 wt%)-GR

0.13 g of BOC, 0.07 g of BiO2-x, and 35mg GR (Graphene nanopla-
telets, > 99.5% purity, thickness: 4–20 nm, diameter size: 5–10 μm, less
than 20 layers, Aladdin Chemistry Co., Ltd, Shanghai, China) were
added into 60mL of absolute ethanol and stirred for 1 h. The mixed
solution was then sonicated for 30min and transferred into a 100 mL
Teflon-lined autoclave which was maintained at 180°C for 12 h. The
resulting sample was collected by centrifugation, washed by deionized
water, and dried in air 70°C for 12 h. The sample was labeled as BOC-
BiO2-x(35 wt%)-GR.

The detailed of characterization, photocatalytic measurement, in
situ FTIR investigation on photocatalytic NO oxidation, and electronic
structure calculation can be found in Supporting Information.

3. Results and discussion

3.1. Characterization of BOC-BiO2-x(35 wt%)-GR

Fig. 1a presents the XRD diffraction patterns of BOC, BiO2-x, BOC-
BiO2-x with different BiO2-x weight percentages, and BOC-BiO2-x(35 wt
%)-GR. The peaks observed with BOC can be assigned to the char-
acteristic peaks of standard card of (BiO)2CO3 (PDF# 41-1488, Fig. S1).
The XRD patterns of BOC-BiO2-x obviously consisted of two sets of
diffraction peaks. Besides to the peaks of the BOC, there were five sharp
diffraction peaks at 2θ values of 28.2°, 32.7°, 46.9°, 55.6° and 58.9°,
which could be indexed to the (111), (200), (220), (311), and (222)
crystal planes of BiO2-x (PDF#47-1057, Fig. S1), respectively. The dif-
fraction peaks intensity of BiO2-x was enhanced with the increased BiO2-

x content, which further confirmed the co-existence of BOC and BiO2-x

in the BOC-BiO2-x nanocomposite. Due to the small weight ratio of GR
in the prepared composite, no diffraction peak from GR was observed
[29]. Meanwhile, no characteristic peak from other impurity phase was
detected in the synthesized samples, indicating the successful synthesis
of high-purity BOC-BiO2-x(35 wt%)-GR nanocomposites.

The UV–vis DRS of the all samples are shown in Fig. 1b. Pure BOC
exhibited a stronger absorption in the UV region, whereas BiO2-x dis-
played a much strong absorption in the visible and NIR light region
with an absorption edge of about 850 nm. Both BOC-BiO2-x(35 wt%)
and BOC-BiO2-x(35 wt%)-GR composites exhibit boosted visible light
absorption. This phenomenon demonstrates that coupling BiO2-x with
BOC can effectively enhance the visible light harvesting efficiency,
which in turn will be beneficial for the photocatalysis. The plots
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obtained via the transformation based on the Kubelka-Munk function vs
the photon energy is shown in Fig. S2. The estimated band-gap values
were about 3.45, 1.68, 2.98, and 3.20 eV for BOC, BiO2-x, BOC-BiO2-

x(35 wt%), and BOC-BiO2-x(35 wt%)-GR, respectively. The band gap of
BOC-BiO2-x(35 wt%) and BOC-BiO2-x(35 wt%)-GR was reduced re-
markably as compared with BOC. Since it has been reported that the
introduction of GR has little effect on the band gap of BOC, the nar-
rowed band gap of BOC-BiO2-x(35 wt%) and BOC-BiO2-x(35 wt%)-GR
can be mainly attributed to the BiO2-x introducing. Overall, the UV–vis
characterization confirmed the improved optical absorption property of
the BOC-BiO2-x(35 wt%) and BOC-BiO2-x(35 wt%)-GR composites.

Fig. 2a shows a comparison of the Raman spectra from GR, BOC,
BiO2-x, BOC-BiO2-x(35 wt%) and BOC-BiO2-x(35 wt%)-GR. GR showed
two strong peaks at 1350 and 1600 cm−1 corresponding to the well-
documented D band and G band [28], respectively. The intensity of D
band was stronger than that of G band, implying the presence of high
density of defects and structure disorder in GR. As for the BOC-BiO2-

x(35 wt%) and BOC-BiO2-x(35 wt%)-GR composites, several character-
istic bands at 162 cm−1 and 355 cm−1 can be attributed to the external
vibration of BOC [30]. The band at 1070 cm−1 was assigned to CO3

2−,
and the other peaks at 312 cm−1 and 478 cm−1 were ascribed to BiO2-x

[23,30]. Fig. 2b is the enlarged view of the Raman spectra of BOC-BiO2-

x(35 wt%)-GR around 1400 cm−1, where peaks at 1355 cm−1 and
1589 cm−1 can be observed due to the D band and G band of GR
[32,33], respectively. Therefore, the Raman spectra also confirmed the
co-existence of BOC, BiO2-x and GR in the BOC-BiO2-x(35 wt%)-GR
composite.

