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ABSTRACT: The existence of indoor volatile organic compound pollution cannot be ignored. The
main representative pollutant, toluene, poses a serious danger to human health. In this study, BiOX
(X = Cl, Br, I) nanophotocatalytic materials were synthesized using a straightforward chemical
precipitation process. The materials’ fundamental structure and characteristics were examined, and it
was investigated whether they can remove toluene gas pollutants when put them under sunlight.
According to the results, within 120 min, the degradation rates of toluene are ranked as BiOCl >
BiOI > BiOBr, with BiOBr achieving 16.16%, BiOI 28.13%, and BiOCI exhibiting the highest
degradation efficiency at approximately 56.41%. Toluene was entirely broken down with fewer
intermediates, according to the conversion rate of CO,, the degradation product. There was also
extensive research on the photocatalytic mechanism of BiOCl under sunlight. The 7-bonds within
the toluene benzene ring were broken by the active radicals ¢OH and eO,”. Furthermore, the
oxygen vacancies and the holes (h*) worked in concert to enhance the toluene molecule’s
adsorption and activation, which accelerated the breakdown of toluene into short-chain molecules,
and it became carbon dioxide and water, eventually. These reactions were considered to be environmentally and friendly. The study
gives a practical way to lessen indoor VOC pollution and theoretical evidence for BiOCl photocatalytic degradation of toluene gas.

BiOCI

1. INTRODUCTION and cost-effectiveness in environmental purification. Under
illuminated conditions, photocatalytic technology facilitates the

With the improvement of indoor environments and the
generation of electron—hole pairs via photocatalysts such as

advancement of decoration technologies, the emission of a

large number of organic compounds has led to increasingly TiO,, subsequently inducing redox reactions that decompose
prominent issues of indoor air pollution. Volatile organic VOC:s into innocuous molecules, including carbon dioxide and
compounds (VOCs) are organic compounds with high water.'" Furthermore, photocatalytic technology boasts mild
saturated vapor pressure (greater than 13.33 Pa), low boiling operating conditions, rapid reaction kinetics, and the capability
point, small molecular weight and easy to volatilize at room to completely mineralize a broad spectrum of organic
temperature under standard conditions, commonly used as compounds without causing secondary pollution, highlighting
VOC or VOCs, and common VOCs are benzene, toluene, its significant potential in the realm of air purification.
xylene, styrene and trichloroethylene, trichloromethane, etc.'~* Therefore, the photocatalytic degradation of toluene gas
The release of these compounds into indoor air can engender holds great promise.'*"'°

indoor VOCs pollution.”~” Indoor VOCs pollution has been Photocatalytic degradation utilizes light to energize electrons
associated with headaches, eye irritation, and allergic reactions. on the catalyst’s surface, generating electron—hole pairs. These
Prolonged exposure may increase the risk of cancer and reactive electrons and holes can then interact with toluene,
adversely affect reproductive and nervous system health.™” breaking them down into harmless substances. This process is
Toluene, a prototypical indoor VOC, exhibits high toxicity, highly efficient and safe, making it well-suited for indoor
and chronic exposure can lead to neurasthenia and liver toluene degradation.'”'® There are various types of photo-

damage. In severe cases, it may induce leukemia, posing a
particularly significant threat to the health of children and
pregnant women.”~ "' Therefore, the reduction of toluene gas
emissions and the control of indoor air pollution are important
measures for the protection of the environment and health. It
is urgent and important to explore efficient and sustainable
VOCs degradation technology.'> Technologies for the
degradation of VOCs encompass absorption and adsorption,
biodegradation, thermal catalytic oxidation, and photocatalytic
oxidation (PCO)."? Photocatalytic technology distinguishes
itself among these methodologies, largely due to its efficiency

catalytic materials. In recent years, bismuth-based materials
have garnered significant attention from researchers as a new
type of photocatalyst, following titanium dioxide and graphitic
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Figure 1. Schematic and physical diagram of the experimental setup: (a) Schematic diagram of the device for photocatalytic degradation of toluene;
(b) physical drawing of the device; (c) device for toluene gas detection. (Note: all figures were taken by first author Z.L. Fan).

carbon nitride. Bismuth-based photocatalytic material is a new
type of environmentally friendly material with good photo-
catalytic performance and chemical stability, which has great
potential in degrading toluene gas organic compounds.'”

