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a  b  s  t  r  a  c  t

N-doped  (BiO)2CO3 (NBOC)/graphene  oxide  (GO)  composite  obtained  from three-dimensional  hierar-
chical  microspheres  is successfully  synthesized  by one-pot  hydrothermal  method  for  the  first  time.  In
this synthesis,  citrate  ion  plays  a critical  role  in N doping.  The  obtained  samples  are used  to  degrade
gaseous  nitrogen  oxides  (NOx) at  parts-per-billion  (ppb)  level  under  visible-light  irradiation.  NBOC–GO
composite  with  1.0  wt%  graphene  oxide  (GO)  displays  the  highest  photocatalytic  NO  removal  efficiency,
which  is 4.3  times  higher  than  that  of  pristine  (BiO)2CO3. Moreover,  NBOC–GO  composite  significantly
inhibits  toxic  NO2 intermediate  production,  indicating  its  high  selectivity  for  NO  conversion.  Compared
with  regular  GO,  N  doping  considerably  improves  the  catalytic  performance  of  NBOC–GO  composite,
which  increases  NO  removal  by 74.6%  and  fully  inhibits  NO2 generation.  The improved  photocatalytic
activity  is  mainly  ascribed  to  extended  optical  absorption  ability  and  enhanced  separation  efficiency  of
photogenerated  charge  carriers  over  NBOC–GO  composite.  Both  results  of electron  spin  resonance  and

•
theoretical  analysis  of  band  structure  indicate  that  NO  removal  is dominated  by oxidation  with OH
and •O2

− radicals.  The  photocatalytic  activity  improvement  mechanism  over the  NBOC–GO  composite
is  proposed  accordingly  based  on  systematic  characterizations.  This  study  demonstrates  a  feasible  route
to  fabricating  Bi-containing  composites  with  high  selectivity  and  stability  for  air  pollution  control  and
provides  a new  insight  into  the associated  photocatalytic  mechanisms.

©  2017  Elsevier  B.V.  All  rights  reserved.
. Introduction

Nitrogen oxides (NOx, the sum of NO and NO2) are consid-
red as some of the most important precursors for secondary
rganic aerosol (SOA) formation, which significantly contributes
o PM2.5 mass concentration [1]. In Europe and North America,
Ox emissions from fossil fuel consumption are decreasing; how-
ver, in China, the increasing consumption of fossil fuels and
iomass results in increased NOx emissions, especially in urban
nd industrial areas [2]. To reduce the adverse effects of emissions
n human health and environmental protection [3], the develop-
ent of efficient strategies to remove NOx from the atmosphere
Please cite this article in press as: M.  Chen, et al., Visible-light-driven 

catalytic activity and selectivity for NOx removal, Appl. Surf. Sci. (2017

s of considerable importance [4]. Currently, the most commonly
dopted NOx control technology is selective catalytic reduction
sing ammonia. However, this method is only applicable for NOx

∗ Corresponding author at: Key Lab of Aerosol Chemistry & Physics, Institute of
arth Environment, Chinese Academy of Sciences, Xi’an 710061, China.
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169-4332/© 2017 Elsevier B.V. All rights reserved.
with high concentration (hundreds of ppm) at high temperature
[5]. Thereby, semiconductor photocatalysis has received intensive
attention in recent years as an alternative strategy for NOx decom-
position at parts-per-billion (ppb) levels at ambient temperature
[6].

Recently, a series of Bi-containing photocatalysts has been
developed owing to their excellent photocatalytic activity during
environmental pollutant removal. In particular, aurivillius bismuth
subcarbonate ((BiO)2CO3), composed of (Bi2O2)2+ and CO3

2− lay-
ers, shows promising UV light-activated photocatalytic activity.
However, the application of pristine (BiO)2CO3 (Eg = 3.1–3.5 eV) is
hindered by the relatively low utilization efficiency of visible light
and rapid recombination rate of photogenerated charge carriers
[7,8]. Considering that visible light accounts for 46% of the total
solar light energy, exploring photocatalytic materials with visi-
ble light absorption ability is highly desirable. Various approaches,
N-(BiO)2CO3/Graphene oxide composites with improved photo-
), http://dx.doi.org/10.1016/j.apsusc.2017.06.056

such as noble metal deposition and element doping, have been uti-
lized to improve the visible light utilization efficiency of (BiO)2CO3
[9,10]. For instance, Ag/(BiO)2CO3 was  reported to exhibit improved
visible light photocatalytic activity because of the significant sur-

