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ABSTRACT: Reconstruction of catalysts, widely acknowledged in
electrocatalysis, has rarely been explored in thermal catalysis. This
study demonstrates a dynamic favorable reconstruction of BiVO4 in
thermal selective oxidation of benzylic C−H of toluene using in situ
techniques. BiVO4 undergoes reconstruction during high-temper-
ature H2 reduction, wherein Bi dissolves and aggregates into
metallic Bi particle to form Bi/BiVO4. Bi/BiVO4 undergoes
secondary reconstruction through high-temperature O2 oxidation
in thermal catalysis, wherein Bi migrates toward metallic Bi particle
to form Bi2O3/BiVO4. Bi2O3/BiVO4 exhibits good adsorption
performance on toluene and O2, and promotes charge transport to
generate more abundant active species. Therefore, a toluene
conversion of 26,300.00 μmol·gcat

−1·h−1 and product yield of
410.00 mmol·gcat

−1 were achieved, giving the highest reported
product yield for thermal selective oxidation of the benzylic C−H bond of toluene. Based on this, Bi2O3/BiVO4 catalysts with high-
performance can be synthesized by a one-step hydrothermal method, opening up new avenues for thermal catalyst design.
KEYWORDS: favorable reconstruction in thermal catalysis, Bi2O3/BiVO4 active interface, excellent adsorption performance,
efficient charge transport, selective oxidation of benzylic C−H

1. INTRODUCTION
Reconstruction of catalysts has gained widespread attention in
electrocatalysis.1−3 Importantly, this reconstruction is usually
favorable and has gradually been developed into an approach
to improve electrocatalytic performance.4,5 For example, IrNix
nanoparticles undergo in situ reconstruction in the oxygen
evolution reaction (OER).6 Under acidic conditions, Ni
dissolves, migrates, and dopes to form a Ni-doped iridium
skin framework catalyst. Under alkaline conditions, Ni migrates
from the bulk phase to form a NiOx surface layer. Such self-
reconstruction significantly enhances the performance of the
OER in both acidic and alkaline electrolytes. Similarly,
vanadium dissolves to create a β-Bi2O3/BiVO4 mixed-phase
structure on a BiVO4 electrocatalyst. The resulting photo-
current density of β-Bi2O3/BiVO4 was approximately twice
that of pristine BiVO4 at 1.23 VRHE for photoelectrochemical
water splitting.7

Reconstructed structures of catalysts reportedly hamper
their thermal catalytic performances.8−10 For example, in high-
temperature propane dehydrogenation reaction, Pt single
atoms11 and alloy nanoparticles12 aggregate into larger
nanoparticles, losing catalytic activity. Similarly, Pd nano-
particles rapidly lose catalytic activity by decomposing into
inactive single atoms in high-temperature methane oxidation.13

Notably, high-temperature and high-pressure can lead to
changes in the catalyst composition,14 crystal phase,15

morphology,16 and crystal size,17 potentially exposing more
abundant active sites or generating new ones during reactions.
However, unlike electrocatalytic reactions, dynamic recon-
struction of catalysts under high-temperature and high-
pressure conditions is difficult to analyze in situ in thermal
catalytic reactions, resulting in catalyst changes being
compared only before and after the reaction.18 So far, studies
on the reconstruction processes of catalysts in thermal catalytic
reactions are scarce, and notably, catalyst reconstruction that
benefits thermal catalysis has not yet been reported.

This study presents a favorable reconstruction of BiVO4 in
the thermal catalytic selective oxidation of benzylic C−H of
toluene. In situ characterization shows that the catalyst
undergoes two reconstruction processes, sequentially forming
Bi/BiVO4 and Bi2O3/BiVO4. Fabrication of an active Bi2O3/
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BiVO4 interface results in a high toluene conversion of
26,300.00 μmol·gcat

−1·h−1 and an unprecedented product yield
of 410.00 mmol·gcat

−1.

