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One of the core issues in the photocatalytic oxidation of nitric oxide is the effective conversion of NO into
the final product (nitrate). More than just improving the visible light photocatalytic performance of
BiOCl, we aim to inhibit the generation of toxic by-product NO, during this process. In this study, we
demonstrate that the oxygen vacancies (OVs) modulate its surface photogenerated carrier transfer to
inflect the NO conversion pathway by a facile mixed solvent method to induce OVs on the surface of
- BiOCl. The photocatalytic NO removal efficiency under visible light increased from 5.6% to 36.4%. In
Ié?; Vgg;d\s,écandes addition, the production rate of NO, is effectively controlled. The effects of OVs on the generation of
BiOCI reactive oxygen species, electronic transfer, optical properties, and photocatalytic NO oxidation are
Visible light NO oxidation investigated by combining density functional theory (DFT) theoretical calculations, the in situ FTIR
Toxic byproduct spectra and experimental characterization. The OVs on the surface of BiOCl speed the trapping and
Reactive oxygen species transfer of localized electrons to activate the O,, producing O,"~, which avoid NO, formation, resulting in
complete oxidation of NO (NO + 0, — NO3 ™). These findings can serve as the basis for controlling and
blocking the generation of highly toxic intermediates through regulating the reactive species during the
NO oxidation. It also can help us to understand the role of OV on the BiOCl surface and application of
photocatalytic technology for safe air purification.
© 2020 Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.

Published by Elsevier B.V. All rights reserved.

Nitric oxide (NO), even at a low concentration, is considered as a
major contributor to ozone depletion, acid rain and photochemical
smog, causing adverse effects on human health [1-4]. It is of a great
challenge to achieved economical and efficient for NO removal at
parts per billion (ppb) levels [5,6]. Semiconductor-based photo-
catalysis represents a competitive technology to treat NO air
pollution [7-9]. However, the effective removal of dilute NO by
photocatalytic technology in an environmentally friendly manner
is also hampered by low removal efficiency and the generation of
toxic by-products [10,11]. Toxic intermediate products, such as
NO,, are inevitably produced in the process of photocatalytic NO
oxidation on typical photocatalysts [12,13]. For example, about 40%
of NO is converted to more toxic NO, over g-C3N4-TiO, during
photocatalytic NO oxidation [14,15]. Accordingly, the complete
conversion of NO to nitrate is still a problem that researchers are
committed to solving.
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The three key steps that affect photocatalytic NO oxidation are
as follows: (1) Light illumination, (2) separation and transfer of
photogenerated electron-hole pairs, and (3) depletion [16-20]. By
optimizing these three essential and complementary processes,
the photocatalytic performance for pollutants oxidation can be
improved [21-23]. Regrettably, in pursuit of high photocatalytic
efficiency, the NO, generation has been ignored to some extent.
The photogenerated hole and oxygen active species (ROS) directly
participate in the photocatalytic NO oxidation. Analogous to
electron-deficient molecular oxygen (O~), photogenerated holes
may cause partial oxidation of NO and produce NO, by-products
(NO+0O~ — NO,) [24,25]. Photogenerated electrons are captured
by molecular oxygen to generate assorted ROS. Among them,
superoxide radicals (O, ") is able to completely oxidize NO into
final production (NO + 0, — NO3 ™) [26,27]. Therefore, we expect
to design an effective photocatalyst, and in unison, adjust the
generated active species to suppress NO,.

Bismuth oxychloride (BiOCl) is a typical ternary oxide material
with low toxicity and high earth abundance [28-30]. It has
attracted wide attention in the fields of photocatalytic pollutant
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control, water decomposition and energy conversion [31-34].
However, the photocatalytic efficiency of BiOCl remains unsatis-
factory under visible light. Although it is proved that the
introduction of oxygen vacancies (OVs) can enhance the photo-
reactivity of BiOCI [35-37], the intrinsic roles of OVs on the active
species generation and inhibition of the toxic by-product need to
be further investigated.

In this study, we demonstrate that OVs on the surface of BiOCl
can much more readily activate oxygen to O, ~ for NO complete
oxidation. We also propose a possible mechanism to explain the
formation of dominant active species O, ~ and NO, inhibition over
oxygen-defective BiOCl under visible light. The introduction of OVs
effectively activates the oxygen molecules adsorbed on the surface
of BiOCl. Under visible light, charge carriers generated by intraband
excitation quickly combine with oxygen molecules to produce
abundant O, . The activated NO is directly oxidized to NO;~ by
0,"~, which significantly inhibits the generation of NO,.