dx.doi.org/10.1016/j.apsusc.2017.06.056
dx.doi.org/10.1016/j.apsusc.2017.06.056
http://www.sciencedirect.com/science/journal/01694332
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ace plasmon resonance effect induced by Ag loading [8]. Huang
t. al found that the N-doped (BiO)2CO3 demonstrated superior
isible light activity compared with pure (BiO)2CO3 because the
opant narrows the band gap, thereby allowing intensive use of
isible light [11]. Apart from improving visible light utilization,
he control of e−/h+ recombination rate over (BiO)2CO3 is also a
rucial issue. Graphene oxide (GO), as the cousin of graphene, has
ttracted considerable attention due to its unique properties, such
s high charge carrier mobility at room temperature, large spe-
ific surface area, extraordinary conductivity, and excellent optical
ransparency [12]. Owing to the presence of numerous delocalized
lectrons in the conjugated carbon network, GO is one of the most
deal supports for photocatalysts that can facilitate photogenerated
lectron separation and migration. For example, Puttaswamy et al.
ynthesized a hierarchical GO/(BiO)2CO3 composite that showed
mproved photocatalytic activity on RhB degradation [13]. How-
ver, approaches aiming to simultaneously overcome these two
spects of drawbacks, namely, low visible light utilization and
apid e−/h+ recombination, are scarce. In this study, N-doped
BiO)2CO3/graphene oxide (NBOC–GO) composites are synthesized
o obtain high photocatalytic performance on NO removal by pro-
iding synchronously high visible light utilization efficiency and
ow e−/h+ recombination.

During the photocatalytic process for NO decomposition, the
hemical reactions between NO and photogenerated reactive rad-
cals can produce NO2 intermediates and NO3

− as final products.
owever, the yield of NO2 gas in the system is not favorable because
f its intensive corrosion and toxicity, which makes it considerably
armful than NO [14]. Dong et al. reported that the NO2 generation
as extremely higher over pure (BiO)2CO3, accounting for 28% of

he degraded NO (�CNO2�CNO × 100%) [8]. As far as we  know, few
iteratures have reported on (BiO)2CO3-based photocatalysts with
igh selectivity on NO removal to suppress NO2 generation.

In this study, NBOC–GO composites are prepared using a one-
ot hydrothermal method and are then used to degrade gaseous
O at a parts-per-billion (ppb) level under visible light. The as-
repared NBOC–GO composites present excellent NO removal
fficiency and ignorable NO2 generation. The effect of GO/NBOC
eight ratios are investigated to obtain the optimum formula. We

ystematically characterize the obtained NBOC–GO sample and
iscuss the mechanisms of its enhanced photocatalytic activity.
urthermore, the contributions of N doping and GO coupling on
hotocatalytic activity enhancement are quantitatively and quali-
atively determined.

. Experimental

.1. Materials

Bismuth citrate (C6H5BiO7), bismuth nitrate (Bi(NO3)3), and
rea (CO(NH2)2) were obtained from Evonik Degussa (Shanghai,
hina). Graphite powder, sulfuric acid (H2SO4, 98%), hydrochlo-
ic acid (HCl, 36.0%–38.0%), hydrogen peroxide (H2O2), sodium
ydrate (NaOH), and potassium permanganate (KMnO4) were pur-
hased from Sigma–Aldrich (USA).

.2. Synthesis of NBOC–GO composites

First, GO was synthesized based on a modified Hummer’s
ethod. Briefly, 1.0 g graphite powder was dispersed into 23 mL
2SO4 at room temperature by stirring for 8 h. Subsequently, the
Please cite this article in press as: M.  Chen, et al., Visible-light-driven
catalytic activity and selectivity for NOx removal, Appl. Surf. Sci. (2017

ontainer (flask) was cooled to 0 ◦C using an ice bath. Afterward,
.0 g KMnO4 was slowly added to the above mixture. The final sus-
ension was heated to 35 ◦C for 30 min  and then to 65–80 ◦C for
5 min  to obtain a dark brown paste. Subsequently, the paste was
 PRESS
cience xxx (2017) xxx–xxx

diluted with 46 mL  deionized (DI) water at 95–105 ◦C. Exactly 10 mL
30% H2O2 was  then slowly added to react with the residual KMnO4.
The resulting suspension was centrifuged, washed with DI water,
and dried at 80 ◦C to obtain GO powder.

Second, 2 mmol  bismuth citrate and 5 mmol  urea were dissolved
in 35 mL DI water through vigorous magnetic stirring with the addi-
tion of a certain GO amount. The suspension was subsequently
transferred into a Teflon-lined stainless steel autoclave and kept
at 160 ◦C for 24 h. The precipitate was  collected from the auto-
clave via filtration, washed with DI water and ethanol in sequence,
and dried at 80 ◦C. The obtained powder was the NBOC–GO sam-
ple. To investigate the effect of GO/NBOC weight ratios, the initial
GO amounts were set at 0.1, 0.5, 1.0, and 1.5 wt% of NBOC, which
were indexed as NBOC–GO 0.1, NBOC–GO 0.5, NBOC–GO 1.0, and
NBOC–GO 1.5, respectively. The NBOC sample was prepared using
the same procedure except GO addition.