In the research of bismuth-based photocatalytic materials,
bismuth-based semiconductor materials such as BiOX,*°
Bi,05°" Bi,WO>* BiVO,> Bi,0,CO;** and so on were
widely used. These materials have a narrow energy gap and
high photocatalytic activity and can effectively absorb visible
and ultraviolet light, thereby achieving efficient degradation of
VOCs. BiOX (X = Cl, Br, I) is a common type of bismuth-
based photocatalytic material, which has the advantages of high
photocatalytic activity, chemical stability, corrosion resistance
and nontoxic properties, making it suitable for a wide range of
applications.”> BiOX belongs to the crystal structure of a
symmetrical tetragonal system and features a unique layered
structure with an indirect band gap. The layers are connected
through weak van der Waals forces, creating ample space
between the layers and the X atomic layer. This arrangement is
conducive to the polarization of related atoms and orbitals,
leading to the generation of an internal electric field between
the layers and the hole, which can promote the separation of
photogenerated electron and hole pairs, thus showing different
photogenerated electron and hole separation efficiency
through the variation of different X elements.”*™>° BiOX
generally shows good catalytic activity in many photocatalytic
reactions and has great potential in the photocatalytic
degradation of VOCs. Currently, BiOX can be used to degrade
NO,” and CO, reduction.”® BiOX has made significant
progress in the degradation of VOCs. BiOX can be supported
on geopolymer microspheres for the degradation of form-
aldehyde gas, with BiOI demonstrating the highest 2perform-
ance, achieving a degradation rate of 87.46%.>* BiOCl
supported on mixed oxides exhibits enhanced catalytic
performance in the removal of formaldehyde. At 70 °C, it
can achieve complete formaldehyde removal, with the removal
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efficiency maintained above 90% for 21 h.** BiOBr can achieve
a photocatalytic degradation rate of 75% for gaseous benzene
under ultraviolet irradiation for 90 min.”* Researchers have
controlled the crystal facets in the preparation of BiOC],
leading to a 94.8% degradation rate of toluene in workshop
exhaust within 120 min under static conditions,> laying a
foundation for studies on the photocatalytic degradation of
toluene by BiOX. Despite progress in research on BiOX for
VOCs degradation, most existing studies focus on composites
of various X (Cl, Br, I) with other photocatalytic

—40 .
40 and further advancements are needed in

materials,*®
performance and mechanism studies, particularly in the
photocatalytic degradation of toluene gas. There is a paucity
of studies comparing BiOX materials for the degradation of
toluene. Therefore, this study provides a systematic and
comprehensive investigation into the preparation, optimiza-
tion, characterization, photocatalytic performance, and mech-
anism of BiOX in the degradation of toluene, which holds
significant importance for the removal of indoor VOCs.

In this paper, BiOX (X = Cl, Br, I) nanomaterials were
prepared using the straightforward chemical precipitation
method, and the prepared BiOX nanomaterials were system-
atically characterized by various technical means. The
photocatalytic performance of BiOX was evaluated in terms
of light absorption, material structure, and degradation effect
on the pollutant toluene. In addition, we examined the
conversion rate of CO,, a toluene degradation product. Finally,
the material with the best degradation effect was selected
among BiOX, and the mechanism of its photocatalytic
degradation of toluene was deeply analyzed and discussed,
and a possible pathway for degrading toluene was given. This
study provided an effective strategy for indoor photocatalytic
degradation of toluene.

https://doi.org/10.1021/acsomega.4c10658
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2. MATERIAL AND METHODS

2.1. Experimental Raw Materials. Bismuth nitrate
pentahydrate (Bi(NO;);-SH,0), potassium chloride, sodium
bromide, potassium iodide, ethanol absolute, ethylene glycol,
all reagents are Analytical Reagent.

2.2. Preparation of Catalyst. BiOX was prepared as
follows: 6 mmol Bi(NO;);-SH,0 was weighed and stirred and
dispersed into 44 mL of ethylene glycol solvent to obtain a
transparent solution A. 6 mmol KCI/NaBr/KI was weighed
and stirred and dispersed into 44 mL of deionized water to
obtain solution B. Then, solution B was added to solution A to
obtain solution C under stirring conditions, and solution C was
stirred continuously for 3 h to obtain a homogeneous mixed
solution at ambient temperature. Then the mixed solution was
filtered and washed with anhydrous ethanol and deionized
water for 3 times each and finally dried at 80 °C for 10 h in a
blast drying oven to obtain BiOCl/BiOBr/BiOI powders,
respectively.

2.3. Characterization Test. The phase structure of the
photocatalytic material was characterized and analyzed using
an X-ray diffractometer (XRD, Smartlab). The wide-angle
scanning range was 26 = 10°—80°. Scanning electron
microscope (SEM, JEM-2010), manufactured by JEOL,
Japan, was used to observe the microscopic morphology of
the samples and to understand the composition and
distribution of the elements in the samples. The Fourier
Transform infrared spectrometer (FTIR, Bruker NVENIO-S),
produced by Bruker Spectroscopic Instruments, Germany, was
tested in the wavelength range of 400—4000 cm™' to gain an
in-depth understanding of the structural composition of
materials. X-ray photoelectron spectrometer (XPS, Thermo
Scientific ESCALAB 250Xi) was used to study the chemical
composition of substances and the valence states of
component elements, using Al ka rays (hv = 1486.6 eV) as
the excitation source. C 1s (284.4 eV) binding energy was used
as the energy standard for charge correction. The specific
surface area, pore volume, pore size, and distribution of the
sample were measured by an N,-physical desorption apparatus
(BET, ASAP 2460) produced by Mack Company. UV—vis
DRS test using Agilent-Cary4000 to understand the light
absorption properties and range of photocatalytic materials.
The electrochemical properties of the materials were tested
using the electrochemical workstation CHIG00E (silver/silver
chloride as the reference electrode) of Shanghai Chenhua
Company. The EPR of the material was tested by Bruker EMX
PLUS from German. The xenon lamp used in photocatalytic
degradation is a SOW Radiant Output (Watts) (CEL-HXF300-
T3) from China Education Au-Light as a light source to
simulate sunlight. Toluene gas concentration was monitored
by Zhejiang Fuli Gas chromatograph (GC9790 Plus).