2. RESULTS AND DISCUSSION
A pristine BiVO4 sheet, featuring distinct perovskite character-
istic X-ray diffraction (XRD) peaks (JCPDS No. 83−1700;
Figure S1), was synthesized by using the hydrothermal
method. To improve its catalytic performance,19 the BiVO4
sheet was further treated by H2 reduction at 200−600 °C. The
XRD profile of H2−BiVO4 showed coexisting characteristic
peaks of metallic Bi (JCPDS No. 85−1329) and BiVO4 at a
temperature of 300 °C (Figure S1). In situ Raman spectros-
copy showed that the characteristic peaks at 321, 364, and 711
cm−1 gradually disappeared and a peak redshift occurred at 826
cm−1 in BiVO4 under high-temperature H2 reduction (Figure
1a). These peaks were assigned to the asymmetric and
symmetric bending of VO4

3− and to the asymmetric and
symmetric stretching of V−O (Figure S2), which arise due to
the dissolution and migration of Bi within the structure.20

Fourier transform infrared (FTIR) spectroscopy showed that
the typical BiVO4 peak at 747 cm−1 gradually disappeared as
the reduction temperature was increased (Figure S3), whereas
a new peak appeared at 959 cm−1, which was attributed to the
terminal O stretching vibration of the V�O.21 These
observations implied the destruction of the Bi−O−V structure

and the dissolution of Bi. Following high-temperature
reduction with H2, in situ FTIR spectroscopy showed the
appearance of new peaks at 2927, 2857, 1486, and 1265 cm−1,
in addition to an inverted peak at 1323 cm−1 (Figure 1b),
potentially due to destruction of the Bi−O and emergence of
the strong affinity between H2 and the generated metallic Bi
particles. The normalized Bi L3-edge X-ray absorption near-
edge structure (XANES) profile of H2−BiVO4-300 was located
between those of BiVO4 and the Bi powder, indicating that
some Bi3+ was reduced to Bi0 (Figure S4).22 The Fourier
transforms of the extended X-ray absorption fine structure
(FT-EXAFS) k3χ data at the Bi L3-edge directly confirmed the
existence of metallic Bi particles in H2−BiVO4-300, wherein
the peak at 2.53 Å was attributed to the Bi−Bi (Figure 1c).23

The presence of metallic Bi particles in H2−BiVO4-300 was
further confirmed by the wavelet transform contour plots,
which indicated the dominance of the Bi−Bi structure at 12.8
Å−1 (Figure S5).23

Scanning electron microscopy (SEM) images confirmed the
formation of metallic Bi particles in H2−BiVO4 during high-
temperature H2 reduction (Figure S6). The dynamic evolution
of the Bi dissolution process and subsequent aggregation into
metallic Bi particles was monitored using in situ scanning
transmission electron microscopy (STEM). However, no
significant changes were observed on the surface of the
BiVO4 sheet at a reduction temperature below 550 °C (Figure

Figure 1. In situ (a) Raman and (b) FTIR spectra of the BiVO4 species subjected to high-temperature treatment under a H2 atmosphere. (c) Bi L3-
edge FT-EXAFS spectra. In situ STEM images of BiVO4 at (d) 25 and (e) 600 °C under the H2 atmosphere. (f−l) Time-dependent in situ STEM
images of BiVO4 at 600 °C under the H2 atmosphere. (m−o) STEM/EDS mapping of BiVO4 after H2 reduction at 600 °C for 28 min and 46 s (as
per panel (l)). (p) Product yield and toluene conversion obtained for thermal catalytic selective oxidation of benzylic C−H of toluene over the
BiVO4 and H2−BiVO4 species.
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S7). By contrast, Bi dissolution occurred at 300 °C in a tube
furnace, as the in situ STEM system remained under a low
partial pressure of H2. Additionally, when the reduction
temperature reached 600 °C, obvious defects caused by the
dissolution of Bi appeared on the surface of the BiVO4 sheet
(Figure 1d,e). The density of defects increased with reduction
time, and the significant aggregation of Bi particles was
observed up to 13 min (Figure 1f−l). In STEM/energy-
dispersive X-ray spectroscopy (EDS) mapping images, large
amounts of Bi were concentrated at the positions correspond-
ing to the Bi particles, while V showed an average distribution
over BiVO4 (Figure 1m−o). These results indicate that BiVO4
underwent reconstruction to form Bi/BiVO4 (H2−BiVO4)
after high-temperature H2 reduction.