Oxygen vacancies over surface of BiOCl are expected to
influence O, generation, which can be tested by density func-
tional theory (DFT) calculations (Detailed information on DFT is
available in Supporting information). We simulated the adsorption
of O, molecules (Figs. 1a and b) on the surfaces of BiOCI and BiOCI
with oxygen vacancies (OV-BiOCl), respectively. The adsorption
energy of OV-BiOCl (E,qs = —2.41 eV) is more negative than BiOCl
(Eaqs = —2.21 eV), which implies that oxygen molecules tend to be
adsorbed on the surface of OV-BiOCl. Through the analysis of
charge difference distribution, the charge transfer between O, and
OV-BiOCl surface is more intense. Due to the weakening of the
0—O0 coulomb interaction, the O0—O bond length (1.44A) is
increased significantly on OV-BiOCl. Thus, adsorbed O, molecules
over OV-BiOCl are readily activated at the electron traps introduced
by defects, and OVs transfer the collected electrons to O, for 0,
generation. Compared with BiOCl and OV-BiOClI (Figs. S1a and b in
Supporting information), the almost constant O—H bond length
can be considered as a slight activation of H,O by OV, and the OV-
BiOCl surface prefers to absorb O, (E,qs = —2.41 eV) over H,0 (Eaqs =
—1.99eV). It makes superoxide radicals anticipated to be the
dominant reactive oxygen species for the complete oxidation of
nitric oxide.

Herein, pristine BiOCI (BCl) was synthesized via a hydrothermal
method. The OV-BCl-x samples were prepared in the water/
ethylene glycol (EG) mixed solvent. The synthesis procedures were
the same as that of BCl, and OV-BCI-x samples were labeled as OV-
BCl-1, OV-BCl-2 and OV-BCI-3 with the added ethylene glycol
amount of 20, 40 and 60 mL, respectively. Detailed information on
synthesis and characterization of the catalysts is available in
Supporting information.

According to X-ray diffraction (XRD) spectra (Fig. 2a), all
diffraction peaks of as-prepared BiOCl samples can be well indexed
to the tetragonal phase of BiOCI (JCPDS No. 06-0249). OV-BCl-x
gradually showed reduced diffraction peak intensity, indicating
that the crystallinity decreased with the increase of the ethylene
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Fig. 1. Optimized O, adsorption and charge density difference of BiOCI (a) and OV-
BiOCl (b). Electron accumulation is shown in blue and depletion in yellow. Blue,
yellow and red spheres stand for O, Cl and Bi, respectively. The isosurfaces are set to
0.005 eV/A3.

glycol content in the reaction solution. It is reported that the
presence of ethylene glycol is beneficial to the formation of oxygen
vacancies over the sample [35]. As shown in Bi 4f spectra of BCl and
OV-BCI-3 samples (Fig. 2b), two additional peaks at 163.9 and
158.4eV appeared in the Bi 4f spectra of OV-BCI-3, which
originated from Bi®>**. The lower charge of Bi ions corresponds
to the loss of oxygen atoms, which reveals the formation of oxygen
vacancies on BiOCl [38]. The oxygen vacancy concentration of the
prepared BiOCI sample can be observed in the electron paramag-
netic resonance (EPR) spectra at low temperatures (Fig. 2c). Since
the O atoms are removed from BiOCl, residual electrons are left on
the OV sites. The EPR spectra of samples display a characteristic OV
signal with a g factor of about 2.001 caused by these electron
excess centers [39,40]. It can be deduced from the rising signal
intensity that the residual electron concentration in OV-BCl-x has
increased compared to BCl, which confirms the increase in OV
concentration. These characterization results acknowledge that
during the synthesis process, by changing the amount of ethylene
glycol (EG) the concentration adjustment of OV on BiOCl is
available, so that we can study the intrinsic role of OV in the visible
light driven NO oxidation process. The SEM and TEM images of the
samples are provided in Fig. S2 (Supporting information).

The efficiency of photocatalysis is closely related to light
absorption. When a semiconductor absorbs excitation energy that
exceeds its bandgap energy, the electron transition on the valence
band (VB) can be excited. On account of band gap width, BiOCl is
virtually impossible to perform photocatalytic reaction under
visible light. A key task is to perceive the change in optical
absorption properties of OV-BCl-x caused by the introduction of
defects. As shown by the UV-vis diffuse reflectance spectrum
(DRS) (Fig. 3a), compared to BCl, the light absorption range of OV-
BCl-x is greatly expanded. In addition to the absorption tail at
about 420 nm, OV-BCI-3 also shows an absorption tail that decays
exponentially in the ultraviolet and visible regions. To further
explore the cause of enhanced light absorption, TDOS (total density
of states) of BiOCl and OV-BiOCl were calculated by the hybrid DFT
method, as shown in Fig. 3b. An obvious intermediate level is
appeared under conduction band bottom of the OV-BiOC],
implying that the oxygen vacancies contribute to the formation
of defect state, which could achieve electrons transition from
intermediate level to conduction band (CB) under visible light
irradiation [14,24]. The defect state is formed originating from the
6p orbitals of Bi element [19]. These results indicate that oxygen
vacancies contribute to the formation of intermediate energy
levels, which can achieve the transition of electrons from
intermediate energy levels to the CB to reduce the formation of
holes on VB, thereby avoiding NO, produced by hole oxidation
[24,35]. Due to enhanced light absorption, added photo-generated
electrons are produced on the catalyst surface.