2.4. Experimental Equipment. A dynamic photocatalytic
toluene degradation reaction device was used to simulate the
degradation process of toluene gas in the room, in this paper,
as shown in Figure 1. The reactor was a self-made double-layer
cylinder with a diameter of 9 cm and a height of 13 cm. The
reactor cylinder was made of plexiglass and the top cover was
made of quartz glass. The cylinder and the top cover were
sealed by flanges. Adjusting the height of the xenon lamp so
that it was fixed 15 cm directly above the reactor and the lamp
was directed vertically toward the center of the bottom of the
reactor. A hole was opened on the reactor wall to extend the
temperature and humidity sensor into the reactor through the

hole and then the hole was sealed to prevent air leakage. The
temperature and humidity sensor could monitor the temper-
ature and humidity inside the reactor in real-time. Connecting
the reactor outlet to the gas chromatograph. Before the
experiment starts, the air tightness check and treatment should
be strictly carried out to ensure that the reaction operates
under good air-tightness conditions. Then the toluene gas
switch was turned on and the toluene concentration was tested
every 10 min. When the toluene concentration in the reactor
reached equilibrium, the light source was turned on to start the
photocatalytic reaction.

2.5. Photocatalytic Activity Test. In this study, the
photocatalytic performance of the prepared samples was
assessed by determining their efficiency in removing a specified
concentration of toluene gas within a dynamic reactor. The
efficiency of BiOX in removing toluene gas in a dynamic
reactor under xenon lamp irradiation, which simulates sunlight,
was determined in order to evaluate the photocatalytic activity.
One hundred milligrams of the prepared catalyst were added to
five milliliters of ethanol for ultrasonic dispersion, ensuring an
even coating on a small Petri dish. The dish was then dried in a
60 °C blower drying oven to facilitate the catalyst’s solid
adherence to the dish. The catalyst-coated dish was
subsequently placed at the bottom of the homemade reactor.
To regulate the concentration of toluene pollutants within the
reactor, a controlled injection of air and toluene gas was
employed to maintain a toluene concentration of approx-
imately 20 ppm. In this study, the temperature within the
reactor was maintained at 40 + 1 °C and the humidity at 30 +
1% using a gas collection bottle filled with water. After the
concentration of toluene had stabilized, a light source utilizing
xenon lamps with a total output power of S0 W was turned on
to simulate sunlight. Recording the concentration of the gas
sample every 10 min. The toluene concentration was detected
by the flame ionization detector (FID) in the gas
chromatography (GC9790 Plus) connected to the reactor
outlet. The gas chromatograph operated with 99.999%
nitrogen (N,) as the carrier gas and the detector temperature
was 200 °C. The degradation rate (17) of toluene was calculated
by eq 1:

n = (Cy,— C)/Cyx 100% (1)

In the above equation, C, represents the equilibrium
concentration of toluene before the light is turned on, while
C denotes the concentration of toluene in the reactor
measured after the light is turned on.

The cyclic stability of the photocatalytic material was tested
as follows: after the first test of the material according to the
previous procedure, we turned off the xenon lamp and the
toluene gas and left the catalyst at the bottom of the reactor
without moving it. 12 h later, we turned on the xenon lamp
and the toluene gas and started the second experiment, the
operation was same in the third, fourth, and fifth experiments.
The concentration of CO,, a degradation product of toluene,
was detected using a Flame Ionization Detector (FID) in the
gas chromatograph (GC9790). The gas chromatograph was
operated with 99.999% nitrogen (N,) as the carrier gas and a
detector temperature of 250 °C. The CO, conversion rate was
obtained by calculating the ratio of the generated CO,
concentration to the theoretical CO, concentration mineral-
ized by toluene.

https://doi.org/10.1021/acsomega.4c10658
ACS Omega 2025, 10, 15082—15095
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Figure 2. Analysis of the morphological features (a—c), absorption and desorption curves of BiOX materials (d—f).

3. RESULTS AND DISCUSSION

3.1. Analysis of Morphology, Specific Surface Area
and Pore Structure. In order to elucidate the morphological
characteristics of the BiOX samples, we performed scanning
electron microscopy (SEM) analysis. The results are shown in
Figure 2a—c. The BiOX samples have small particle sizes and
all of them are nanomaterials. Among them, BiOCl presents an
irregular lamellar structure formed by the stacking of
nanoflakes (Figure 2a), BiOBr presents a circular petal-like
structure formed by the agglomeration of nanofine strips
(Figure 2b), and BiOI belongs to the agglomerate structure
formed by the agglomeration of nanoflakes interspersed and
interspersed (Figure 2c). From the figure, it can be seen that
BiOBr and BiOI agglomerated to form structures with larger
sizes, while the agglomeration of BiOCl was not serious,
suggesting that it can provide more active sites, which is
favorable for photocatalytic degradation of VOCs.