Subsequently, the catalytic performance of each catalyst was
compared using the model reaction of thermal catalytic
selective oxidation of benzylic C−H of toluene to yield benzyl
alcohol, benzaldehyde, benzoic acid, and benzyl benzoate. All
the catalysts showed similar product selectivity (approximately
55%; Figure S8 and Table S1). However, H2−BiVO4 showed
an ultrahigh toluene conversion (over 18,000.00 μmol·gcat

−1·
h−1), compared to that of the pristine BiVO4 (1733.33 μmol·
gcat

−1·h−1). As a result, all of the H2−BiVO4 provided a product
yield exceeding 300.00 mmol·gcat

−1, while the pristine BiVO4
gave a poor product yield of only 29.00 mmol·gcat

−1 (Figure
1p). Notably, H2−BiVO4-300 exhibited the best product yield
(410.00 mmol·gcat

−1) and toluene conversion (26,300.00
μmol·gcat

−1·h−1), which are 14.14- and 15.17-fold greater

Figure 2. (a) In situ FTIR spectra of the H2−BiVO4-300 specimen subjected to high-temperature treatment under an O2 atmosphere. (b) XPS Bi
4f results were obtained for H2−BiVO4-300, H2−BiVO4-300-O2, and H2−BiVO4-300-R-10h. (c) XRD characterization of H2−BiVO4-300, H2−
BiVO4-300-R-1h, and H2−BiVO4-300-O2. Star indicates the characteristic peaks belonging to Bi2O3. Diamond indicates the characteristic peaks
belonging to metallic Bi particles. In situ STEM images of the reduced BiVO4 undergoing high-temperature reoxidation under an O2 atmosphere at
(d) 25 °C, (e) 500 °C, and (f) 600 °C. (g−l) Time-dependent in situ STEM images of the reduced BiVO4 undergoing O2 reoxidation at 600 °C.
(m−o) STEM/EDS mapping images of the reduced BiVO4 after O2 reoxidation at 600 °C for 7 min and 30 s (as per panel (l)). (p) Product yield
and toluene conversion obtained over the BiVO4, Bi2O3, Bi2O3 + BiVO4, Bi2O3/BiVO4-syn-1.5, Bi2O3/BiVO4-syn-3, and H2−BiVO4-300 species.
(q) Time-dependent product yield obtained for H2−BiVO4-300 and H2−BiVO4-300-O2.
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than those of the pristine BiVO4, respectively. To the best of
our knowledge, this is the highest product yield reported for
the thermal catalytic selective oxidation of benzylic C−H of
toluene, even higher than those obtained using solvents (Table
S2). In addition, H2−BiVO4-300 retained over 85% of its
performance after five cycles (Figure S9), indicating excellent
stability. The slight decrease in activity may be ascribed to
carbon deposition on the H2−BiVO4-300 surface (Figure S10).