The carrier concentration involved in the photocatalytic
reaction affects the photocatalytic activity. Since the number of
excited electrons is dominated by the separation efficiency, we use
photoluminescence (PL) to examine the effect of OVs on the
separation of photo-excited carriers. The PL spectra of BCl exhibit a
strong fluorescence signal, while PL quenching is observed in the
spectrum of the OV-BCl-x samples (Fig. 3¢). We also monitored the
carrier lifetime of the catalyst through nanosecond time-resolved
fluorescence decay spectra (Fig. 3d). The charge carrier lifetime of
OV-BCI-3 (1.187 ns) is longer than that of BCl (1.083 ns). Isolated
carriers can participate in photocatalytic reactions before recom-
bination, thereby increasing the number of effective charge
carriers. When OV-BCI-3 absorbs visible light, the electrons are
captured by the electron traps created by oxygen defects, forming
local electron conduction, which is more conducive to the transfer
of electrons to the surface adsorbed substance. These photo-
electrochemical properties state clearly that the electron traps
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Fig. 2. (a) XRD spectra of BCl and OV-BCl-x. (b) XPS spectra (Bi 4f) of BCl and OV-BCl-3. (c) EPR spectra of BCl and OV-BCl-x.
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Fig. 3. UV-vis DRS spectra(a), density of states (DOS) of BiOCl and the introduction of oxygen vacancies OV-BiOCI (b). The Fermi level is set to 0 eV. PL spectra (c), Nanosecond-
level time-resolved fluorescence spectra surveyed at room temperature for BCl and OV-BCI-3 (d).

formed at the O defect sites effectively inhibit the recombination
and promote the rapid transfer of photo-excited charge carriers,
thereby facilitating photocatalytic reactions. Photocatalytic visible
light absorption, charge transfer, and reactant activation are three
interrelated steps, and changes in each step will affect the
photocatalytic activity. Excellent light absorption is the first step
in the conversion of light energy by photocatalysts, and is able to
generate more electron-hole pairs under light excitation. The
charge transfer determines the number of effective electron-holes
that can participate in the reaction. The reactants activation can

improve the utilization efficiency of electrons and holes, and make
the reactants readily converted.

Encouraged by the calculation results, O, was detected by the
5,5-dimethyl-1-pyrroline N-oxide (DMPO) spin-trapping electron
spin resonance (ESR). The detected DMPO O, signal (Fig. 4a)
increases with the increase of the oxygen vacancy concentration of
BiOCl, proving that the ameliorative adsorption of O, molecules
and more intense local electron transfer enable O, molecules to
be activated to generate O, radicals. The band position of BiOCI
(Eyg=3.43 eV, Ecg=0.23 eV) can be calculated by empirical formula
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Fig. 4. DMPO spin-trapping ESR spectra in methanol dispersion for O,
samples for the removal of NO (b) and the NO, generation rate (c).

~, which are carried out in visible light irradiation for 15 min (a), Photocatalytic activity of BiOCl
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Evg =X — E° + 0.5E. It seems that the CB potential of BiOCI (0.23 eV)
is less negative than the redox potential of 0,/0, (—0.33eV).
Notably, the CB has a certain breadth, so electrons can be
photoexcited to higher levels of the CB. As a result, superoxide
radicals can still be generated as evidenced by the ESR (Fig. 4a). In
addition, since the presence of ‘OH depends on the generation path
of 0, — H,0, — "OH, a characteristic signal of DMPO-"0H also
appears (Fig. S3 in Supporting information). Abundant ROS were
deemed to be essential to promote rapid photocatalytic oxidation
of NO (Reactions 1-4).