The pore structure is crucial for photocatalytic materials
degradation of VOC:s, as it increases the specific surface area
and provides a greater number of active sites, thereby
improving the adsorption capacity for VOCs. Consequently,
we have conducted an analysis of the specific surface area and
pore structure. As illustrated in Figure 2d—f, the N,
adsorption—desorption curves indicate that the adsorption—
desorption isotherms of BiOX fall within the H3-type
hysteresis loop isotherm, which corresponds to the Langmuir
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adsorption isotherm Type IV isotherm. This suggests that the
materials have a mesoporous structure (2—S0 nm), which is
confirmed by their pore size distribution curves. The H3-type
hysteresis loops may be caused by the formation of slit-like
pores due to the aggregation of plate-like particles, which is
consistent with the morphology of the materials.”' The results
of specific surface area, pore volume and pore size of BiOX in
Table 1 show that BiOI nanoparticles have the largest surface

Table 1. Specific Surface Area, Pore Volume and Pore Size
of BiOX

Sample BiOCl BiOBr BiOI
BET Surface Area (m*/g) 71.68 55.61 76.40
Pore Volume (cm®/g) 0.1817 0.1581 0.1749
Pore Size (nm) 9.424 10.70 8.372

area and the highest surface energy, which indicates that they
are in an energetically unstable state and can easily undergo
aggregation to reach a stable state, and thus agglomeration
occurs, which is consistent with the results shown in Figure 2c.
The specific surface area of BiOCl is larger among the three,
which is conducive to the adsorption of more reactants and
also indicates that it has more active sites on its surface, which
can accelerate the generation and transfer of intermediates and
products and improve the photocatalytic efficiency.”” More-
over, the pores act as conduits that facilitate the diffusion of

https://doi.org/10.1021/acsomega.4c10658
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Figure 3. Elemental analysis and surface group composition: (a—i) element analysis by XPS; (j) XRD pattern of BiOX; (k) surface functional group

composition by FTIR.

reactants and products, reducing mass transfer resistance and

enhancing the efficiency of the photocatalytic process.*
3.2. Crystal Structure, Surface Group Composition

and Elemental Analysis. The high-resolution XPS spectra of
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Bi, O, and BiOX were shown in Figure 3. In Figure 3b, the
peaks at 198.19 and 199.8 eV are associated with Cl~ 2p3/2
and CI™ 2p1/2, respectively, indicating the presence of chloride
ions (CI7).** Figure 3e shows the Br 3d peak is divided into
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Figure 4. BiOX optical absorption and study of energy band structure: (a) UV—vis DRS spectra of BiOX; (b) (ahv)'? vs optical energy; (c)
Mott—Schottky curve; (d) energy band spectrum of BiOX; (e) the electrochemical impedance spectroscopy of BiOX.

three peaks at 68.7 and 69.7 eV, which correspond to bromide
ions (Br™). In Figure 3h, the peaks at 619.5 and 630.95 eV are
attributed to the I” 3d5/2 and I" 3d3/2, respectively,
indicating the presence of iodide ions (I7).* The Bi 4f
spectra in Figure 3a,d,g show a pair of peaks at 159.5 and 164.8
eV, indicating the presence of Bi**. The peaks at 530.4, 531.4,
and 532.9 eV in Figure 3¢, {, i respectively, are associated with
Bi**—0, oxygen vacancies (OV), and H,O, indicating the
presence of oxygen vacancies in the prepared BiOX. From the
figure we can find the oxygen vacancy (OV) peak of BiOCl is
obviously the highest and has the largest peak area among the
three samples, which proves that it has the most oxygen
vacancy (OV) content. The existence of oxygen vacancies is
cloi%:ly related to the photocatalytic performance of materi-
als.