For comparison, the pure (BiO)2CO3 (BOC) sample was syn-
thesized by replacing bismuth citrate with bismuth nitrate. Other
approaches are similar to those of NBOC. The BOC-GO 1.0 compos-
ite was  synthesized as a dispersing GO powder (containing 1.0 wt%
BOC) into the precursor solution for BOC synthesis.

2.3. Characterization

The phase structures of the catalysts were recorded on a
Philips X’Pert Pro Super diffractometer using Cu K� (� = 0.154 nm)
radiation. Raman spectroscopy was carried out using a Ren-
ishaw inVia Raman System 1000 spectrometer. Fourier transform
infrared spectrometer (Magna-IR 50, Nicolet, USA) was used to
test the Fourier transform infrared spectroscopy (FTIR) spec-
tra. The UV–vis reflectance spectra was  obtained from a Varian
Cary 100 Scan UV–vis system. X-ray photoelectron spectroscopy
(XPS) was  performed on a Quantum 2000 Scanning ESCA Micro-
probe. The sample morphology was  characterized using scanning
electron microscopy (SEM, SUPRA 55, Japan) and transmis-
sion electron microscopy (TEM, JEM-2010, Japan), respectively.
The photoluminescence (PL) spectra of samples were tested
with a PL spectrometer (PE, LS-55, USA) at 280 nm excita-
tion wavelength. The N2 adsorption/desorption isotherms were
characterized using Brunner−Emmet−Teller (BET) measurement
analyzer (Micromeritics Instrument, ASAP 2020, USA). To deter-
mine the •OH and •O2

− radical formation, electron spin resonance
(ESR) were conducted on an ER200-SRC spectroscopy (Bruker,
Germany). The ESR test samples were prepared by dispersing
0.05 g NBOC–GO into 25 mM 5, 5′-dimethyl-1-pirroline-N-oxide
(DMPO) solution for DMPO–•OH or 50 mL  methanol dispersion
for DMPO–•O2

−. The photoelectrochemical properties of the sam-
ples were tested using an electrochemical workstation (PARSTAT
4000, USA). The photocurrent–time curve was measured at a
voltage of 0.2 V in a 0.5 M Na2SO4 electrolyte. Electrochemical
impedance spectroscopy (EIS) was investigated at 5 mV  voltage
amplitude with a frequency range of 0.1–100 kHz under an open-
circuit voltage. The flat band potential of sample was measured
through Mott–Schottky measurement at a frequency of 1000 Hz in
0.1 mol  L−1 Na2SO4 aqueous solution (pH = 7.0).

2.4. Photocatalytic activity test

To test the photocatalytic activity, the air pollutant NO was  cho-
sen as the probe to examine the photocatalyst performance. The NO
gas continuously flows into a rectangular reactor made of stainless
steel with a dimension of 10 (height) × 30 (length) × 15 cm (width).
 N-(BiO)2CO3/Graphene oxide composites with improved photo-
), http://dx.doi.org/10.1016/j.apsusc.2017.06.056

A Saint-Glass was  covered on top of the rectangular reactor to allow
passage of light. Exactly 0.2 g catalyst was dispersed on a sample
dish placed on the center of the reactor. The sample dish was pre-
pared by coating the catalyst onto a dish with 12.0 cm diameter.

dx.doi.org/10.1016/j.apsusc.2017.06.056
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Fig. 1. XRD patterns of BOC, BOC–GO 1.0, NBOC and NBOC–GO composites.
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Fig. 3. FTIR spectra of as-prepared GO, NBOC, NBOC–GO samples.
Fig. 2. Raman spectra of GO and NBOC–GO 1.0 composites.

he NO gas was supplied by a compressed gas cylinder and diluted
ith N2 gas. The NO concentration in the cylinder was 48 ppm and

iluted to 400 ppb for photocatalytic activity testing using a zero
ir generator (Sabio 4010, USA). When an equilibrium was achieved
ollowing the adsorption/desorption between the catalyst and NO
as, the Xenon lamp (300 W,  PLS-SXE 300, Beijing) was turned on
o start the photocatalytic reaction. The light irradiation from the
enon lamp was regarded as the simulated solar light. The NO
nd NO2 concentrations were continuously measured during the
eaction.

