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Abstract: Benzene is the typical volatile organic compound (VOC) of indoor and outdoor air pollution,
which harms human health and the environment. Due to the stability of their aromatic structure, the
catalytic oxidation of benzene rings in an environment without an external energy input is difficult.
In this study, the efficient degradation of benzene at room temperature was achieved by constructing
Ag and Ni bimetallic active site catalysts (AgNi/BCN) supported on boron–carbon–nitrogen aerogel.
The atomic-scale Ag and Ni are uniformly dispersed on the catalyst surface and form Ag/Ni-C/N
bonds with C and N, which were conducive to the catalytic oxidation of benzene at room temperature.
Further catalytic reaction mechanisms indicate that benzene reacted with ·OH to produce R·, which
reacted with O2 to regenerate ·OH. Under the strong oxidation of ·OH, benzene was oxidized to form
alcohols, carboxylic acids, and eventually CO2 and H2O. This study not only significantly reduces
the energy consumption of VOC catalytic oxidation, but also improves the safety of VOC treatment,
providing new ideas for the low energy consumption and green development of VOC treatment.

Keywords: benzene; AgNi/BCN catalyst; room temperature catalytic oxidation; hydroxyl radical

1. Introduction

Volatile organic compounds (VOCs) can be converted into pollutants such as O3,
PM2.5, and photochemical smog after a series of chemical reactions, and are harmful to
human health and the environment [1,2]. Benzene, as a typical VOC, mainly comes from
the petroleum, printing, textile and dyeing, and rubber industries. It has substantial toxic-
ity, including teratogenicity and carcinogenicity [3,4]. It is important to develop effective
treatment methods for the degradation of benzene. At present, the treatment methods
for benzene include catalytic oxidation, absorption, membrane separation, incineration,
biodegradation, and low-temperature plasma [5]. Catalytic oxidation is considered one of
the most promising methods for degrading benzene due to its low energy consumption,
high removal efficiency, and low harmful by-products. However, the stable electron-
conjugated structure of the benzene (π-π conjugation) increases the difficulty of treatment.
Catalytic oxidation of the benzene is considered extremely difficult under ambient tem-
perature and pressure conditions without additional energy such as light, electricity, and
heat [6]. Therefore, it is crucial to develop a catalyst that can catalyze benzene without the
high-energy environment.

Catalytic oxidation reduces energy consumption and improves the treatment efficiency
of VOCs by constructing highly active and stable catalysts [7]. Transition metals, especially
precious metal-supported catalysts, exhibit high activity and excellent performance in
the oxidation of VOCs [8,9]. The catalytic oxidation temperature of Pt-based or Pd-based
catalysts is about 100 K lower than that of other transition metals [9–11]. When the Pt
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particle size is 1.2 nm, the Pt/Al2O3 catalyst can completely convert benzene to H2O and
CO2 at 145 ◦C and exhibits excellent stability in long-term reactions [10]. As a readily
available precious metal, Ag is introduced into the catalytic oxidation of benzene because
of its strong catalytic activity and economic feasibility. Research has showed that Ag-Ce-
BTC-C can degrade 1000 ppm toluene at WHSV = 30,000 mL/(g·h) and T90 = 226 ◦C [12].
The Ag/Co3O4 catalyst containing 2% Ag has more abundant lattice defects, surface
oxygen vacancies, and highly reactive oxygen species, contributing to the efficient catalytic
oxidation of benzene [13].

Among the metal-supported catalysts, single-atom catalysts (SACS) can realize the
efficient oxidation of VOCs under the condition of low metal loading [14]. However, these
atoms easily aggregate with the increase in surface free energy, reducing the number of
effective catalytic active sites [15]. The “bimetallic atomic active site catalyst” can be con-
structed by introducing a second metal. The synergistic effect of active centers of two metal
atoms can improve the catalytic activity and change the selectivity, effectively overcoming
the application restrictions of SACs [16,17]. The bimetallic atomic structure can be con-
firmed by AC-HAADF-STEM, EXAFS, and first principles simulation (DFT) [18–20]. It has
been successfully applied in the field of electrochemical reactions, including the oxygen
reduction reaction (ORR), CO2 reduction reaction (CO2RR), N2 reduction reaction (NRR),
oxygen evolution reaction (OER), and hydrogen evolution reaction (HER) [18,21–26]. For
example, the catalytic activity of a nitrogen-doped carbon (NC) catalyst (PtFeNC) loaded
with isolated Pt and Fe atoms is better than that of Pt/C. DFT calculation results show
that a Pt-Fe bimetallic single-atom site accelerates the breaking of O2 and the generation of
OOH*, which improves the catalytic activity [27].