Based on the XRD patterns shown in Figure 3j, it is evident
that the synthesized BiOX compounds are in line with the
standard card. The distinctive diffraction peaks of BiOCI are
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detected at 11.72°, 25.93°, 33.05° 40.87°, 46.71°, 54.31°and
58.66°, which correspond to the (001), (101), (110), (112),
(200), (211) and (112) crystal planes, respectively. These
peaks indicate that the tetragonal phases of BiOCI are
consistent with the standard (JCPDS No. 06—0249) crystal
planes. The (001) peak at 11.72° is due to the periodic
stacking structure between the [Cl-Bi—O—Bi—O—ClI] layers
along the c-axis, while the peak at 33.05° belongs to the (110)
peak plane, perpendicular to the (001) plane. The (110) peak
is the most prominent in the main crystal plane, while the
(001) peak is comparatively weaker. This indicates that the
product crystals grow along the direction of the (110) crystal
plane.*”*® The peaks of the prepared BiOBr samples are
located at 10.95°, 22°, 25.35°, 32° 32.35°, 39.45°, 46.34°,
50.8° and 57.27°, which correspond to the (001), (002),
(101), (102), (110), (112), (200), (104) and (212) crystalline
planes. At the same time, it corresponds to the crystal plane of
the standard (JCPDS No. 09-0393) for the tetragonal phase
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BiOBr. The (102) diffraction peak is the strongest in BiOBr,
which is the main crystal plane.”’ On the other hand, the
characteristic diffraction peaks of BiOI are located at 19.95°,
29.65°, 31.69°, 37.06°, 45.44°, 51.43° and 55.2°. These peaks
correspond to the (001), (102), (110), (103), (200), (114)
and (212) crystal planes, respectively. They represent the
standard crystal plane of the tetragonal phase BiOI (JCPDS
No. 10—0445). The main crystal plane of BiOl is also (102)
crystal plane.49 From the figure, it can be seen that the
diffraction peaks of the prepared BiOX samples are all sharp.
And there is no obvious impurity peak, which indicates that the
prepared BiOI and BiOBr samples have high crystallinity,*
while BiOCl demonstrates average crystallinity. The high
crystallinity of the photocatalyst also reflects that it has
abundant catalytic activity centers, which can not only assist
light absorption, but also increase the concentration of light-
induced electrons, thus affecting the photocatalytic process. It
can also affect the migration rate of electrons to the
photocatalyst surface, which in turn has an effect on the
photocatalytic reaction efficiency.””* Moreover, according to
the XRD data, the lattice parameters of BiOCI, BiOBr, and
BiOI are calculated to be 3.8887 A, 3.9107 A, and 3.9929 A,
respectively. This reveals that as the halogen atoms (Cl, Br, I)
increase, the lattice constants also increase in a sequential
manner. Although the values are close, they are not identical,
indicating that BiOX materials possess similar crystal
structures, but the differences in halogen atoms lead to slight
variations in atomic bonding within the crystal, resulting in
some differences in properties. Furthermore, we determined
the crystallite sizes and corresponding full-width at half-
maximum (fwhm) for the BiOX materials, with detailed data
provided in Table S1. Evidently, as shown in Table SI, the
crystallite size of BiOCl can be identified within the
synthesized BiOX. This factor is crucial to photocatalytic
efficacy. The smaller the crystallite size of these nanomaterials,
the more pronounced their photocatalytic activity becomes.>®
This phenomenon is consistent with the superior performance
of BiOCl in the degradation of toluene, as concluded in the
study.

The FTIR pattern in Figure 3k shows a sharp characteristic
absorption peak at 524 cm™', which is mainly attributed to the
symmetric vibration of the Bi—O group in BiOCIL. Moreover, O
group at 874, 1066, 1605, and 3440 cm™' also produced
characteristic peaks, of which the characteristic peaks at 3440
cm™" and 1605 cm™" are mainly created by the telescopic and
bending vibrations of adsorbed water surface hydroxyl groups
(—OH), suggesting that ethylene glycol can be induced to
produce surface hydroxyl groups during the synthesis of the
samples.”>* In photocatalytic reactions, the hydroxyl groups
present on the surface of photocatalysts can act as reactive
sites, thereby enhancing the photocatalytic performance of the
materials.

3.3. Optical Characterization and Band Structure
Analysis. UV—visible diffuse reflectance spectroscopy is a
widely utilized technique for evaluating the optical properties
of various materials. As seen in Figure 4a, the BiOX samples
exhibit strong light absorption characteristics in the UV region.
Among them, BiOCI absorbs ultraviolet light. while BiOBr and
BiOI can partially respond to visible light. The BiOCI and
BiOBr samples have absorption edges around 370 and 430 nm,
respectively, while the absorption edge of BiOI is the largest at
around 500 nm. The Kubelka—Munk model can be used to
transform the UV—vis DRS data, resulting in a plot of (ahv)"/?

versus optical energy for the samples, as illustrated in Figure 4b
Drawing a tangent line from the tilt to the zero axis can provide
the energy gap of the samples.”” The Kubelka—Munk model
calculates that the energy gaps of BiOCI, BiOBr, and BiOI are
3.27, 2.80, and 2.26 eV, respectively. Equation 2 is as follows:

ahv = A(hv — Eg)”/2 2)

In the eq 2, a, h, v, A, and E, represent the optical
absorption coefficient, planck constant, optical frequency,
constant, and band gap, respectively.*®

