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Surface engineering of g-CsNs4 by stacked oxygen vacancies-rich
BiOBr sheets for boosting photocatalytic performance

Dongni Liu, Dongyun Chen, Najun Li, Qingfeng Xu, Hua Li, Jinghui He, and Jianmei Lu*

Abstract: BiOBr containing surface oxygen vacancies (OVs) was
prepared by a simple solvothermal method and combined with
graphitic carbon nitride (g-CsN,) to construct a heterojunction for
photocatalytic oxidation of nitric oxide (NO) and reduction of carbon
dioxide (CO,). The formation of the heterojunction enhanced the
transfer and separation efficiency of photogenerated carriers.
Furthermore, the surface OVs sufficiently exposed catalytically active
sites, and enabled capture of photoexcited electrons at the surface of
the catalyst. Internal recombination of photogenerated charges was
also limited, which contributed to generation of more active oxygen for
NO oxidation. Heterojunction and OVs worked together to form a
spatial conductive network framework, which achieved 63% NO
removal, 96% selectivity for carbonaceous products (i.e., CO and
CH,). The stability of the catalyst was confirmed by cycling
experiments and X-ray diffraction and transmission electron
microscopy after NO removal.

Introduction

Environmental pollution is a global concern. Nitric oxide (NO) is
the main cause of acid rain and photochemical smog and a major
component of automobile exhaust fumes. The reduction of NO by
selective catalytic reduction (SCR) requires a high temperature
environment and a reducing agent NH3,™M which is complex and
time consuming. At low NO concentrations, photocatalytic
oxidation is a green and environmentally effective removal
measure. Semiconductor catalysts, such as graphitic carbon
nitride (g-C3N4),@ Bi-based materials®! and metal oxides,” are
widely used in the field of photocatalysis owing to their appropriate
band gap. However, photoexcited charges inside the
semiconductor easily recombine, resulting in low catalytic activity.
A heterostructure alleviates the above problems to a certain
extent by enhancing the separation efficiency of photogenerated
carriers, suppressing the internal integration of a large number of
electron-hole pairs in the pure semiconductor and broadening the
visible light response range of the single catalyst.

In recent years, the advantages of oxygen vacancies (OVs) in
photocatalytic redox have been highlighted, owing to their ability
to capture electrons, decrease band gaps, and promote surface
adsorption of substrate molecules. The use of OVs in
photocatalysis is common. Shang et al. designed and synthesized
blue TiO, with oxygen vacancies for NO photooxidation;®! Jin et
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al. used an OV-engineered Bi»403:Clip sample for CO,
photoreduction;® Li et al. fabricated SrTiOs nanofibers with OVs,
which were applied for H, production.l’] High temperature polyol
pyrolysis and inert gas calcination produced a large amount of
bulk OVs, which caused internal recombination of the excited
carriers and weakened degradation efficiency.® In the case of
bulk OVs, the sheet morphology reduced the charge migration
distance and improved the transfer ability of electron-hole pairs.
The water-ethylene glycol mixed solvothermal method also
increased the concentration of surface OVs and the content of
reduced bulk OVs. In the synthesis of OV-containing BiOX (X =
Cl, Br, 1), the introduction of water promoted solvation of Bi®* in
the raw material bismuth nitrate pentahydrate and nucleation and
growth of BiOX was achieved at room temperature.®! Subsequent
high temperature solvothermal caused the electrons of ethylene
glycol (EG) to reduce Bi, break Bi-O bonds, and ultimately form
surface OVs. Similarly, the formation of a loose flower-like BiOBr
in this article is attributed to addition of water, which reduced the
viscosity of the system and avoided the formation of particulate
spheres. As a result, the emergence of surface OVs further
inhibited the charge recombination rate of the flower-like BiOBr
consist of stacked nanosheets. The g-CsN4 has a wide band gap
and two-dimensional layered characteristics, which contribute to
excellent photocatalytic performance.?? The large sheet structure
contributes to a high contact area between the supported catalyst
and the substrate catalyst and improves the separation efficiency
of photogenerated carriers.