Notably, metallic Bi particles can be easily oxidized to Bi2O3
under high-temperature oxidation conditions.24 In situ FTIR
spectra of H2−BiVO4-300, recorded under an O2 atmosphere,
showed some new peaks at 1686, 1389, 1273, and 1015 cm−1

(Figure 2a). The intensity of the peak at 2927 cm−1 decreased,
while the shape of the peak at 2857 cm−1 was inverted (Figure
2a). These indicate that the affinity between metallic Bi
particles and H2 was disrupted due to the oxidation of metallic
Bi. Interestingly, in situ FTIR spectra obtained under an O2/
toluene mixed atmosphere showed the same results as those
under an O2 atmosphere, with the exception of an additional
characteristic peak at 2531 cm−1 attributed to toluene (Figure
S11).25 This indicates that the reconstruction of H2−BiVO4-
300 in the reaction was mainly due to the action of O2. X-ray
photoelectron spectroscopy (XPS) showed that both Bi 4f
peaks of O2/toluene-treated H2−BiVO4-300 (H2−BiVO4-300-
R) and O2-treated H2−BiVO4-300 (H2−BiVO4-300-O2)
exhibited a positive shift compared to that of fresh H2−
BiVO4-300 (Figure 2b), indicating that metallic Bi was
oxidized.26 The observation of a characteristic XRD peak
(JCPDS No. 76−2478) corresponding to Bi2O3 further
confirmed such oxidation of metallic Bi (Figure 2c and Figure
S12). Both H2−BiVO4-300-R and H2−BiVO4-300-O2 ex-
hibited a mixed crystal phase of Bi2O3 and BiVO4, whereas
the O2/toluene-treated BiVO4 (BiVO4-R) did not, confirming
the formation of an interface in the secondary reconstruction
(Figure 2c and Figure S13).

The SEM and TEM/EDS images recorded for H2−BiVO4-
300-R and H2−BiVO4-300-O2 showed that H2−BiVO4
underwent the same secondary reconstruction process while
BiVO4-R did not (Figures S14−S16). The dynamic evolution
of H2−BiVO4 under high-temperature O2 oxidation was
monitored using in situ STEM. The morphology of H2−
BiVO4 changed significantly at treatment temperature above
600 °C (Figure 2d−f and Figure S17), consistent with the
trend observed during H2 reduction. Upon increasing the
oxidation time, the Bi particles continuously shrank and
aggregated, attaining relative stability at 4 min 6 s (Figure 2g−l
and Figure S18). STEM/EDS mapping showed that Bi was
highly concentrated at the Bi particle positions after oxidation,
whereas V remained evenly distributed over BiVO4 (Figure
2m−o). These results indicated that H2−BiVO4 underwent a
new reconstruction to Bi2O3/BiVO4 after high-temperature
oxidation. STEM/EDS linear scanning demonstrated a distinct
interface between the Bi region and BiVO4 components
(Figure S19). Compared with the Bi/V signal intensity ratio
obtained from Line 1 in H2−BiVO4, the relative intensity of
the Bi signal from Line 2 in H2−BiVO4−O2 was strengthened
after high-temperature oxidation. The O/V intensity ratio at
the interface in Line 2 was higher than that in Line 1, which
was attributed to the formation of Bi2O3 under high-
temperature oxidation conditions.

To reveal the role of Bi2O3 in the thermal reaction, Bi2O3
and Bi2O3/BiVO4-syn were synthesized using the hydro-
thermal method (Figure S20). Bi2O3 provided a product yield

of 178.00 mmol·gcat
−1 and toluene conversion of 10,800.00

μmol·gcat
−1·h−1, which are 6.14- and 6.23-fold higher than

those of the pristine BiVO4, respectively (Figure 2p and Table
S1). Bi2O3/BiVO4-syn exhibited a superior catalytic perform-
ance to both Bi2O3 and BiVO4 (Figure 2p, Figure S21, and
Table S1), indicating the existence of synergy between Bi2O3
and BiVO4. Particularly, the product yield of Bi2O3/BiVO4-
syn-3 (394.00 mmol·gcat

−1) was approximately equal to that of
H2−BiVO4-300 (Figure 2p). Furthermore, when the fresh H2−
BiVO4-300 was preoxidized at 160 °C for 5 h to obtain H2−
BiVO4-300-O2, a superior catalytic performance was achieved,
with a product yield of 416.00 mmol·gcat