. Results and discussion

.1. Phase structure and chemical compositions of the
s-prepared samples

Fig. 1 shows the XRD patterns of BOC, BOC-GO 1.0, NBOC
nd NBOC–GO samples. All samples show similar XRD patterns,
hich can be indexed to tetragonal (BiO)2CO3 with JCPDS no.

1-1488. Compared with pure (BiO)2CO3, NBOC has significantly
roadened peaks withlattice distortion resulting from lower crys-
allinity owing to the presence of nitrogen [15]. The consistent
hase structure between NBOC and NBOC–GO confirms that the
rystal structure of N-doped (BiO)2CO3 was not changed during
he NBOC–GO synthesis process.

Raman spectroscopy is performed to verify the presence of GO
Please cite this article in press as: M.  Chen, et al., Visible-light-driven 

catalytic activity and selectivity for NOx removal, Appl. Surf. Sci. (2017

n the NBOC–GO 1.0 composite. Fig. 2 presents the results. The
610 and 1326 cm−1 Raman bands are observed in both samples,
hich should be attributed to the G and D bands of GO, respectively

16]. Moreover, the ID/IG intensity ratio is an indicator of the dis-
Fig. 4. XPS spectra of BOC, NBOC and NBOC–GO 1.0 samples.

order degree, where ID and IG are the intensities of D and G bands,
respectively [16]. Higher ID/IG value represents higher disorder and
more defects because the D band is relative to the disorder and
defects in the hexagonal graphitic layers. The imperceptible change
in ID/IG ratio between GO (1.09) and NBOC–GO 1.0 (1.12) indicates
that GO is formed through a nondestructive coalescent approach
in the NBOC–GO composites. Differently, a characteristic band at
162 cm−1 is observed in the NBOC–GO 1.0 composite alone, which
is attributed to the external vibration of carbonate ion (CO3

2−) [17].
Fig. 3 illustrates the FTIR images of GO,  NBOC, and NBOC–GO

composites (0.1, 0.5, 1.0, and 1.5). For GO sample, four adsorption
peaks are observed at 1752, 1629, 1398, and 1052 cm−1. The peak at
1752 cm−1 is attributed to C O stretching vibration in the carboxyl
group. The absorption peak at 1629 cm−1 indicates an O H bending
vibration in the epoxide functional group. The peaks at 1398 and
1052 cm−1 result from the vibrations of carboxyl C O and alkoxy
C O stretching, respectively [15,18]. For the NOBC FTIR spectra,
the CO3

2− characteristic band groups ion, including v3 (1473 and
1380 cm−1) and v2 (844 cm−1) vibrational modes, are observed [15].
For all NBOC–GO samples, the characteristic bands of both NBOC
and GO still remain, suggesting successful NBOC–GO composite for-
mation in the samples. Moreover, the broad band in 3442 cm−1 is
N-(BiO)2CO3/Graphene oxide composites with improved photo-
), http://dx.doi.org/10.1016/j.apsusc.2017.06.056

found in all the samples, which is caused by the physically absorbed
H2O from the atmosphere.

XPS measurement is conducted to identify the elements in BOC,
NBOC, and NBOC–GO 1.0 samples. In Fig. 4a, the Bi peaks at 159.2

dx.doi.org/10.1016/j.apsusc.2017.06.056
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nd 164.5 eV correspond to Bi 4f7/2 and Bi 4f5/2, respectively. In
ig. 4b, the C 1s peaks at 284.8 and 288.8 eV are attributed to the
arbon in carbonate group. The O 1s spectra located at 530.7 and
29.6 eV, as shown in Fig. 4c, are caused by O–Bi and hydroxyl
pecies, respectively, where the hydroxyl species originated from
he absorbed H2O on the catalyst surface from the atmosphere [15].
t is worth noting that the N 1s peak (Fig. 4d) at 400.2 eV is present
n NBOC and NBOC–GO 1.0 samples but absent in BOC sample. This
bservation indicates successful N doping in NBOC and NBOC–GO
.0 samples. Moreover, the surface atomic nitrogen concentration

s found to be 0.83% based on the XPS result of NBOC. From the raw
aterial used for NBOC synthesis (i.e., C6H5BiO7 and CO(NH2)2),

he N element in NBOC should be attributed to the urea. However,
he N element is absent in BOC sample that utilized Bi(NO3)3 as the
i source. This finding suggests that citrate ion in bismuth citrate
lays an important role in nitrogen doping.