The surface chemical composition of the pure BiO2-x, BOC-BiO2-

x(35 wt%) and BOC-BiO2-x(35 wt%)-GR samples were investigated by
XPS (Fig. 3 and Fig. S3). Fig. 3a shows the survey of BOC-BiO2-x(35 wt
%) and BOC-BiO2-x(35 wt%)-GR, indicating that C, Bi, and O existed on
the surface of those samples without other elements detected. Espe-
cially, the intensity of C1s peaks in BOC-BiO2-x(35 wt%)-GR was higher
than that of BOC-BiO2-x(35 wt%), which may be attributed to the in-
troduction of GR. This observation is consistent with the Raman spectra
analysis. The C1s spectrum of BOC-BiO2-x(35 wt%)-GR composite was
shown in Fig. 3b, it can be deconvoluted into four distinct peaks at
284.6 eV for C]C/CeC/CeH, 285.3 eV for CeOH, 286.2 eV for
CeOeC/C]O and 289.6 eV for COOH, respectively [34]. In the high
resolution XPS spectrum of Bi4f peaks (Fig. 3c), the XPS peaks of Bi4f7/2
and Bi4f5/2 of BiO2-x were at 159.7 and 165.2 eV, and Bi4f7/2 and Bi4f5/
2 of BOC were at 160.6 and 165.8 eV [35], respectively, which are the
features of Bi(III) and Bi(V) in BOC-BiO2-x(35 wt%)-GR. It was calcu-
lated that the ratio between Bi(III) and Bi(V) on the surface of pure
BiO2-x is 1.38 (Fig. S3). So the x value in BiO2-x is 0.1 and the as-pre-
pared BOC-BiO2-x(35 wt%)-GR can be written as BOC-BiO1.9(35 wt
%)-GR. The binding energies of O1s at 530.7, 531.6 and 532.3 eV were
associated with lattice oxygen, chemical adsorbed oxygen and oxygen
vacancy (Fig. 3d), respectively [23,34].

The morphology and structure of the obtained samples were in-
vestigated by SEM as shown in Fig. 4a–d. Fig. 4a displayed the SEM
images of BOC, in which the BOC sample are completely made up of
flower-like micro-spheres with a nearly uniform size of ca. 2–4 μm in
diameter. The enlarged views of as-prepared BOC further reveal that

Fig. 1. (a) XRD of all samples and (b) UV–vis DRS of BOC, BiO2-x, BiO2-x-BiO2-x(35 wt%) and BOC-BiO2-x(35 wt%)-GR.

Fig. 2. (a) Raman spectra of GR, BOC, BiO2-x, BiO2-x-BiO2-x(35 wt%) and BOC-BiO2-x(35 wt%)-GR, (b) enlarged view of the Raman spectra of GR and BOC-BiO2-

x(35 wt%)-GR.
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Fig. 3. (a) XPS spectra of BOC-BiO2-x(35 wt%) and BOC-BiO2-x(35 wt%)-GR, high-resolution XPS spectra of (b) C1s, (c) Bi4f and (d) O1s of BOC-BiO2-x(35 wt%)-GR.

Fig. 4. The SEM of (a)BOC, (b)BiO2-x, (c) BiO2-x-BiO2-x(35 wt%) and (d) BOC-BiO2-x(35 wt%)-GR.
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the flower-like hierarchical micro-sphere is built from numerous in-
terlaced nanosheets in closed stacking. The BiO2-x is a shelf-like na-
nostructure made up of nanoplates that are almost perpendicular to
each other (Fig. 4b). As shown in Fig. S4, GR is consisted of large and
thin layers with ripples, which can certainly provide sufficient surface
area to load the BOC or BiO2-x particles. As for BOC-BiO2-x(35 wt%)
composites, a few BiO2-x nanosheets were coated on the surface of BOC
(Fig. 4c). As shown in Fig. 4d, both the micro-spheres BOC, BiO2-x na-
nosheets and GR sheets could be clearly observed in BOC-BiO2-x(35 wt
%)-GR. Notably, the BiO2-x nanosheets as well as micro-spheres BOC are
well-decorated or intercalated on the surface of GR sheets to form a
ternary heterojunction.