−1 and toluene
conversion of 26466.67 μmol·gcat

−1·h−1 (Figure 2q). This was
attributed to the fact that Bi2O3 was preformed in H2−BiVO4-
300-O2, rather than being generated during the reaction.
Notably, the physically mixed Bi2O3+BiVO4 exhibited a poorer
catalytic performance (169.00 mmol·gcat

−1; 9700.00 μmol·
gcat

−1·h−1) than that of Bi2O3 (Figure 2p and Table S1).
Moreover, the activity of H2−BiVO4-300 decreased after dilute
nitric acid etching (326.00 mmol·gcat

−1; 20,166.67 μmol·gcat
−1·

h−1; Table S1), indicating that Bi vacancies were not the active
sites for this reaction.27,28 Therefore, the enhanced catalytic
performance is expected to be relevant to the generated
interface between Bi2O3 and BiVO4.

Electron transport during the reaction was subsequently
explored to reveal the role of the Bi2O3/BiVO4 interface in the
thermal reaction.29 Initially, a quenching experiment was
conducted to identify the active species. As shown in Figure 3a,
the catalytic activity of H2−BiVO4-300 decreased significantly
upon the addition of potassium persulfate, ammonium oxalate,
and p-benzoquinone as electron, hole, and superoxide radical
quenchers, respectively, confirming the key roles of these active

Figure 3. (a) Product yield and toluene conversion over H2−BiVO4-
300 upon the addition of a quencher. p-Benzoquinone (PBQ) was
added as a superoxide radical quencher, ammonium oxalate (AO) was
added as a hole quencher, and potassium persulfate (K2S2O8) was
added as an electron quencher. (b) EPR spectra of the superoxide
radicals generated in BiVO4 and H2−BiVO4. (c) EPR spectra of the
superoxide radical generated in BiVO4, Bi/BiVO4, and Bi2O3/BiVO4,
where H2−BiVO4-300 is denoted as Bi/BiVO4 and H2−BiVO4-300-
O2 is denoted as Bi2O3/BiVO4. (d) EIS spectra of BiVO4, Bi/BiVO4,
and Bi2O3/BiVO4.
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species in thermal catalytic selective oxidation of benzylic C−
H.30,31 Electron paramagnetic resonance (EPR) spectra of H2−
BiVO4-300 exhibited the strongest superoxide radical (•O2

−)
signal, corroborating its highest catalytic performance (Figure
3b). Compared with BiVO4 and Bi/BiVO4, Bi2O3/BiVO4
exhibited the strongest •O2

− signal, implying the best charge
transport properties (Figure 3c). Furthermore, electrochemical
impedance spectroscopy (EIS) demonstrated that Bi2O3/
BiVO4 gave the smallest high-frequency semicircle in the
Nyquist plot than both BiVO4 and Bi/BiVO4 (Figure 3d),
indicating that Bi2O3/BiVO4 exhibited the lowest degree of
resistance during charge transport.32 Therefore, the increase in
the activity was attributed to excellent charge transport at the
Bi2O3/BiVO4 interface, which generated a greater number of
active species. Based on this result, along with the product
generation order of benzaldehyde, benzyl alcohol, benzoic acid,
and benzyl benzoate, a product generation pathway was
proposed (Figures S22 and S23),33,34 and density functional

theory (DFT) calculations confirmed such a free radical
process (Figures S23 and S24).35