On the basis of the above analysis, we designed and
synthesized a BiOBr-g-CsN4 heterojunction system rich in surface
OVs (denoted as CN-BiOBr-OV) and used it for photocatalytic
removal of NO (Scheme 1). The OVs contributed to conversion
of CO; into value-added carbonaceous products (e.g., CHa,
HCHO, and CH3OH)."®! This conversion alleviates environmental
damage and energy consumption caused by fossil fuel
combustion. In the case of a composite heterojunction, the three-
dimensional-two-dimensional (3D-2D) combination constituted a
spatially conductive network framework, resulting in enhanced
separation efficiency of electron-hole pairs. In addition, the
presence of surface OVs caused electrons to be trapped at the
surface of the BiOBr, which reduced the internal carrier
recombination and increased the amount of active oxygen free
radicals, which facilitated NO catalytic performance. The loose
flower-like structure of BiOBr facilitated circulation of the exhaust.
Surface OVs provided catalytically active sites for adsorption of
substrate molecules and completion of the reaction. This 3D-2D
heterojunction with surface OVs synergistically promotes
photocatalysis and may have broad application potential in
environmental purification and other fields.
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Scheme 1. Schematic illustration of the synthetic procedure of CN-BiOBr-OV.

Results and Discussion

The crystalline phases of the synthesized catalysts were
determined by X-ray diffraction (XRD) measurements. Figures l1a
and Sla show diffraction patterns of CN, BiOBr, BiOBr-OV, and
their composites. Two typical peaks of CN (JCPDS#87-1526)
were located at 12.6° 20 and 27.7° 26, respectively. The (002)
peak with greater intensity derives from interlayer stacking of
conjugated aromatic ring segments, whereas the weaker (100)
peak is formed by an in-plane structural repeating motif in the N-
linked heterocyclic system.l*?! The diffraction peaks of BiOBr-OV
are indexed to the P4/nmm tetragonal phase BiOBr (JCPDS#09-
0393).° Furthermore, the (001) and (102) planes of BiOBr-OV
markedly widened, indicating that the nanosheets of the
nanoflowers were thin. After coupling of BiOBr and BiOBr-OV with
CN, the (002) plane of the CN and the corresponding diffraction
peaks of BiOBr were observed in the composites, which
confirmed their stable bonding.

The chemical states and structural environments of elements in
CN-BiOBr-OV hybrid were evaluated by XPS. The binding
energies were calibrated against the C 1s peak at 284.8 eV.
Figures 1c-f and S2 show the full and high resolution spectra of
C 1s, N 1s, O 1s, Br 3d, and Bi 4f regions for CN-BiOBr-OV
sample. The signal peak of C 1s was fitted to three regions at
284.8, 286.2, and 288.4 eV, which we attribute to bonding of C-C,
C-N, and N-C=N, respectively.?] The spectrum of N 1s was
composed of four nitrogen species in the CN framework,
corresponding to C-N=C at 398.7 eV, N(N-(C)3) at 399.4 eV, N-H
at 400.7 eV, and 11 excitations at 404.4 eV. The remaining peaks
in composite have hardly shifted except for the sharp decrease of
T excitations peaks that almost disappear. It shows that BiOBr-
OV is bonded to T electrons in C-N heterocycles of CN.2 In
addition, the weakening of the peak intensity of C-N heterocycles
of CN-BiOBr-OV in FT-IR spectra also complement the above-
mentioned interaction (Figure S1b). For O1s, The first peak is
assigned to Bi-O in the crystal structure of [Bi.O]**; the second
peak (530.8 eV) is the signal of oxygen species in the PVP
surfactant; the third is the chemical binding energy state of oxygen
atoms near OVs in the BiOBr-OV catalyst; the last is the surface
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hydroxyl groups. XPS analysis indicates the coexistence of two
components and interactions between them in the CN-BiOBr-OV.
The electron spin resonance (ESR) results in Figure 1b also
show BIiOBr-OV and its composite with CN with a obvious OV
signal (g = 2.004), which is consistent with the XPS fitting. No
signals from OVs appeared in BiOBr control sample.
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Figure 1. (a) XRD patterns of CN, BiOBr-OV and CN-BiOBr-OV samples, (b)
ESR spectra (at 298 K). XPS spectra of (c) survey scan, and high-resolution of
(d) C 1s, (e) N 1s and (f) O 1s.