.2. Morphology

SEM and TEM analyses were adopted to characterize the size
nd morphology of the as-prepared samples (Fig. 5). As shown
n Fig. S1, the pure BOC is composed of nanoplates. The NBOC
onsisted of a large number of nanoplates as shown in Fig. 5a.
ig. 5b reveals a thickness of the nanoplates of approximately
29.6–213.0 nm.  In Fig. 5c, the NBOC–GO 1.0 consisted of three-
imensional flower-like hierarchical microspheres, wherein the
ower is self-assembled from two-dimensional nanosheets. Obvi-
usly, few un-assembled nanosheets disperse in the NBOC–GO
ample. The close-up view of NBOC–GO shows that the thickness of
he nanosheets is approximately 14.2–32.3 nm (Fig. 5d). The thick-
ess of nanosheets in NBOC–GO composite is much smaller than
hat of pure NBOC, which might be due to that the GO template is
hin. The thin nanosheets would enhance the photocatalytic perfor-

ance by providing increased exposure surface and facilitating the
obility of charge carriers, such as ZnO–GO composite and BiVO4

anosheets [19,20].
The morphology of NBOC–GO is further confirmed by TEM

mage (Fig. 6a). As shown in Fig. S2, GO is composed of thin, trans-
arent gauze-like sheets [21]. The two-dimensional nanosheets in
ig. 6a were obviously originated from GO, whereas the nanopar-
icles and some dispersed nanosheets with small size should be
scribed to the N-Bi2O2CO3. Therefore, the NBOC nanosheets in the
BOC–GO composite are assembled of nanoparticles (Fig. 6a). This

ondition suggests that the appearance of GO in the reaction pre-
ursor changes the morphology of NBOC, wherein the GO acts as the
emplate, supporting NBOC nanoparticle growth into nanosheets
n the GO and then assembled as hierarchical flower. Similar find-

ng has been reported by Xu et al., wherein Ag2CrO4 semiconductor
hanged from bulk to small nanoparticles after dosing GO into the
recursor solution [22]. The corresponding high-resolution trans-
ission electron microscopy (HRTEM) image (Fig. 6b) shows that

he lattice fringe is ca. 0.273 nm,  corresponding to the (110) crys-
al plane of tetragonal phase NBOC. The selected-area electron
iffraction (SEAD) pattern in the inset of Fig. 6b shows clear diffrac-
ion rings, suggesting that the NBOC is a polycrystalline structure.
he inner two diffraction rings correspond to (110) and (020)
lanes of Bi2O2CO3. The phase analysis from HRTEM and SEAD

mages confirms the tetragonal phase structure analyzed from XRD,
emonstrating that NBOC has successfully anchored to the surface
f the GO sheets.

.3. Optical absorption and surface areas
Please cite this article in press as: M.  Chen, et al., Visible-light-driven
catalytic activity and selectivity for NOx removal, Appl. Surf. Sci. (2017

Fig. 7a displays the UV–vis diffuse reflectance spectra of the as-
repared samples. A sharp absorption edge is observed at 400 nm

or pure BOC sample. After doping with N, the absorption edge
 PRESS
cience xxx (2017) xxx–xxx

shifts to 600 nm in NBOC sample, indicating that the N doping
tailors the absorption spectrum from UV to visible ranges. Com-
pared with NBOC, the optical absorption intensities of all NBOC–GO
samples are strengthened in the range of 600–900 nm.  Moreover,
the absorption edge of NBOC–GO samples exhibit no significant
shift compared with NBOC. The differences between NBOC-GO and
NBOC should be ascribed to the presence of GO. These findings sug-
gest that the GO in the NBOC–GO composites consist of free carbon
rather than incorporated carbon since the free carbon leads to a
broad background absorption in the visible-light region, whereas
incorporated carbon results in the change of adsorption edge [19].
Moreover, the absorption intensities in 600–900 nm are gradually
increased as the GO content increased. This finding implies that
the higher the GO content, the more efficient the utilization of solar
energy. This observation is consistent with the color change among
the NBOC–GO composites, which turns from light yellow to brown
with the increment of GO content (Fig. 7a). Additionally, compared
with BOC, the BOC-GO 1.0 shows a significant enhancement in opti-
cal absorption at visible light range, while the adsorption edge does
not shift. This observation is agreement with changes from NBOC
to NBOC-GO.

The band gaps of BOC and NBOC are calculated to be 3.26 and
2.94 eV by using the Kubelka–Munk function, respectively, which
are estimated from the intercept of the tangent by plotting (�h�)1/2

vs. h� as shown in Fig. 7b [23]. The abbreviations � and h� represent
the absorption coefficient and photon energy, respectively.