Toluene adsorption over the catalysts was investigated by
using in situ FTIR spectroscopy. Compared to BiVO4 and Bi/
BiVO4, a distinct characteristic peak corresponding to toluene
was observed at 2531 cm−1 for Bi2O3/BiVO4 (Figure 4a−c),
indicting its strongest adsorption capacity for toluene. In
agreement with the adsorption capacity, Bi2O3/BiVO4 also
exhibited a higher toluene desorption temperature than BiVO4
and Bi/BiVO4 in the toluene temperature-programmed
desorption experiments (Toluene-TPD) (Figure 4d). This
was further confirmed by using DFT calculations (Figure 4e
and Figure S24). The toluene adsorption energy was found to
increase in the following order: Bi2O3/BiVO4 (Eads = −0.88
eV) < Bi/BiVO4 (Eads = −0.75 eV) < BiVO4 (Eads = −0.70
eV). Interestingly, DFT calculations also suggested the
excellent adsorption of O2 on the Bi2O3/BiVO4. The O2
adsorption energy increased in the following order: Bi2O3/

Figure 4. In situ FTIR spectra of toluene adsorption on (a) BiVO4, (b) Bi/BiVO4, and (c) Bi2O3/BiVO4. H2−BiVO4-300 is denoted as Bi/BiVO4
and H2−BiVO4-300-O2 is denoted as Bi2O3/BiVO4. (d) Toluene-TPD results for BiVO4, Bi/BiVO4, and Bi2O3/BiVO4. (e) Optimized geometric
structures and corresponding toluene adsorption energies on BiVO4, Bi/BiVO4, and Bi2O3/BiVO4. (f) Optimized geometric structures and
corresponding O2 adsorption energies on the BiVO4, Bi/BiVO4, and Bi2O3/BiVO4. (g) O2-TPD results for BiVO4, Bi/BiVO4, and Bi2O3/BiVO4.
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BiVO4 (Eads = −0.84 eV) < Bi/BiVO4 (Eads = −0.61 eV) <
BiVO4 (Eads = −0.04 eV) (Figure 4f). In the O2 temperature-
programmed desorption experiments (O2-TPD), Bi2O3/BiVO4
demonstrated the highest desorption temperature in the high-
temperature zone, corresponding to the superior chemical
adsorption of O2 on Bi2O3/BiVO4 compared on the BiVO4
and Bi/BiVO4 (Figure 4g). Obviously, the enhanced
adsorption capacities of Bi2O3/BiVO4 toward toluene and O2
also played crucial roles in enhancing its catalytic performance
of selective oxidation of benzylic C−H.

3. CONCLUSIONS
In summary, this study demonstrated the occurrence of a
favorable reconstruction process during a thermal catalytic
reaction. BiVO4 undergoes its first reconstruction to form Bi/
BiVO4, which subsequently undergoes a secondary reconstruc-
tion during thermal selective oxidation of benzylic C−H of
toluene to generate Bi2O3/BiVO4. The Bi2O3/BiVO4 interface
exhibits excellent adsorption properties for toluene and O2, in
addition to promoting charge transport to generate more
abundant active species, thereby significantly enhancing the
catalytic activity. Such favorable reconstruction can be a
promising application for unstable catalysts, particularly with
respect to achieving superior thermal catalytic activities.

4. METHODS
4.1. Catalyst Preparation. Preparation of the BiVO4

Sheet. The BiVO4 sheet catalyst was synthesized by using a
hydrothermal method. More specifically, Bi(NO3)3·5H2O (5
mmol) and sodium dodecylbenzenesulfonate (0.72 mmol)
were sequentially dissolved in dilute nitric acid (4 M, 10 mL)
and stirred for 30 min to form solution A. In addition,
NH4VO3 (5 mmol) was dissolved in an aqueous NaOH
solution (2 M, 10 mL) and stirred for 10 min to form solution
B. Solution A was then added dropwise to solution B, and the
pH of the mixture was adjusted to 7 using an aqueous NaOH
solution (2 M). After it was stirred continuously for 30 min to
form a suspension, the suspension was transferred to a
hydrothermal reactor (HTG-100-SS1, Anhui Kemi Machinery
Technology Co., Ltd.) and heated at 200 °C for 1.5 h. After
this time, the reaction mixture was cooled naturally to room
temperature and centrifuged to obtain a solid precipitate,
which was washed with anhydrous ethanol and deionized water
prior to drying at 100 °C.