Fig. 5 shows the N2 adsorption-desorption isotherms curves of BOC,
BiO2-x, BOC-BiO2-x(35 wt%), and BOC-BiO2-x(35 wt%)-GR. The Bru-
nauer-Emmett-Teller (BET) specific surface area of BOC-BiO2-x(35 wt%)
(25.94 m2/g) was estimated to be much higher than that of BiO2-x

(8.51 m2/g), and the BET surface area of BOC-BiO2-x(35 wt%)-GR
(29.65 m2/g) was even higher. Therefore it is clear that GR indeed
increased the surface area of the composite, which is expected to have
favorable effect on the photocatalytic efficiency. It is also noted that the
BET surface area of pure BOC was much larger than the composites,
consistent with the different morphology of BOC and BiO2-x nano-
particles observed from the SEM inspections. According to the Barrett-
Joyner-Halenda (BJH) pore size distribution curves (Inset of Fig. 5), the
BOC and the composites show medium mesopores with peak pore
diameters of about 2–4 nm, and large mesopores and macropores at a
wide range of 10–100 nm. The medium mesopores can be ascribed to
the pores formed among the aggregated BOC nanosheets and BiO2-x

nanoparticles, and large mesopores and macropores are ascribed to the
pores formed between the stacked BOC micro-spheres [16,21]. The

porous architectures may endow the BOC-based material with high
surface area and better catalytic properties.

The TEM in Fig. 6a indicates that the BOC as well as BiO2-x are
randomly decorated on or intercalated into GR sheets to form a ternary
heterojunction. The HRTEM image (Fig. 6b) shows two different lattice
fringes in the BOC-BiO2-x(35 wt%)-GR. The corresponding interplanar
spacings are about 0.29 and 0.318 nm, which correspond to the (013)
plane of BOC and (111) plane of BiO2-x (Fig. 6c and d), respectively. As
can be seen, BOC-BiO2-x(35 wt%)-GR composites with close contact
have been successfully fabricated. The crystal models of BOC-BiO2-x

composites featured interfaces composed of BOC (013) and BiO2-x(111)
lattice planes is illustrated in Fig. 6e, the covalent bonding in the in-
terfaces is generated by Bi atoms and the surface terminated O atoms.

3.2. Evaluation of photocatalytic activity

The as-synthesized BOC-BiO2-x sample with different BiO2-x mass
ratios was investigated for the NO degradation at the indoor air level
under simulated solar light irradiation to determine its capability for air
purification. Fig. 7a displays the NO concentration changes (Ct/C0)
versus irradiation time in the presence of the different photocatalysts.
Obviously, NO could not be removed via direct photolysis under si-
mulated solar light irradiation without catalysts. BiO2-x alone displays
poor activity (4.1% of NO removal ratio) due to the easy recombination
of photo-induced charges. For pure BOC, the NO removal ratio was only
27.8% due to its large band gap and the fast recombination of e−-h+

pairs [18–22]. Interestingly, the BOC-BiO2-x composites exhibited
higher activity than either pure BOC or BiO2-x. The removal ratio of NO
with BOC-BiO2-x(5 wt%), BOC-BiO2-x(15 wt%), and BOC-BiO2-x(25 wt
%) are 46.4%, 49.4% and 50.5%, respectively (Fig. 7b). Particularly,

Fig. 5. BET adsorption-desorption isotherms and pore size distribution of (a)BOC, (b)BiO2-x, (c) BiO2-x-BiO2-x(35 wt%), and (d) BOC-BiO2-x(35 wt%)-GR.
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when the content of BiO2-x is of 35 wt%, BOC-BiO2-x(35 wt%) demon-
strated the highest photocatalytic activity with a NO removal ratio of
53.6%, which surpassed that of BOC by more than 25.8% (Fig. 7b). This
high photocatalytic performance may be benefited from the enhanced
light absorption, effective charge transfer and intimate contact between
BOC and BiO2-x. A further increase in the amount for BiO2-x(45 wt%)
results in a decrease of activity, but it is still higher than those of pure
BOC and BiO2-x. There are two reasons which may explain this reduc-
tion of activity: 1) A high content of BiO2-x could block the slit-shaped
pores of BOC for the adsorption of NO molecules. 2) Overmuch BiO2-x

has a relative poor photocatalytic activity of NO removal under the
same photo-irradiation conditions. Therefore, loading appropriate
amounts of BiO2-x can optimize the photocatalytic activity of the BOC.