Figures 2 and 3 show the microstructures of CN, BiOBr, BiOBr-
OV, CN-BiOBr and CN-BiOBr-OV observed in scanning electron
microscope (SEM), transmission electron microscope (TEM), and
high resolution (HR)-TEM imaging. Layered CN has a pleated
structure and several micrometers in size (Figure 2a), which also
appear in the TEM image (Figure 3a). Figure 3a also shows the
CN as ultrathin irregular nanosheets. Nanoflower-like BiOBr
crystals with OVs were synthesized by a simple solvothermal
method (Figures 2b and 3c). We confirmed that the nanoflowers
were formed by self-assembly of stacked 400 nm nanosheets
(Figure 2b). When the nanoflowers were loaded on the CN, their
morphology and particle size were retained and no agglomeration
or scattering occurred (Figures 2c, d and 3d). The segmented
interface shown in the (HR)-TEM image of the CN and BiOBr-OV
indicates strong interaction between the heterojunction with OVs
(Figure 3e), which facilitated charge separation in the
photocatalytic process. The BiOBr-OV had clear crystal lattice
fringes, which also indicated good crystallinity. The lattice
spacings of d = 0.280 and d = 0.352 nm correspond to the (102)
and (101) crystal planes of the tetragonal phase BIOBr,
respectively (Figures 3e and f). To emphasize the advantages of
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OVs, we also synthesized BiOBr nanosheets without OVs and
their hybrids with CN for comparison (Figures 2e, f and 3b).
Figure 3g is an elemental-mapping image of the CN-BiOBr-OV
heterojunction, which indicates that five elements C, N, O, Br, and
Bi coexisted in both components, consistent with the SEM-
mapping results (Figure S3).

Figure 2. SEM images of (a) CN, (b) BiOBr-OV, (c, d) CN-BiOBr-OV at different
magnification levels, (e) BiOBr, and (f) CN-BiOBr.

The UV-Vis diffuse reflectance spectroscopy results are shown
in Figure 4a. The CN formed by polycondensation of urea had a
basic absorption edge of approximately 430 nm. After coupling
with BIOBr crystal plane, the absorption features of the prepared
CN-BiOBr and CN-BiOBr-OV samples were located between the
two components. Conversely, the BiOBr-OV and CN-BiOBr-OV
curves had long tails with distinct slopes on the right side and
tangents (Y = 0) extending to the horizontal axis at 700 and 750
nm, which indicates that the defect levels might influence their
light harvesting ability. Besides, the band gaps (Eg) of CN, BiOBr
and BiOBr-OV were calculated from the fitting formula ahv = A (hv
- Eg)"? (indirect transition n = 4) to be 2.79, 2.60, and 2.53 eV,
respectively (Figure S4a). The interfacial band structure and
visible light response are expected to be favorable factors for
photocatalysis.

On the basis of the above studies, we speculate that the
performance of the OVs-rich CN-BiOBr heterojunction was most
prominent. Therefore, we used PL to examine the separation and
transfer ability of the photoexcited electron-hole pairs of CN-
BiOBr-OV. As shown in Figure 4b, the fluorescence intensity of
the composite samples was lower than that of their substrate
catalyst CN, mainly because of the restructuring of
photogenerated carriers inhibited by loading of BiOBr. For CN-
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BiOBr-OV, the presence of OVs increased the ability to capture
electrons, thereby prolonging the lifetime of charges and
enhancing the use of electrons and holes in redox process.