To get the potential of BiOX we measured the Mott—
Schottky curves and the data are presented in Figure 4c From
the Mott—Schottky curve we can determine that the flat-band
potential (Epg) of BiOX is —0.28 eV (vs Ag/AgCl) for BiOC],
—0.44 eV (vs Ag/AgCl) for BiOBr, and —0.45 eV (vs Ag/
AgCl) for BiOl Therefore, when converted to a standard
hydrogen electrode, the flat-band potential for BiOCl is
—0.083 eV (vs standard hydrogen electrode NHE), —0.243 V
(vs standard hydrogen electrode NHE) for BiOBr, and —0.253
eV (vs standard hydrogen electrode NHE) for BiOI. The
prepared BiOX are all N-type semiconductors, as indicated by
the positive slope of the Mott—Schottky curve. Hence, their E
(NHE) is about 0.1 eV higher than the conduction band
potential. Therefore, the Ecy (BiOCl) is —0.183 eV (vs
standard hydrogen electrode NHE), the Ecp (BiOBr) is
—0.343 V (vs standard hydrogen electrode NHE), and the Ecg
(BiOI) is —0.353 eV (vs standard hydrogen electrode NHE).
According to the Kubelka—Munk model in UV—vis DRS data,
the energy gap of BiOX is 3.27 eV for E, (BiOCl), 2.8 eV for
E, (BiOBr), and 2.26 eV for E, (BiOI). According to the eq 3:

Evg = Ecp + Eg 3)

Eyg (BiOCI) is 3.087 eV (vs standard hydrogen electrode
NHE), Eys (BiOBr) is 2457 V (vs standard hydrogen
electrode NHE) and Eyy (BiOI) is 1.907 eV (vs standard
hydrogen electrode NHE). Based on the acquired data, we
have constructed the energy band diagram for BiOX, as
depicted in Figure 4d. With reference to this energy band
diagram, we are able to delve into the mechanism underlying
the photocatalytic degradation of toluene by BiOX.

Electrochemical impedance spectroscopy (EIS) is used to
characterize the degree of electron—hole separation. The
electrochemical impedance spectroscopy (EIS) spectrum of
BiOX in Figure 4e indicates that the Nyquist plot arc radius of
BiOCl is significantly smaller than that of BiOBr and BiOL
This indicates that BiOCl exhibits the lowest impedance,
implying that the BiOCl photocatalyst possesses the most
rapid charge transfer and the highest charge transfer efficiency.
As a result, its photocatalytic activity is comparatively
superior.57

N, = (2/e,ee)[d(C2)/dV]™! (4)

On the other hand, the intrinsic carrier concentration (N;)
can be obtained by using and the eq 4 slope of the Mott—
Schottky curve, where ¢, represents the electron charge. € and
g, are the dielectric constant and permittivity of free space of
the sample, respectively, and d(C*)/dV is the slope of the
linear portion of the Mott—Schottky curve. Thus, the intrinsic
carrier concentration (Nd) is inversely proportional to the
slope of the linear portion of the Mott—Schottky curve. K(Br)
is 1 X 10%, K(Cl) is 1 x 10%, and K(I) is § X 10°. The slopes
of BiOCI and BiOBr are both lower than the slope of BiO],
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Figure S. BiOX degradation toluene curves, type of degradation kinetics and reusability of BiOCl: (a) properties of BiOX photocatalytic
degradation of toluene; (b) kinetic curves of BiOX degradation of toluene; (c) reproducibility of BiOCI photocatalytic degradation of toluene.

suggesting that both BiOCl and BiOBr have high intrinsic
carrier concentration and efficient charge separation.

3.4. Study on Photocatalytic Performance. Before
initiating the photocatalytic degradation of toluene, the reactor
was enclosed with aluminum foil and subjected to a dark
reaction for a minimum duration of 150 min to ensure that the
catalyst and the toluene concentration within the reactor
achieved adsorption equilibrium. During the reaction, the real-
time concentration of toluene in the reactor was monitored by
gas chromatography. As shown in Figure Sa, the concentration
of toluene in the reactor was basically unchanged within 120
min after xenon lamp irradiation without catalyst. After using
BiOX catalyst, the toluene concentrations in the reactor
decreased to different degrees within 120 min after light
irradiation, with BiOCl having the best degradation rate of
56.41%, BiOBr having the lowest toluene degradation rate of
only 16.16%, and BiOl is in the middle of the two at 28.13%.

To further elucidate the degradation process of toluene by
BiOX photocatalysis and to assess the photocatalytic perform-
ance of BiOX, we constructed the degradation kinetic curves
for toluene pollutants within the photocatalytic system. As the
kinetic curves of photocatalytic degradation of toluene of the
prepared samples in Figure Sb. The curves were obtained using
nonlinear least-squares fitting.”® From the fitted degradation
curves in Table 2, it is evident that BiOCI exhibits the steepest
slope, indicating that the degradation rate of BiOCl is the most
rapid, which is consistent with the experimental results.

To evaluate the recyclability of BiOCl in the photocatalytic
degradation of toluene, we repeated the degradation experi-
ments with BiOCl for five times and the comparison results of
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Table 2. Fitted Equations for the Kinetics of Photocatalytic
Degradation of Toluene

Sample name Eitted equation R?
BiOCl y= 0.00142x* — 0.26x + 20.01 0.9970
BiOBr y = 0.000653x* — 0.12x + 19.17 0.9811
BiOI y= 0.000486x* — 0.09x + 20.37 0.9548
Blank y= —0.0000134x% + 0.003x + 19.96 0.2552

the degradation rates for five times are shown in Figure Sc. The
toluene degradation rate of BiOCI samples gradually decrease
after recycling, in which the degradation rate is only 28.17%
after the fifth cycle. This result may be due to the
recombination of the photogenerated electron—hole pairs
after participating in the toluene oxidation reaction, which
emits energy and thus partially deactivates them.” Sub-
sequently, the compounding of BiOCI photogenerated
electron—hole pairs can be further reduced to improve its
reusability.