Fig. 7c shows that the photocatalytic activity of the binary compo-
site can be further improved by the addition of GR. For comparison, NO
degradation over BiO2-x-GR and BOC-GR were also carried out under
identical conditions. Interestingly, all three composites with GR, i.e.,
BiO2-x-GR, BOC-GR and BOC-BiO2-x(35 wt%)-GR, showed significant
improvement in the photocatalytic efficient as compared to the corre-
sponding materials without GR. For example, after 30min simulated
solar light illumination nearly 38.4% of NO was removed by BOC-GR
while only 27.8% of NO was removed by pure BOC. Overall the BOC-
BiO2-x(35 wt%)-GR nanocomposites exhibited the largest degradation
ability (60.7%) among all the photocatalysts, which can be possibly
attributed to both efficient electron transfer through the interfaces and
the enlarged specific surface area provided by GR.

The influence of the initial concentration of NO on the photo-
catalytic activity of the BOC-BiO2-x(35 wt%)-GR composite was also
investigated and are shown in Fig. S5a and b. It was found that in the
NO concentration range between 150 ppb–500 ppb, the removal effi-
ciency of NO reaches the maximum at 430 ppb.

The stability and recyclability of BOC-BiO2-x(35wt%)-GR nano-
composites were evaluated through multiple photocatalytic

experiments over used BOC-BiO2-x(35 wt%)-GR photocatalyst (Fig. 7d).
The NO removal ratio were 60.7%, 60.1%, 58.1%, 56.8%, and 54.9%
from the first to the fifth cycles, respectively, showing only slight de-
crease in efficiency. In addition, Fig. 7b implies that BOC-BiO2-x(35 wt
%)-GR could maintain about 54.9% of NO removal for at least 90 min
irradiation, which can be considered as a suitable photocatalyst for
practical applications. Additionally, the used catalyst after reaction was
examined by XRD, XPS and SEM. As shown in Fig. S6a–d, the diffraction
peaks, surface chemical composition, and morphology remained almost
the same, suggesting the stability of the as-prepared materials during
the photocatalytic reactions.

3.3. Photocatalytic mechanism analyses

Fig. 8a shows the transient photocurrent responses which can be
used to analyze the efficiency of charge generation and separation
under simulated solar light irradiation. The photocurrent of the BOC
and BiO2-x anode were about 0.8 and 1 μm/cm2, whereas the photo-
current value of BOC-BiO2-x(35wt%) electrode reached as high as 2 μA/
cm2, nearly 2.5 times of pure BOC. The much higher photocurrent in-
tensity in BOC-BiO2-x(35 wt%) can be ascribed to the introduction of
BiO2-x, and it is obvious that electrons and holes were separated more
effectively in BOC-BiO2-x(35 wt%). Furthermore, BOC-BiO2-x(35 wt
%)-GR showed additional photocurrent intensity enhancement. The
BOC-BiO2-x(35 wt%)-GR photoelectrode exhibits the highest photo-
current density of 2.4 μA/cm2, which is about 1.2 times than that of
BOC-BiO2-x(35 wt%) photoelectrode. The above observation evidenced
that GR can indeed act as an electron transport bridge, which accel-
erates the electron transfer from BiO2-x to BOC. Meanwhile, PL is em-
ployed to further confirm the positive effect of the GR on the dynamics
of interfacial charge transfer under same conditions. As presented in
Fig. S7, the BOC-BiO2-x(35 wt%)-GR displays lower PL intensity than
that BOC-BiO2-x(35 wt%). This result indicated that the introduction of

Fig. 6. TEM of BOC-BiO2-x(35 wt%)-GR(a), (c, d) HRTEM image of BOC-BiO2-x(35 wt%)-GR in the red frame of (b), and (e) optimized structure model of the BOC-
BiO2-x interface. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).
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appropriate GR into BOC-BiO2-x(35 wt%) is an effective way to promote
the photogenerated electron-hole pairs separation and the interfacial
charge transfer, which is consistent with the results of photocurrent.