Preparation of the H2−BiVO4 Catalyst. The obtained
BiVO4 sheet was reduced at different temperatures (200, 300,
400, 500, and 600 °C) for 2 h in a H2 atmosphere to obtain
H2−BiVO4-X (X corresponds to the reduction temperature, X
= 200, 300, 400, 500, and 600).

Preparation of the Bi2O3 Catalyst. The preparation method
of Bi2O3 was the same as that of the BiVO4 sheet, except that
no NH4VO3 was added.

Preparation of the Bi2O3/BiVO4-syn Catalyst. The
preparation method of Bi2O3/BiVO4-syn-X (X represents the
molar ratio of Bi to V, with corresponding values of 1.5, 2, 2.4,
3, 3.2, and 4) was the same as that of the BiVO4 sheet, except
that the amount of Bi(NO3)3·5H2O added was adjusted to 7.5,
10.0, 12.0, 15.0, 16.0, and 20.0 mmol.

Preparation of the H2−BiVO4-300-O2 Catalyst. The
obtained H2−BiVO4-300 was oxidized at 160 °C for 5 h in
an O2 atmosphere to obtain H2−BiVO4-300-O2.

4.2. Characterization. XRD spectra were measured and
collected using an X’Pert PRO (PANalytical) powder
diffractometer using a Cu Kα radiation source with a
wavelength λ of 0.15418 nm, test voltage of 40 kV, and
current of 40 mA. The Raman spectrum was measured by a
LabRAM HR EVOLUTION spectrometer. The excitation
wavelength was 532 nm, and the scanning range was 100−
1000 cm−1. In the in situ Raman experiment, the pristine
BiVO4 was first pretreated with N2 at 100 °C for 30 min to
remove adsorbed impurities, then cooled to 25 °C. After that,
it was heated to 300 °C within 30 min and maintained for 2 h
in a H2 atmosphere. Raman spectra were collected
intermittently in a H2 atmosphere. FTIR spectroscopy was
conducted on an INVENIO-R spectrometer (Bruker, Ger-
many) in the range of 400−4000 cm−1. In situ FTIR
spectroscopy was conducted with an MCT (mercury cadmium
telluride) detector. In the in situ reconstruction experiment, the
catalyst was initially pretreated with N2 at 100 °C for 30 min to
remove any adsorbed impurities and then cooled to 25 °C.
Subsequently, it was heated to 300 °C over 15 min and
maintained at 300 °C for 1 h under an H2 atmosphere. The in
situ FTIR spectra were collected intermittently in a H2
atmosphere. Subsequently, the catalyst was treated with N2
at 100 °C for 30 min and cooled to 25 °C. It was then heated
to 160 °C over 15 min and maintained at 160 °C for 2 h under
an O2 (or an O2/Toluene) atmosphere. The in situ FTIR
spectra were collected intermittently in the O2 (or O2/
Toluene) atmosphere. In the toluene adsorption experiment,
the catalyst was initially pretreated with N2 at 100 °C for 30
min to remove any adsorbed impurities and then cooled to 25
°C. Subsequently, toluene gas was continuously introduced for
30 min, and the in situ FTIR spectra were collected
intermittently. The EXAFS and XANES data at the Bi L-
edge was collected at the 1W1B beamline at the BSRF (Beijing
Synchrotron Radiation Facility, China). The SEM and SEM/
EDS measurements were conducted using an SU-8020
electron microscope (Hitachi, Japan). The TEM/EDS
measurements were carried out using field emission trans-
mission electron microscope combined with energy dispersive
X-ray spectrometry (JEM-2100 F, JEOL, Japan). The in situ
STEM experiment was carried out in a JEOL JEM F200
microscope at 200 kV with a DENS heating holder. STEM
images and STEM/EDS were acquired after the sample was
heated to the target temperature in a H2 or O2 atmosphere.
The XPS was carried out using an AXIS Supra photoelectron
spectrometer (Kratos analytical company) equipped with an Al
Kα excitation source. The peak positions were corrected
according to the position of C 1s at 284.8 eV. The toluene-
TPD experiments were performed using an Autochem 2720
chemical adsorption instrument at a catalyst dosage of 100 mg.
Prior to testing, the catalyst was pretreated with He at 250 °C
for 1 h with a flow rate of 30 mL·min−1 to remove any
adsorbed impurities and then cooled to 50 °C. Subsequently,
the He flow was switched to toluene at a flow rate of 30 mL·
min−1 and maintained for 1 h. After this adsorption period, the
toluene flow was switched back to He at a flow rate of 30 mL·
min−1 and maintained for 30 min. Finally, the temperature was
increased from 50 to 800 °C at a heating rate of 10 °C·min−1,
and the signal was collected by using a thermal conductivity
(TCD) detector. The O2-TPD was performed on an
Autochem 2720 chemical adsorption instrument with a catalyst
dosage of 100 mg. The detailed operation was the same as that
of Toluene-TPD, except that 5% O2/He was used to replace