We have compared the findings of this study with those
reported in the literature and have included a table in the
manuscript to summarize these comparisons. From Table 3, it
is evident that existing studies often employ larger quantities of
catalysts or combine them with other materials to enhance
catalytic activity. Also, it is easier to use the static reaction than
the dynamic reaction.”® Therefore, the preferred BiOCl in
this study can achieve 56.41% toluene degradation perform-
ance in 120 min under natural light with dynamic reaction and
a small amount of catalyst, which has a great advantage.

089 https://doi.org/10.1021/acsomega.4c10658
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Table 3. Conditions of Photocatalytic Degradation of Toluene by Different Photocatalytic Materials

Specific Catalyst
surface area Initial dosage Reactor Time Degradation
Sample Synthesis method (m*/g) concentration (g) type Light source type  (min) rate (%) Reference
BiOBr Solvothermal method 53 — 05 Static Ultraviolet/ 300 9/s0
reactor visible light
BiOBr/Bi,WOgq Hydrothermal process 25.94 — 0.1 Sunlight 120 94.8 3
Bi,0;QDs — 30 ppm 0.2 Visible light 150 94.1 37
@TiO,/BiOBr
BiOI/Bi,WO,/ACF 788.00 350 mg/m* — Ultraviolet light 240 76.33 3
BiOCl/Bi,WO, — 30 ppm 02 Sunlight 180 100 3
g-C;N,/BiOCl — 150 85 0
TiO, 89.50 03 Dynamic  Ultraviolet light 120 62 ©
reactor
F/TiO, Chemical precipitation 10.4 150 ppm 0.03  Static Sunlight 60 44.7 2
method reactor
Pd/StTiO, Photochemical $8.20 100 ppm 015 Dynamic UV 90 80 o
deposition coupling reactor (300—400 nm)
BiOCl Hydrothermal 4.48 10 ppm 0.4 Static Ultraviolet light 120 94.8 *
process/ reactor
Solvothermal
method
BiOCl Chemical precipitation 71.68 20 ppm 0.1 Dynamic Sunlight 56.41 This
method reactor work
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Figure 6. Reaction of BiOCl and toluene and conversion of its product CO,: (a) comparison of BiOCl before and after degradation of toluene; (b)

the conversion rate of CO, for toluene degradation by BiOCI.

To gain a deeper understanding of the photocatalytic
degradation of toluene by BiOCI, the Fourier-transform
infrared (FTIR) spectra of BiOCl samples were analyzed
both before and after the degradation process. From the
infrared spectra in Figure 6a, it can be seen that the samples
show the C—H stretching vibration of toluene occurred in the
range of 3000—3100 cm ™" after BIOCI had degraded toluene.
Moreover, the C—H stretching vibration of toluene methyl is
observed at 2960 cm™!, and the toluene C—C benzene ring
skeleton vibration is observed at 1604 cm™'. These
observations indicate that adsorption and degradation
reactions occur during the process of photocatalytic degrada-
tion of toluene by BiOC], leading to a significant reduction in
toluene concentration. In addition, the conversion of carbon
dioxide, a product of BiOCl degradation of toluene in Figure
6b shows that BiOCI produces free radicals under light to open
the benzene ring, ultimately degrading it into carbon dioxide.
Furthermore, the conversion rate indicates that there are fewer
intermediate products in the degradation process. Although
there are physical errors in the experimental operation that
caused the CO, conversion rate reached to 10% at 0 min, we
need to further improve the experimental process to reduce
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such errors in the subsequent work. However, the overall trend
of CO, conversion rate is still valid for the experiment. The
conversion rate of carbon dioxide can reach up to 100%, thus
enabling the complete degradation of toluene pollutants.

We employed electron paramagnetic resonance (EPR)
spectroscopy to identify reactive radicals involved in the
photocatalytic process, thereby gaining further insight into the
mechanism of BiOCl photocatalytic degradation of toluene.
DMPO was used as a trapping agent for free radicals (60,~
and eOH) in the process. In addition, oxygen vacancies were
also determined. The results are shown in Figure 7. The «OH
and @O, signals were not captured under dark conditions, and
the signal peaks of ®OH and eO,™ were clearly observed after
S min of natural light irradiation, indicating that BiOCI can
produce e¢OH and eO,” under natural light irradiation.
Meanwhile quantitatively, the intensity of ®OH was slightly
higher than that of ®O,™. After 10 min of light irradiation, the
intensities of the «OH and O, signal peaks were slightly
weakened. As shown in Figure 7a,b. Figure 7c proves that
BiOCI contains more OVs and can play an important role in
the photocatalytic reaction process.
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Figure 8. Schematic diagram of the mechanism of gaseous toluene degradation by BiOCI under sunlight.