The SPV as a well-established non-contact method, could effectively
reflect the information about the process of photoinduced charge se-
paration and transfer in the surface and interface under monochromic
excitation. Generally, a stronger SPV response signal implies a higher
separation efficiency of photo-generated charges under the illuminated
condition [8]. Fig. 8b shows the SPV spectra of all the samples. Pure

BOC (the inset of Fig. 8b) and BiO2-x present a clear positive SPV signal
after being excited by light with wavelength ranging from 300 to
600 nm, which is a typical characteristic of n-type semiconductor in
SPV [15]. The BOC-BiO2-x(35 wt%) composites exhibited higher SPV
intensity than pure BOC and BiO2-x, indicating that there should be
strong interaction between BOC and BiO2-x in the hydrothermal pro-
cess, which plays an important role in the transfer of photogenerated
carriers. The BOC-BiO2-x(35 wt%)-GR sample shows the highest SPV
intensity, in turns most efficient charge separation efficiency, which is

Fig. 7. (a, b) Comparison of photocatalytic activities and removal rate towards NO by BOC-BiO2-x, (c) photocatalytic activity evaluation of different photocatalysts,
and (d) cycle photocatalytic performance of BOC-BiO2-x(35 wt%)-GR under simulated solar light irradiation.

Fig. 8. (a) Photocurrent and (b) surface photovoltage (SPV) spectra of BOC, BiO2-x, BiO2-x-BiO2-x(35 wt%) and BOC-BiO2-x(35 wt%)-GR (the inset is the SPV spectra of
BOC).
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also consistent with the results of photocatalytic experiment. The en-
hanced separation efficiency of electron-hole pairs can be attributed to
GR as a mediator can promote the electrons transfer from BOC to BiO2-x

through a Z-scheme mechanism. The results are consistent with the
analysis of the photocurrent and PL characterization.

Before proposing the reaction mechanism of photocatalytic NO
oxidation, the scavenger experiments and ESR were carried out to de-
termine the type of active species and their contributions. In these
trapping experiments, KI, K2Cr2O7, isopropyl alcohol (IPA), and p-
benzoquinone (PBQ) were selected to trap the photogenerated h+, e−,
hydroxide radical (HO%), and superoxide anion radical (O2

%−) species
[36,37], respectively. It’s worth noting that the addition of K2Cr2O7

significantly decreased the NO removal activity, whereas the inhibition
effect imposed by KI, IPA and PBQ are far less than K2Cr2O7 (Fig. 9a).
These results implied that the photogenerated e− played the most im-
portant role in NO removal. Since the photogenerated e− can activate
O2 to produce active O2

%− and HO%from the oxidation H2O with h+, it
is essential to investigate the role of these active oxygen species in the
NO removal process.

ESR spectroscopy with DMPO spin-trapping adducts was performed
to allow the detection of O2

%− radicals (DMPO-O2
%−) in methanol and

HO% radicals (DMPO-HO%) in aqueous state. As shown in Fig. 9b, there
was no signal when the system in the dark, while four apparent signals
of DMPO- O2

%− could be clearly observed once BOC-BiO2-x(35 wt%)-GR
were exposed to simulated solar light irradiation. In addition, the
DMPO-O2

%− signal intensities increased with the irradiation time. In
Fig. 11c, the DMPO-HO% signal could be not detected under dark con-
ditions. Under simulated solar light illumination, four characteristic
peaks with intensity ratio of 1:2:2:1 for DMPO-HO% adducts were

observed. This indicates that HO% radicals are generated on the sample
after irradiation. These results imply that both the O2

%− and HO% ra-
dicals are responsible for the photocatalytic oxidation of NO in air. This
is in accord with the results of trapping experiments.