Electrochemical impedance spectroscopy  (EIS) and
photocurrent density versus time response spectra show the
relative photoinduced charge transfer ability. Clearly, CN-BiOBr-
OV had the strongest photocurrent density, which corresponded
to carrier separation with superior efficiency. The data in Figure
4c indicated that the photocurrent densities of the OVs-rich
composite catalyst were 6.2, 2.4, and 1.3 times the response
values of CN, BiOBr-OV, and CN-BiOBr, respectively. Notably,
the variations of the current density (Al; and Aly) are due to the
enhancement of the separation efficiency of electron-hole pairs
stems from the construction of heterojunctions with OVs, which
promotes an increase in electron density.*® The slope of the
Nyquist curve, as shown in the EIS spectra also gives the results
(Figure 4d), which is consistent with the photocurrent transient
responses and PL results. On this basis, the combined effects of
the OVs and heterojunction have an important influence on the
photoelectric properties.

Figure 3. TEM images of (a) pure CN, (b) CN-BiOBr, and BiOBr marked in the
lower right corner, (c) bare BiOBr-OV, (d) CN-BiOBr-OV catalyst, (e, f) HR-TEM
images of CN-BiOBr-OV heterojunction with the lattice spacings, and (g)
elemental maps of C, N, O, Br, and Bi in the CN-BiOBr-OV photocatalyst.

The photocatalytic oxidation gently removed low concentrations
(600 ppb) of NO at room temperature, which is of practical
importance for indoor air purification. Under typical operation, the
investigated catalysts were placed in a reaction chamber for 30
min to achieve an adsorption-desorption balance of air and NO to
be treated. The results of the photocatalytic tests after illumination
are shown in Figures 5a and S5. The degradation efficiency of
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the BiOBr sample without OVs after equilibrium reached only 11%.
The tail later turned up owing to subsequent desorption of the
fluffy powder state. The BiOBr-OV nanoflowers after modification
with OVs achieved 40% removal rate, which was almost the same
as the CN-BiOBr heterojunction. Unexpectedly, the degradation
efficiency of CN-BiOBr-OV was as high as 63%, i.e., 1.8, 1.6, 1.6
and 1.5 times as high as those of CN, BiOBr-OV, CN-BiOBr, and
the physical mixture of CN and BiOBr-OV, respectively. Hence,
the synergistic effects of the OVs and heterojunction greatly
enhanced the separation and transfer ability of photogenerated
carriers. This study found that the degradation was superior to
most other single catalysts with OVs (Table S1). Moreover, a
notably low amount of NO, was produced by CN-BiOBr-OV
(Figure S6), which contributed to a large amount of NO
convertion to NOs™. The recycling performance of the catalyst is
critical for its cost performance and practical applications. We
performed five cycles of testing on CN-BiOBr-OV, and the
degradation effect was only slightly weakened (Figure 5b). XRD
and TEM characterization of the degraded samples remained
intact (Figure S7), indicating the excellent stability.
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Figure 4. (a) UV-Vis spectra, (b) PL spectra (excitation wavelength at 395 nm),
(c) Photocurrent density response, and (d) EIS spectra of as-synthesized
samples under visible light.

Considering the excellent activity of OVs in capturing
photogenerated electrons, photocatalytic CO, conversion has
also been used to study the properties of different catalysts. As
shown in Figure 5e, the yield rates of CO and CH,4 on pure CN
were 29.5 and 13.1 ymol h=* g2, respectively. For BiOBr-OV, the
CO production was similar to that of BiOBr alone except that
BiOBr-OV produced 17.3 ymol h™ g™ of CH,4. Based on facts, the
production of CO requires 2e7/2H*, while the production of CH,4
needs 8e7/8H*. BIOBr-OV is rich in OVs, which can capture
more photo-generated electrons to promote the carrier separation,
and the electron density is increased for CH,4 production. After
BiOBr-OV and CN formed a heterojunction, the evolution rates of
CO and CH,4 corresponded to 61.8 and 27.1 pymol h™* g7,
respectively, which were greater than that of the heterojunction
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CN-BiOBr without OVs. The carbonaceous product (i.e., CO and
CH,) selectivity of CN-BiOBr-OV was countered by H,, reaching
96%. In a control experiment (Figure S8), in the absence of the
catalyst and light, a negligible amount of product formed,
indicating the need to illuminate the prepared sample. In addition,
the use of Ar gas rather than CO, produced only a small amount
of Ha, indicating that the CO and CH,4 were produced by reduction
of CO, carried in the water vapor. Finally, we conducted the
cycling experiments to test and verify the stability of the catalyst
and found that the degradation efficiency was consistent over five
cycles (Figure 5f).
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Figure 5. (a) NO removal experiment under visible light irradiation, (b)
photocatalytic activities of CN-BiOBr-OV after five consecutive cycles, and ESR
profiles of (c) DMPO-+O>" and (d) DMPO-*OH for CN-BiOBr-OV heterojunction,
(e) Photocatalytic CO2 conversion over different catalysts and (f) cyclic stability
testing on the CN-BiOBr-OV composite.