ACS Catalysis pubs.acs.org/acscatalysis Research Article

https://doi.org/10.1021/acscatal.5c03644
ACS Catal. 2025, 15, 15387−15394

15392

pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.5c03644?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


toluene gas. The •O2
− tests were measured using an EPR

spectrometer (E500, Bruker, Germany) at room temperature.
The catalyst was dispersed in dimethyl sulfoxide (DMSO),
added with 5, 5-dimethyl-1-pyrroline N-oxide (DMPO)
capture agent, and then put into a paramagnetic tube for
testing by capillary encapsulation. The EIS measurements were
performed in the frequency range of 100 mHz to 100 kHz.

4.3. Evaluation of the Catalytic Performance. Thermal
Catalytic Selective Oxidation of Benzylic C−H of Toluene.
The thermal catalytic selective oxidation of benzylic C−H of
toluene was performed in an autoclave (NSVP25-P3-T2-SS1-
SV, Anhui Kemi Machinery Technology Co., Ltd.). Specifi-
cally, toluene (15 mL) and the catalyst (30 mg) were added to
the autoclave, and the autoclave was repeatedly purged 5 times
with high-purity O2 (0.5 MPa) to ensure a pure O2
atmosphere. Subsequently, the autoclave was filled with 0.5
MPa O2 and heated to 160 °C, at which point the O2 in the
autoclave was replenished to 1 MPa and maintained constant
throughout the experiment. Finally, the magnetic stirrer was
turned on, and the rotational speed was set to 1000 rpm.
Samples were taken before the start of heating and after the
end of the 30 h reaction for analysis by gas chromatography
(GC; 2010Plus, Shimadzu, Japan) with a flame ionization
(FID) detector.

For the quenching experiment, each quencher (p-benzoqui-
none, ammonium oxalate, and potassium persulfate) and
catalyst were added simultaneously, and the subsequent steps
were completely consistent with the activity test.

4.4. DFT Calculations. All of the calculations are
performed in the framework of density functional theory
with the projector augmented plane-wave method, as
implemented in the Vienna ab initio simulation package. The
generalized gradient approximation proposed by Perdew,
Burke, and Ernzerhof is selected for the exchange-correlation
potential. The long-range van der Waals interaction is
described by the DFT-D3 approach. The cutoff energy for
plane wave is set to 400 eV. The energy criterion is set to 10−5

eV in iterative solution of the Kohn−Sham equation. A
vacuum layer of 15 Å is added perpendicular to the sheet to
avoid artificial interaction between periodic images. The
Brillouin-zone integrations were performed using a Gamma-
point-only grid. All of the structures are relaxed until the
residual forces on the atoms have declined to less than 0.05
eV/Å.
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