Fig. 9d shows the in situ FT-IR spectra of the NO adsorption in the
dark and photocatalytic reaction processes on the surface of BOC-BiO2-

x(35 wt%)-GR under simulated solar light irradiation. Table S1 sum-
marizes the assignment of the corresponding main adsorption peaks. In
dark, the absorption peak of bidentate NO3

− (1038 cm−1) can be ob-
served after adsorption equilibrium [36]. This could be attributed to the
oxygen vacancies in BiO2-x that reacted with the adsorbed O2 to pro-
duce %O2

− [23,25], which consequently oxidized NO to bidentate
NO3

−. After turning the light on, a lot of enhanced absorption peaks
such as bridging NO3

− (1000 cm−1), chelate NO2
− (1174 cm−1), bi-

dentate NO3
− (1038 cm−1), N2O4 (1274 and 1726 cm−1), NO2

−

(1327 cm−1), NO2 (1443 and 1464 cm−1), and NO+ (2127 cm−1) can
be detected [36,38–40], which further confirmed that NO was oxidized
by the active species generated under simulated solar light irradiation,
in good consistency with the transient decrease of the NO concentration
after exposing to the solar light for the first 2 min in Fig. 7a. As evi-
denced by the scavenger experiments and ESR, the h+, O2

%− and HO%

(Eq. (1)–(3) are main reactive species for the photocatalytic oxidation
of NO. The intermediate NO2 comes from the oxidization of NO with
the HO% and O2 (Eqs. (4) and (5), whereas the NO2 may be further
converted to N2O4 (Eq. (5) or absorbed by H2O or alkali liquor to form
NO3

− and NO2- (Eq. (6), which are good nitrogen fertilizer [41].The
production of NO+ intermediates should be ascribed to the partial
oxidation of NO with the HO% and h+ (Eqs. (7) and (8). The NO+ in-
termediates undergo further reactions following Eqs. (9) and (10) and

Fig. 9. (a) Active specices trapping experiments, ESR signals of the (b) DMPO-O2
%− and (c) DMPO-HO% for BOC-BiO2-x(35 wt%)-GR under simulated solar light

irradiation, and (d) in situ FT-IR spectra of photocatalytic NO oxidation process over BOC-BiO2-x(35 wt%)-GR.
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generate the final products nitrite and nitrate. Therefore, the formation
of NO+ could promote the NO photocatalytic oxidization. In addition,
as very strong oxidizing agents, the O2

%− and h+ radicals can oxidize
NO into the final NO3

− (Eqs. (11) and (12)). Since the final products of
NO3

− and NO2
− are still presented on the surface of the photocatalyst

after the reaction (light off 10min). This is the main reason for the
gradual decrease in photocatalyst activity during the recycling experi-
ment. However, the detail mechanism and intermediate products in the
photocatalytic NO oxidation process need further study in the future.
Based on the above results and analyses, the possible photocatalytic
reaction processes were listed as follows (Eqs. (1)–(12)):

− − + → +−
− +hvBOC BiO GR e h2 x (1)

+ →
− −e O O2 2

• (2)

+ →
+ −h OH HO• (3)

+ → +NO 2HO NO H O•
2 2 (4)

+ → ⇔2NO 2O 2NO N O2 2 2 4 (5)

+ → +2NO H O HNO HNO2 2 3 2 (6)

+ → +
+ −NO HO NO OH• (7)

+ →
+ +h NO NO (8)

+ + → +
+ − −NO 2HO 2OH NO 2H O•

3 2 (9)

+ → +
+ − −NO 2OH NO H O2 2 (10)

+ →
− −NO O NO2

•
3 (11)

+ + → +
+ − +h NO H O NO 2H2 3 (12)

In this section, considering on the experimental observations stated
above, we attempt to discuss the photocatalytic mechanism of the
ternary composite together with related theoretical calculations. The
most important point is the charge transfer between these three mate-
rials, which can only be discussed unambiguously based on the bandgap
energies and energy band positions of BOC and BiO2-x.

Mott-Schottky plot was first measured to locate the conduction band
(CB) edges of BOC and BiO2-x. As shown in Fig. S9, the positive slope of
the C−2-E plot suggested that both BOC and BiO2-x are n-type semi-
conductors, which is consistent with the results of SPV. The flat band
potential (Efb) of BOC and BiO2-x are located at −0 and −0.7 V vs. SCE,
which corresponds to 0.24 and−0.46 V vs. NHE, respectively. Since the
Efb of the n-type semiconductor may be considered approximately as the
conduction band (CB) edge [34]. The ECB of BOC and BiO2-x are esti-
mated to be 0.24 and −0.46 V vs. NHE, respectively. The energy po-
sitions of the valence band edge (EVB) and conduction band edge (ECB)
of BOC and BiO2-x are then calculated according to the following
equations [42]:

ECB=EVB− Eg (13)

where Eg is the band gap of the semiconductor. Here we use the
bandgap energy values obtained from the UV–vis absorption spectra,
which is 3.45 eV (BOC) and 1.68 eV (BiO2-x). Accordingly, the positives
of EVB of BOC and BiO2-x are estimated to be 3.69 and 1.22 V vs. NHE,
respectively.