3.5. Mechanism of Photocatalytic Degradation of
Toluene. Through the characterization of the materials and
the correlation of their photocatalytic attributes with toluene
degradation, it was determined that BiOCl demonstrated the
most efficacious degradation of toluene under sunlight. The
degradation mechanisms were subjected to analysis and are
presented in summary form in Figure 8. BiOCl is excited by
light to generate electron—hole pairs, which then move to the
surface of BiOCL. The photogenerated holes (h*) react with
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OH~ (H,0) on the catalyst surface to form eOH radicals.
These radicals are highly oxidizing and can play a crucial role
in the degradation of toluene. Photoelectrons generated during
the photocatalytic process react with O, on the catalyst surface
to produce @O, active radicals. From the energy band diagram
of BiOC], its conduction band (CB) potential is —0.183 eV.
The redox potential of O,/00,~ (—0.33 €V) is slightly more
negative, resulting in less ®O,~ generation. The valence band
(VB) potential of BiOCI is 3.087 eV, significantly higher than
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the —OH/eOH redox potential (2.4 eV), allowing for the
generation of a substantial amount of eOH radicals.”**> A
large number of eOH radicals and a small number of €O,~
radicals attack the benzene ring of toluene, breaking its
conjugated 7-bonds to achieve ring opening and thorough
oxidation. The oxidizing photogenerated holes (h*) can also
directly oxidize toluene, effectively degrading it. The XPS test
reveals that BiOCI contains specific oxygen vacancies (OVs)
that can create defective states below the conduction band
minimum, enhancing the absorption capacity of photo-
electrons. The presence of oxygen vacancies can serve as
unsaturated active sites for coordination, thereby enhancing
the adsorption and activation of toluene molecules. This can
reduce the activation energy barrier needed for the reaction to
take place and accelerate the surface catalytic reaction. Oxygen
vacancies can enhance the interaction between BiOCl and
toluene m-electrons, facilitating the migration of reactive
oxygen species and accelerating the degradation of toluene.’”®’”
From the structure of BiOCl, we can observe that the
alternation of atoms on the surface of BiOCI results in a low
potential barrier. This alternation can facilitate the transfer of
charge from the [BiO,]*" layer to the Cl layer on the surface.
This distinctive charge substitution promotes the enhancement
of charge separation and conversion, thereby activating
pollutants and fostering the generation of reactive oxygen
species. Consequently, this process can exert a salutary
influence on the degradation of toluene.

The degradation process of toluene can be delineated into
several stages: under sunlight, free radicals and holes initiate an
attack on the methyl group in toluene. This can culminate in
the oxidation of toluene, sequentially yielding benzyl alcohol,
benzaldehyde, and benzoic acid, or alternatively, directly
resulting in the formation of benzene. These compounds
then open the ring to become a variety of alcohols, aldehydes,
ketones, olefins, and other short-chain compounds.17 As the
reaction barrier decreases, the free radicals, holes, and oxygen
vacancies continue to attack the toluene until it is fully
decomposed into carbon dioxide and water, resulting in the
complete degradation of the toluene pollutants. This study
provides fundamental research and theoretical support for the
degradation of indoor VOC:s.

4. CONCLUSIONS

BiOX (X = Cl, Br, I) nanophotocatalytic materials were
successfully prepared using a simple chemical precipitation
method. These materials were effective in degrading toluene
gas pollutants in the presence of sunlight. Among the three
materials, the degradation effect of BiOCI was the best about
56.41% within 120 min and produced fewer intermediates. The
mechanism by which BiOCl degrades toluene gas under
natural light is primarily as follows: first, upon illumination,
electron—hole pairs are generated. The photogenerated holes
(h*) react with OH™ (from H,0) to form @OH radicals. The
photogenerated electrons react with O, to produce ©O,”
radicals. The active radicals €OH and €O, interact with the
toluene, disrupting the benzene ring 7 bonds, while the holes
(h*) may also directly react with the toluene. Additionally, the
presence of oxygen vacancies further enhances the adsorption
and activation of toluene, reducing the reaction activation
energy barrier, accelerating the reaction rate, and strengthening
the interaction with the 7 electrons of toluene. This process
enhances the migration of active oxygen species and facilitates
the deep degradation of toluene into a series of short-chain
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compounds, including alcohols, aldehydes, ketones, and
alkenes. These compounds are ultimately oxidized to carbon
dioxide and water, thereby achieving complete degradation of
toluene gas pollutants. Currently, BiOX photocatalytic
materials face several challenges in the degradation of VOCs.
For instance, the visible light absorption capacity and the
efficiency of photogenerated charge carrier separation in BiOX
materials require enhancement. Furthermore, the cyclic
stability of BiOX materials during photocatalytic degradation
is suboptimal. To enhance the photocatalytic degradation of
VOCs using BiOX materials, future research directions could
focus on modifying the material structure. This includes
surface functionalization and composite enhancement to
improve visible light utilization and charge carrier separation
efficiency. By reducing the recombination of electron—hole
pairs, these modifications can further enhance the cyclic
stability and photocatalytic activity of BiOX materials in VOCs
degradation.
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