Table 1 shows the BET specific surface area (SBET) of the BOC,
BOC–GO 1.0, NBOC and NBOC–GO composites. The BET specific
surface area of NBOC reaches 25.31 m2/g, which is 10.9 times of
BOC. However, after coupling with GO, the SBET of NBOC–GO is
almost unchanged as compared with NBOC. This observation sug-
gests that N doping in the NBOC-GO composites contributes to
the more significant improvement on the SBET than the approach
of coupling with GO. Differently, SBET of the BOC–GO composites
increases slightly from 2.32 m2/g to 5.47 m2/g when the GO con-
tent changes from 0 wt.% to 1.0 wt.%, which is because the GO with
a large SBET can act as support for the BOC growth, leading to the
formation of a larger SBET in the BOC–GO 1.0 composite [19]. In
general, the large SBET benefits the photocatalytic performance by
providing more active sites for the pollutants and promoting the
e−–h+ pairs separation [24].

3.4. Photocatalytic activity evaluation

The photocatalytic activity of the as-prepared samples is exam-
ined for NO removal under visible-light irradiation. Fig. 8a depicts
the remaining NO ( CNO

C0 of NO × 100%) vs. irradiation time over BOC,
BOC–GO 1.0, NBOC, and NBOC–GO composites. The BOC sample
shows the lowest NO removal efficiency of 11.8%. By contrast, the
NBOC presents a significant improvement in NO removal with a
removal efficiency of 40.6%. All NBOC–GO (0.1, 0.5, 1.0, and 1.5)
samples show better NO removal performance than pure NBOC.
The optimum NO removal efficiency is 50.4% as the GO amount
increases to 1.0%, which is 4.3 times of pure (BiO)2CO3. However,
the further increase of GO amount results in the impairment on
NO removal, showing a decreased removal efficiency of 47.0% at
NBOC–GO 1.5 composite. Therefore, an unlimited increase of GO
amount does not guarantee a beneficial effect on the photocat-
alytic performance because the overdosed GO would hinder the
light absorption of NBOC. NBOC (40.6%) shows better NO removal
efficiency than BOC–GO 1.0 (21.3%), suggesting that N doping plays
 N-(BiO)2CO3/Graphene oxide composites with improved photo-
), http://dx.doi.org/10.1016/j.apsusc.2017.06.056

a more important role than GO on the improvement of the photo-
catalytic activity. N doping contributes to 74.6% of the improvement
in NO removal

(
NBOC−BOC

NBOC−GO1.0composite−BOC
)

and the GO responses for
the minor 25.4% in the NBOC–GO 1.0 sample.

dx.doi.org/10.1016/j.apsusc.2017.06.056
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NO2 generation is monitored simultaneously during the pho-
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ocatalytic oxidation of NO, and the result is shown in Fig. 8b.
O2 generation in BOC is relatively high with a yield of 19.2 ppb
O2 despite that the NO removal over BOC is the lowest among
ll samples. After compositing with GO (BOC–GO 1.0), the NO2

Fig. 5. SEM images of NBOC (a, b

Fig. 6. Low magnification TEM image of (a) NBOC–GO 1.0, and (b) H

Fig. 7. (a) UV–vis diffuse reflectance spectra of pure BOC, NBOC, BOC-GO 1.0 and
 PRESS
cience xxx (2017) xxx–xxx 5

concentration increased to 36.8 ppb. However, the NO2 yield effi-
C

N-(BiO)2CO3/Graphene oxide composites with improved photo-
), http://dx.doi.org/10.1016/j.apsusc.2017.06.056

ciency (NO2 yield efficiency = NO2
C0 of NO−CNO × 100%) almost remains

the same in BOC and BOC–GO 1.0 samples, showing the efficiency
of 40.6% and 41.3%, respectively. This observation suggests that

) and NBOC–GO 1.0 (c, d).

RTEM of NBOC–GO 1.0, Inset: SEAD patterns of NBOC–GO 1.0.

 NBOC–GO composites and (b) the estimated band gap of BOC and NBOC.
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Table 1
Summary of surface area of pure BOC, BOC–GO 1.0, NBOC, and NBOC–GO composites.

Samples BOC BOC- GO 1.0 NBOC NBOC-GO

0.1 0.5 1.0 1.5

BET Surface Area (m2/g) 2.32 5.47 25.31 22.60 23.62 22.94 22.64

Fig. 8. (a) C/C0 of NO vs. irradiation time, and (b) the
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ig. 9. Re-utilization test of NBOC–GO 1.0 photocatalyst under visible-light irradi-
tion.

he GO shows ignorable effect for NO2 generation. Interestingly,
or the NBOC photocatalysis, the NO2 concentration is lower than

 ppb with a NO2 yield efficiency of 0.5%, indicating that N doping
lays a significant role of inhibiting the NO2 generation. In all four
BOC–GO composites, the NO2 generation concentrations main-

ain at equivalent levels to NBOC at a range of 1.6–3.0 ppb (with
O2 yield efficiency at 0.4%–0.7%). This observation is in agree-
ent with the conclusion that GO shows ignorable effect on the
O2 yield efficiency regardless whether the GO content is changed
r not. Herein, the NBOC–GO composite is a highly selective photo-
atalyst on inhibiting the NO2 generation that completely benefits
rom the role of N doping.