The oxidation of VOCs can proceed spontaneously at room temperature because of the
negative Gibbs free energy change (∆G < 0). A Na−Pt/AC−R catalyst can achieve 100%
degradation of 150 ppm formaldehyde at 25 ◦C and GHSV = 80,000 h−1. The addition of
Na can increase the dispersion of Pt on AC, generate more hydroxyl radicals, and directly
oxidize HCHO to CO2 and H2O [28]. Pt/FeOx-400 catalyst can activate O3 and H2O to
produce hydroxyl radicals and completely degrade methanol to CO2 and H2O at 30 ◦C [29].
However, the bimetallic active site catalysts have not been applied to the catalytic oxidation
of benzene at room temperature because of the low reaction rate of catalytic oxidation of
benzene. Therefore, the application of bimetallic atomic catalysts in the catalytic oxidation
of benzene at room temperature needs to be further studied.

In this study, the bimetallic atomic active sites were anchored on the surface of BCN
aerogels by the impregnation method. Benzene was used as a probe to evaluate the catalyst.
The specific surface area, pore volume, and crystal structure of the catalyst were charac-
terized by BET and XRD. The microstructure of the catalyst was studied by SEM, TEM,
EDS, and AC-HADDF-STEM; FTIR and XPS were used to study the surface characteristics
and elemental chemical state of the catalyst, and further explore the mechanism of catalytic
oxidation of benzene at room temperature.

2. Results and Discussion
2.1. Catalytic Oxidation of Benzene at Room Temperature

The catalyst evaluation experiments were carried out at 25 ◦C. In order to select the
optimal catalyst, catalysts with different calcination temperatures were used to oxidize
1400 mg/m3 benzene. As shown in Figure 1a, the catalyst calcined at 400 ◦C performed
best, capable of removing 98% benzene in 6 h. As shown in Figure 1b, the BCN support
without metal loading reached adsorption saturation at the beginning, and the benzene
removal rate dropped below 5% after 4 h, indicating that the loading of Ag and Ni enhanced
the catalytic activity of the catalyst.
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Figure 1. Performance of catalysts for benzene oxidation: (a) effect of calcination temperature on the
catalytic performance of benzene; (b) comparison experiment with carrier; (c) long-term stability;
(d) cyclic stability.

In order to test the stability of the catalyst, long-term stability and recycling experi-
ments were carried out. As shown in Figure 1c, benzene conversion remained 100% after
71 h in air atmosphere. However, in N2 atmosphere, the catalyst only adsorbed benzene
and reached adsorption saturation at 18 h. This indicates that O2 and H2O in the air may
participate in the catalytic oxidation of benzene as reactants. In the cycle test, the used
catalyst was regenerated by calcination at 400 ◦C (N2 atmosphere, heating rate = 5 ◦C/min)
for 2 h and tested under the same conditions. After three cycles, the conversion rate of
benzene remained 100% at 330 min (Figure 1d). Therefore, the AgNi/BCN-400 catalyst
has good stability, and using a calcining catalyst at 400 ◦C for 2 h is an effective catalyst
regeneration method.

2.2. AgNi/BCN Catalyst Bulk Structure

To explore the effect of specific surface area and pore volume on the catalytic oxidation
performance of catalysts, BET was used to carry out N2 physical adsorption–desorption
experiments on the metal-free BCN aerogel carrier, and AgNi/BCN-300, AgNi/BCN-400,
AgNi/BCN-500, AgNi/BCN-600, and AgNi/BCN-700 catalysts. As shown in Figure S1,
the adsorption curve and desorption curve of the isotherm of the sample are inconsistent.
There is a H4-type hysteresis loop in the IUPAC classification and it is without an obvious
adsorption saturation platform. This shows that micropores and mesopores exist simulta-
neously in the catalyst sample, which has an irregular porous structure. The pore size of the
catalyst is 2–4 nm, which is more suitable for the loading and uniform dispersion of metal.
As shown in Table 1, it can be seen that the specific surface area and pore volume of the
catalyst loaded with Ag and Ni species increased significantly, and the average pore size
decreased. This is because the carrier was calcined again after loading the metal species,
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and the N element is lost in the form of ammonia gas at high temperature, resulting in
more pores.

Table 1. BET specific surface area, average pore size, and pore volume of AgNi/BCN catalysts
synthesized at different pyrolysis temperatures.