NO + 05" — NO; (1)

NO + *OH — NO* + OH~ )

NO* + 20H™ — H,0 + NO; 3)

NO + 2°0OH + 20H™ — 2H,0 + NO5 (4)

To verify the relationship between OV and NO complete
oxidation, we occupied the as-prepared samples to remove NO
(diluted about 500 ppb) in a continuous flow reactor under visible
light illumination. As shown in Fig. 4b, the BCI sample can barely
remove NO efficiently under visible light. As for BCI-x, we observe
that the NO degradation rate increases with increasing OV
concentration, while the NO, generation rate gradually decreases.
BCl-3 reaches 36.5% NO removal efficiency in 30 min. Concurrent
with the rise in removal rate of NO is the lower generated rate of
NO,. As expected, the generation rate of NO, has declined
significantly (Fig. 4c), which indicates that most NO is directly
oxidized to nitrate. During the photocatalytic reaction, the
generated nitrate products adhered to the catalyst surface and
occupied the active site of the catalyst, resulting in a slight
decrease in the NO removal rate (Fig. 4b). Surface contaminants of
photocatalysts can be removed by simple flushing. Due to the
introduction of vacancies on BiOCl, numerous superoxide radicals
are generated and OV-containing samples are excellent at
degrading other contaminants. The removal efficiency of tetracy-
cline hydrochloric acid in wastewater on BCl-x are also signifi-
cantly improved (Fig. S4 in Supporting information).

To further study the photocatalytic reaction as to superoxide
radical promotes the complete oxidation of NO into nitrate, in situ
DRIFT measurement was used for dynamic monitoring research
(Scheme S1 in Supporting information). Table S1 (Supporting
information) lists the assignment of the observed bands. Fig. 5a
shows the time evolution of the IR spectra during the NO
adsorption process over BCl-3. The stretching vibration of
1091 cm™! is derived from the adsorbed NO on BCI-3 [24]. The
absorption bands of NO~ (1174 cm~!) [41] and nitro surface species
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Fig. 6. The illustration of the roles of oxygen vacancy in photocatalytic NO
oxidation.

(1280cm™ ') [44] are observed. The species responsible for the
band (1280cm™') interact with NO to form nitrate species
(1212 cm™') [44,45]. The researchers report that some substances
responsible for this band (1280 cm™!) further react to form nitrates
during vacuum evacuation at room temperature, while others are
thermally stable [44,46]. The DFT calculation reveals that the N-O
bond length is elongated from 1.17 A to 1.19 A from defect-free to
defective (Figs. S1b and d in Supporting Information). It is proved
that oxygen vacancies on the surface of BiOCl facilitate the
adsorption and activation of NO. Activated NO can be rapidly
transformed into NOs;~ by ROS. As shown in Fig. 5b, the final
products (nitrates) of photocatalytic NO oxidation on BCI-3 are
increased substantially due to oxidation of adsorbed NO under
visible light. A retrorse peak corresponding to NO (1057 cm™!) is
detected [25,41]. The O—O stretching mode of O, species
(1003 cm™!) are found [24], while NO5~ (1274,1329,1480 cm™!) has
gradually accumulated [42-44]. Electron traps formed at the
oxygen defective site promote stronger electron exchange between
the catalyst surface and the reactants, leading to the activation of
NO and the generation of O,

Further, the photocatalytic oxidation of NO to nitrate is directly
related to O, generated by intraband excitation of BiOCl, while
holes remaining on the defective level present low oxidative ability,
avoiding partial oxidation of NO (NO + O~ — NO,) (Fig. 6). Generally,
semiconductors are excited to generate electron-hole pairs, and the
holes can directly participate in the oxidation of the reactants.
However, in the process of NO oxidation, holes are similar to
electron-deficient molecular oxygen, which easily generate NO,,
leading to augmentation of toxic by-product. Activated NO is
preferentially converted into NO3~ by O, radicals, reducing the
generation of toxic by-products. Therefore, the introduction of
oxygen defects over BiOCl expands the range of light absorption,
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Fig. 5. In situ DRIFTS spectra on BCI-3 during NO adsorption process (a) and photocatalytic NO oxidation process (b).
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accelerates electron transfer to form superoxide radicals, and
ultimately promotes the complete oxidation of NO to NO3 ™.

In conclusion, we have demonstrated that introduced oxygen
vacancies on the surface of BiOCl can readily activate molecular
oxygen for O, generation for NO removal under visible light.
Combining DFT calculation and experimental methods, the
conversion pathway of photocatalytic NO complete oxidation
and mechanism of toxic intermediate (NO,) inhibition are
revealed. The introduction of oxygen vacancies advances the local
conduction of charge carriers on the surface of BiOCl, making O,
the dominant oxide species to directly react with activated NO, and
NO is rapidly oxidized to the final product with significant
suppression of NO, production. These findings gain deep insight
into the relationship between OVs and active species, and shed
light on the inhibition of NO, formation during effective photo-
catalytic NO removal for efficient and safe air purification.
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