In view of real application, the stability of photocatalyst is
mportant during the photocatalytic reaction. The re-utilization
xperiment is conducted to test the stability of the optimum pho-
ocatalyst of NBOC–GO 1.0 sample. Fig. 9 shows that the decay rate
f NO maintains a similar level after five consecutive cycles, sug-
esting that the obtained NBOC–GO 1.0 photocatalyst owns high
tability and presents no photocorrosion within the test period.

.5. Photocurrrent, electrochemical impedance spectroscopy, and
hotoluminescence spectra
Please cite this article in press as: M.  Chen, et al., Visible-light-driven
catalytic activity and selectivity for NOx removal, Appl. Surf. Sci. (2017

The photocurrent response experiments are performed to inves-
igate the interfacial charge separation and transfer dynamics of
hotoelectrons. Fig. 10a shows the photocurrent response of BOC,
BOC and NBOC–GO 1.0 electrodes under visible light irradiation.
 NO2 generation under visible-light irradiation.

No photocurrent is generated on BOC sample under visible light
irradiation because BOC is inert to visible light with its wide band
gap [9]. In comparison, the NBOC shows the generation of pho-
toexcited electrons under visible-light irradiation because the N
doping explores the visible light response, which is in agreement
with the diffuse reflectance spectroscopy (DRS) results. The higher
photocurrent of NBOC–GO 1.0 than NBOC indicates a rapid pho-
tocurrent generation in the NBOC–GO 1.0 composite because GO
facilitates the separation and migration of charge carriers, resulting
from its role of electron acceptor and transfer channel [19,25].

EIS is used to assess the charge mobility of samples. In gen-
eral, the increased charge mobility leads to the small EIS arc
radius. Fig. 10b shows the EIS measurement results of BOC, NBOC
and NBOC–GO 1.0 samples. The NBOC–GO 1.0 shows the smallest
semicircle among the three samples, suggesting that the photogen-
erated e−–h+ pairs in the NBOC–GO composite is easily separated
and transferred to the surface of sample.

The PL emission spectra of BOC, BOC–GO 1.0, NBOC and
NBOC–GO 1.0 by the excitation wavelength at 280 nm are com-
pared in Fig. 10c. The fluorescence emission peaks of all samples
are mainly centered at 350–500 nm.  The intensity follows the
order BOC > BOC–GO 1.0 > NBOC > NBOC–GO 1.0. The lower the PL
intensity, the higher the possibility of photoexcited charge-carrier
separation [26]. The lower PL emission of NBOC than BOC indicates
that the recombination emission in (BiO)2CO3 is reduced by N dop-
ing. Furthermore, the NBOC–GO 1.0 composite owns the lower PL
emission intensity than NBOC because the high electrical conduc-
tivity of GO facilitates the charge separation and migration [27,28],
thereby inhibiting the recombination of charge carries. In addition,
the BOC–GO 1.0 composite shows higher PL intensity than NBOC,
demonstrating that the N doping on (BiO)2CO3 is an efficient way
to decrease the e−–h+ recombination compared with construction
composite with GO.

3.6. Photocatalytic mechanism

In order to investigate the active radicals and evaluate the pho-
toreaction mechanism, ESR spin-trap technique is used for the
detection of •OH and •O2

− radicals in BOC, NBOC and NBOC-GO
 N-(BiO)2CO3/Graphene oxide composites with improved photo-
), http://dx.doi.org/10.1016/j.apsusc.2017.06.056

samples under visible light irradiation. The seven antisymmetric
peaks observed in NBOC and NBOC–GO 1.0 in Fig. 11a are ascribed to
the •OH radicals.24 The four-line spectrum with an intensity ratio of
1:1:1:1 (Fig. 11b) are observed in NBOC and NBOC–GO 1.0, suggest-

dx.doi.org/10.1016/j.apsusc.2017.06.056
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Fig. 12. Mott–Schottky plots of the NBOC.
ig. 10. (a) Photocurrent responses under visible-light irradiation, (b) electrochem-
cal impedance spectroscopy measurements of BOC, NBOC and NBOC–GO 1.0, and
c) the PL spectrum of BOC, BOC–GO 1.0, NBOC, NBOC–GO 1.0 excited by 280 nm.