The CB energy difference between BOC and BiO2-x is 0.70 eV, and
the VB energy difference BOC and BiO2-x is 2.47 eV. In this case, the
electrons might migrate between the energy levels in Z-scheme or type-
II situations. Therefore further information is necessary to determine

Fig. 10. (a, b) Band structure and (c, d) partial and total density of states (PDOS and TDOS) for BiO2-x and BOC.
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the charge transfer behavior between BOC and BiO2-x.
Band structures and partial/total density of states (PDOS/TDOS) for

BiO2-x and BOC are simulated based on DFT method and illustrated in
Fig. 10. The calculated band gap value can be measured as about
1.65 eV for BiO2-x and 3.40 eV for BOC (Fig. 10a and b). The calculated
band gap value of BiO2-x and BOC are narrower than experimental re-
sults by DRS spectra (1.68 eV for BiO2-x and 3.45 eV for BOC), which
may be resulted from the well-known limitation of generalized gradient
approximation (GGA). From the DOS shown in Fig. 10c, the BiO2-x show

a half-metallic characteristic, mostly originated from the O2p and Bi4p
states. The valence band (VB) of BiO2-x is composed of Bi4p and O2p,
while the conduction band (CB) edge is basically composed of Bi4p,
Bi4s, O2p, and O2s orbits. The VB electrons in BiO2-x are easily excited,
due to low hybridization between O atoms and adjacent Bi atoms in the
VB, half-metallic characteristics, and small band gap. Nevertheless, due
to the large hybrid electron density of Bi atoms with O atoms nearby in
the CB, the CB electrons mostly transfer inside the BiO2-x to cause high
recombination of photogenerated electrical carriers. For BOC

Fig. 11. Calculated electrostatic potentials for BOC and BiO2-x, respectively. The gray, red, and purple spheres are C, O, and Bi atoms. (c) The interface band bending
diagram and interfacial electron transfer between BOC and BiO2-x. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article).

Fig. 12. Two models of charge separation proposed for BOC-BiO2-x(35 wt%)-GR under simulated solar light irradiation: (a) Z-scheme electron transfer and (b)
Conventional donor acceptor charge transfer.
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(Fig. 10d), the CB edge is basically composed of Bi6p, Bi6s, O2p, and
C2p orbits, while the VB edge is mainly originated from O2p, Bi6p, and
C2p orbits. The VB electrons of BOC are difficult to be excited, due to
the wide band gap of BOC and the O atoms, Bi atoms, and adjacent C
atoms are well hybridized in VB. It is owing to the fact that large hybrid
electron density of O atoms with neighboring C and Bi atoms enhances
electrostatic attraction between the nucleus and electrons. On the other
hand, the CB electrons can be easily excited and migrate to the surface
of BOC due to the low hybridization. Therefore, in the BOC-BiO2-x

heterojunction the CB electrons in BOC and holes left in the VB of BiO2-x

are more active, which can have a determinant effect on the charge
transfer dynamic in the BOC-BiO2-x-GR composite. However, the charge
transfer between BOC and BiO2-x depends on the interfacial band
bending, which is further determined by Fermi levels and the energy
band of BOC and BiO2-x.

Furthermore, the calculation on Fermi levels indicated that the band
bending in BOC and BiO2-x at the interface of the heterojunction favors
the re-combination of CB electrons on BOC and the VB holes in BiO2-x.
Fig. 11a and b shows the calculated electrostatic potentials of BOC(013)
and BiO2-x(111), the work functions of BOC(013) and BiO2-x(111) were
calculated to be 6.42 and 4.84 eV, respectively, which means the Fermi
level of BiO2-x is higher than that of BOC. In this case, when BOC
contacts with BiO2-x, electrons of BiO2-x should transfer to BOC till the
Fermi energies of these two constituents are aligned (Fig. 11c). As a
result, the energy band edges in BiO2-x with high Fermi level are bended
upward continuously toward the interface, and those in BOC with low
Fermi level are bended downward towards the interface (Fig. 11c)
[43,44]. Therefore, the CB electrons in BOC are allowed to flow out
freely while the holes are confined in the VB. On the other hand, since
the energy band of BiO2-x is bended upward near the interface, holes in
VB can easily migrate to the interface. Consequently, the photo-induced
electrons of BOC and holes of BiO2-x will transfer to the interface but
can not flow into the energy bands of the other semiconductor, so they
can only recombine with each other at the interface (Fig. 11c). The CB
electrons of BiO2-x and VB holes of BOC are remained in their original
energy bands to participate in photocatalysis of NO. Through the above
theoretical calculation results, it is clear that the BOC-BiO2-x(35 wt
%)-GR composite can be considered as a Z-scheme photocatalyst.