To explore the mechanism of photocatalysis, we used ESR and
fluorescence to detect active species generated under
illumination conditions. As shown in Figure 5c, four similar
characteristic peaks of superoxide radicals («O2") produced by
CN-BiOBr-OV were present after turning on the light source. The
peak intensity in Figure 5d exhibited a typical 1:2:2:1
characteristic corresponding to the signal of the hydroxyl group
(*OH). Compared with the weak peaks under dark conditions, the
peak value of CN-BIiOBr-OV after photoexcitation was markedly
boosted, indicating an increase in the number of free radicals.
Capture experiments have also verified that «O,™ and *OH play an
important role with electrons and holes (Figure S9).

On the basis of the above measurements, we examined the
mechanism of the photocatalytic degradation process in depth.
First, CN and BiOBr-OV generated photogenerated electron-hole
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pairs inside the semiconductor after light irradiation. Combining
the valance band-XPS pattern and the band gap fitting in Figure
S4, the conduction band (CB) levels were assigned to -1.22 eV
for CN and -0.87 eV for BiOBr-OV. Because the CB of BiOBr-OV
is lower than that of CN, the electrons (e~) were transferred from
the CB of CN to BiOBr-OV. The liquid fluorescence results
showed that the light-induced process produced H,O, and <OH
(Figure S10),9 and *OH also played an important role in
degradation of NO. Holes (h*) were transferred from the valance
band of BiOBr-OV to CN, and h* carried water in the air to oxidize
NO to NO;™. In addition, BiOBr captured e~ transferred from the
CB of CN and its own CB to surface OVs. Subsequently, the
adsorbed oxygen at OVs reacted with the e~ to generate more
active *O," for NO removal. During the photocatalytic process, the
surface  OVs worked with the heterojunction to promote
photocatalytic oxidation, which greatly increased the removal
efficiency of exhaust gas NO. The radical evolution process is
drawn in the equations (S13) and Scheme 2.

The mechanism of photocatalytic CO, reduction is also
described in Scheme 2. The h* were quenched by TEOA to
produce TEOA*. The e~ at the CB of BiOBr-OV and e~ captured
by OVs reduced CO, molecules on the catalyst surface to CO and
CH, carbonaceous materials with redox potentials of CO/CO; =
-0.53 eV and CO/CH, = =0.24 eV.['* 16 These values are more
positive than the CB potential of BiOBr-OV and the evolution of
H> derived from H,O molecules.
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Scheme 2. Schematic illustration of the photocatalytic mechanism of NO
removal and CO2 conversion.

Conclusion

In this paper, BiOBr with surface OVs was synthesized by a
solvothermal method and combined with CN to form a
heterojunction for removal of low concentrations (600 ppb) of NO
and photoreduction of CO; at room temperature under visible light
irradiation. The formation of a heterojunction promoted separation
of electron-hole pairs, which improved the carrier separation
efficiency of the single catalysts; surface OVs tended to capture
electrons on the surface of BiOBr to reduce internal charge
recombination, which in turn produced more reactive oxygen
radicals for photocatalytic NO removal. The OVs and
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heterojunction synergistically promoted rapid advancement of
photodegradation. As a result, CN-BiOBr-OV achieved a catalytic
efficiency of 63% on NO degradation and selectivity of 96% of
carbonaceous products on CO, conversion. The efficiency after
five cycles remained relatively unchanged, which also confirmed
the stability of the synergistic composite.
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promote photocatalysis, achieving a
NO degradation effect of 63% and
96% selectivity of carbonaceous
products for CO, conversion.
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