• −
Please cite this article in press as: M.  Chen, et al., Visible-light-driven 

catalytic activity and selectivity for NOx removal, Appl. Surf. Sci. (2017

ng the presence of O2 radicals. These findings demonstrate that
OH and •O2

− radicals are formed in both NBOC and NBOC–GO 1.0
amples under visible light irradiation. Moreover, the signal inten-
ities of •OH and •O2

− radicals over NBOC–GO 1.0 is higher than

Fig. 11. Electron spin resonance spectra for (a) •OH radicals and •O2
− radi
Fig. 13. Schematic of the photogenerated charge transfer in the NBOC–GO compos-
ite  under visible-light irradiation.

NBOC, suggesting the generation of more radicals in NBOC–GO 1.0
composite. In addition, no DMPO–•OH and DMPO–•O2

− signal is
found in BOC, because the BOC photocatalyst (band gap of 3.26 eV)
cannot be excited by the irradiation of visible light.

The Mott-Schottky measurements were carried out to estimate
NBOC band edge positions. Fig. 12 shows the typical Mott–Schottky
plots (1/C2 versus voltage (V/SCE)) for the NBOC sample. It is clear
seen that the capacitance decreases with the increase of applied
potential for NBOC, which is in accordance with the behavior
of n-type semiconductor. The flat band potential (Vfb) value of
NBOC was estimated at −0.59 V versus Ag/AgCl at pH 7.0 (equiv-
alent to −0.39 V vs. NHE at pH 7.0). Combined with the band gap
(Eg = 2.94 eV) obtained from the DRS result, the relative position of
band edges (CB/VB) is determined to be −0.39 V/2.55 V vs. NHE for
NBOC. Fig. 13 shows a schematic of photogenerated charge trans-
N-(BiO)2CO3/Graphene oxide composites with improved photo-
), http://dx.doi.org/10.1016/j.apsusc.2017.06.056

fer in the NBOC–GO composite. When the visible light irradiates
on NBOC, the e− and h+ will be separated. The photogenerated h+

from NBOC can oxidize the physically adsorbed H2O to form •OH
radicals because the EVB of NBOC (2.55) is more positive than the

cals in BOC, NBOC and NBOC–GO 1.0 under visible-light irradiation.

dx.doi.org/10.1016/j.apsusc.2017.06.056
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OH/H2O potential (1.99 V). Meanwhile, the ECB of NBOC (-0.39 V)
s more negative than •O2

−/O2 (−0.28 V). These analysis demon-
trates that the •OH and •O2

− radicals involves in the photocatalysis
rocesses over NBOC-GO composite. The photoreaction mecha-
ism derived from the electronic band structure is agreement with
he ESR results.

The better performance of NBOC–GO composites than NBOC
hould be ascribed to the following facts. First, the photo-absorber
roperty of GO enables the wide photo-absorption of the NBOC–GO
omposites (as described in the DRS analysis), which contributes
o a positive effect for the photocatalytic reaction [19]. Second, the
uperior electrical conductivity of GO facilities the photogenerated
− transferring from the CB of NBOC to GO (Fig. 13). Thereby, the
−–h+ recombination is suppressed by the efficient electron accep-
or and transfer channel roles of GO, leaving more h+ charge carries
nd promoting the generation of •OH radicals. Third, the flower-like
BOC–GO microspheres assembled by thin nanosheets should ben-
fit the photocatalytic performance by providing large exposure
urface and facilitating the mobility of charge carries. In addition, N
oping plays significant role on the enhanced photocatalytic activ-

ty and high selectivity, which should be ascribed to two reasons.
irst, this outcome is determined from DRS result. The useful light
pectrum for photocatalytic reaction in NBOC (<600 nm) is broader
han BOC (<400 nm). Second, the BET test in Table 1 showed that the
BET of NBOC (25.3 m2/g) is 11.9 times over BOC (2.3 m2/g), which
rovides more active sites and more efficient transport pathways

or reactants [9]. Thereby, the oxidations of NO and NO2 are acceler-
ted, leading to the improvement of NO removal and the inhibition
f NO2 generation.

. Conclusions

A facile hydrothermal route for the synthesis of NBOC–GO com-
osite is reported in this study, wherein the bismuth citrate (Bi
ource) is significant for NBOC formation. The optimum GO/NBOC
atio is determined as 1.0% in weight. The as-prepared NBOC–GO
resents excellent NO removal efficiency and high selectivity with

gnorable NO2 generation. The excellent performance of NBOC–GO
hould be ascribed to the explored light absorption and large spe-
ific surface area from N doping, the photo absorber and electron
cceptor role of GO, and the morphology modulation. N doping
lays the crucial role in the NBOC–GO composite, which contributes
o 74.6% of improvement in NO removal and full response for the
nhibition of NO2 generation.
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