Finally, we propose the separation processes of photoexcited e−-h+

and the photocatalytic mechanism of NO degradation using BOC-BiO2-

x-GR. According to the above discussion and periodic DFT simulations,
a possible Z-scheme charge transfer is illustrated in Fig. 12a. In this
case, the photogenerated e− in the CB of BOC would be transferred and
recombined with h+ in the VB of BiO2-x. The photogenerated e− in
BiO2-x remained in the CB of BiO2-x, and h+ in BOC remained in the VB
of BOC. The migration of charge carrier can result in the e− accumu-
lating in the CB of BiO2-x, and the h+ retained in the VB of BOC. The CB
potential of BiO2-x(−0.46 V vs. NHE) is more negative than the O2/
O2

%− reduction potential (−0.33 V vs. NHE) [45,46], and the VB po-
tential of BOC (3.69 V vs. NHE) is more positive than the standard redox
potential of H2O/HO% (2.27 V vs. NHE) [47]. This means that the e− in
CB of BiO2-x could be trapped by O2 to form the reactive O2

%−, whereas
the h+ left in the VB of BOC have enough energy to reduce H2O to
produce HO% radicals, which is consistent with the ESR results. Both
O2

%− and HO% radicals subsequently participate in the removal of NO.
The high efficient photocatalytic performance observed experi-

mentally as presented in section 3.2 confirmed that the Z-scheme
charge transfer is indeed dominant in the BOC-BiO2-x-GR photocatalyst.
If the charge transfer follows the mechanism of the type-II semi-
conductor heterojunction (Fig. 12b), the photo-generated e− should
migrate from the CB of BiO2-x(−0.46 V vs. NHE) to BOC (0.24 V vs.
NHE), and the photogenerated h+ in the VB of BOC(3.69 V vs. NHE)
would migrate to the VB of BiO2-x (1.22 V vs. NHE). In this case, neither
e− nor h+ can participate in the reduction or oxidation process because
of the energy band level. However, the trapping experiment and ESR
results indicated that O2

%− and HO% are the predominant active species

for the BOC-BiO2-x-GR system. Therefore, it is reasonable to conclude
that the photogenerated e−-h+ in BOC-BiO2-x-GR hybrids did not
transfer via the conventional heterojunction process in Fig. 12b.

Overall, the combination of BOC, BiO2-x, and GR into one composite
material showed synergy effect in enhancing the simulated solar light
photocatalytic degradation of NO. BiO2-x provided not only a high ab-
sorption of simulated solar light but also a transfer and separation path
of electrons from BOC. GR further enhanced the electron transfer by
acting as a high conducting interface material between BiO2-x and BOC,
and at the same time increased the surface area due to its 2D layered
morphology. Therefore, the high photocatalytic efficiency observed in
the BOC-BiO2-x-GR photocatalysts can be attributed to the above two
factors.

4. Conclusions

In summary, noble metal free, simulated solar light responsive,
highly reactive and stable BOC-BiO2-x-GR photocatalyst was success-
fully constructed. The NO removal efficiency as high as 61% was ob-
served, and no obvious deactivated of the photocatalyst was caused by
the photocatalytic process. Based on the experimental and computation
results demonstrate that Z-scheme charge transfer was proposed to
explain the observed high photocatalytic efficiency. The introduction of
GR is important because its high conductivity can promote the migra-
tion of electrons and its 2D morphology can provide large surface area.
It is believed that the design rules used in the present work can be
extended to construct other BiO2-x-based Z-scheme heterostructure
photocatalytic systems for simulated solar light removal of air pollu-
tion.
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