Sample Specific Surface Area
(m2/g)

Average Pore Size
(nm)

Pore Volume
(mL/g)

BCN 61.8 2.96 0.0457
AgNi/BCN-300 545 2.75 0.375
AgNi/BCN-400 503 2.70 0.339
AgNi/BCN-500 405 2.44 0.246
AgNi/BCN-600 555 2.61 0.363
AgNi/BCN-700 498 2.66 0.331

As shown in Figure 2, XRD was used to characterize the catalyst at different calcination
temperatures. The catalysts have two wide crystal plane diffraction peaks around 25.4◦ and
43.6◦, corresponding to (002) and (101) crystal planes of graphite carbon, respectively [30,31].
The low intensity of the two broad peaks indicates that the crystallinity of the BCN aerogel
carrier is low. When the calcination temperature is 600 ◦C, there are three diffraction peaks
at 44.5◦, 51.9◦, and 76.5◦ belonging to (111), (200), and (220) crystal planes of Ni0 [32–34].
This indicates that Ni successfully loaded.
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Figure 2. XRD analysis of AgNi/BCN-X catalysts.

When the calcination temperature is 700 ◦C, the diffraction peak at 44.6◦ is the (111)
crystal plane of Ni0. This indicates that when the calcination temperature was more
significant than 600 ◦C, there were nickel nanoparticles (Ni NPs) in the AgNi/BCN-X
catalyst. Because of the high-temperature annealing in the inert gas atmosphere, the Nin+

(n = 2, 3) in the catalyst was reduced to form Ni0 [35]. When the calcination temperature
is 300 ◦C, 400 ◦C, or 500 ◦C, there is no obvious diffraction peak of Ni, indicating that
the crystallinity of Ni is low. The AgNi/BCN catalysts prepared at different calcination
temperatures have no crystal diffraction peak of Ag0, indicating that the catalysts at the
five calcination temperatures have no large Ag nanoparticles because the crystallinity of
Ag on the catalyst surface is low.

2.3. Morphology of AgNi/BCN Catalyst

The BCN aerogel and AgNi/BCN-400 catalysts were analyzed by SEM, TEM, and EDS
surface scanning to determine the micromorphology, particle size, crystal phase structure,
and element distribution of the catalyst. As shown in Figure S2, the BCN aerogel without
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metal species showed a spongy porous structure with a high specific surface area of the
catalyst. This was conducive to the stable loading of Ag and Ni active atoms and the
adsorption of reactant molecules by the catalyst. As shown in Figure S3, compared with
the BCN carrier, AgNi/BCN-400 has more dense pores with a smaller volume, which is
consistent with the specific surface area and average pore size results in the BET results.

The pores of the catalyst are uniformly loaded with spherical and rod-shaped nanos-
tructures, which may be Ni NPs. As shown in Figure 3a–c, the catalyst has a translucent
nanosheet structure. Some spherical and rod-shaped nanoparticles are distributed on the
nanoflake carrier, and the distribution of nanoparticles is relatively uniform. In Figure 3d,
the lattice stripe of d = 0.2025 nm corresponding to the (111) plane of Ni can be measured.
In Figure 3e, the lattice stripe of d = 0.1749 nm can be measured, which corresponds to the
(200) plane of Ni [36–38]. The existence of Ni NPs was further confirmed, and the diameter
of Ni NPs was small (about 20 nm) without aggregation. This also explains why there was
no obvious crystal plane diffraction peak of Ni0 in the XRD spectrum of the AgNi/BCN-400
catalyst. In Figure 3f, the lattice stripes with d = 0.3311 nm and d = 0.3298 nm, which belong
to the (002) crystal plane of graphite carbon, can be measured. This is consistent with the
diffraction peak results of the (002) crystal plane of graphite carbon in XRD.
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As shown in Figure 4, the catalyst surface contains elements C, N, B, O, Ag, and Ni,
and each element is evenly distributed. Ni has a small range of aggregation compared to
other elements, which corresponds to the white nanoparticles in Figure 4a. This indicates
the formation of Ni NPs, which is consistent with the results of (111) and (200) crystal
planes of Ni in TEM. The higher dispersion of Ag and no diffraction peak of Ag0 suggest
that Ag may exist in monatomic form. In addition, the Ag and Ni elements uniformly
distributed on the support surface further confirmed that the two metals were successfully
loaded on the BCN aerogel.

As shown in Figure 5a, most areas on the surface of the catalyst are scattered single
atoms and atomic clusters, and a small area forms larger clusters (blue ellipse). Combined
with the HRTEM and HADDF-STEM results at the scale of 200 nm of the catalyst, this
is because of the nanoparticles of Ni. In addition, it can be seen that there are single
atoms with high brightness in the mono-atomic dispersion area. The large atomic number
produces high brightness. Therefore, these brighter atoms are Ag mono-atoms.
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Figure 5. AC-HADDF-STEM images of AgNi/BCN-400 catalyst: (a) Ni NPs and Ag single atoms,
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There are also some Ni single atoms around Ag single atoms (yellow circle), indicating
that there may be interactions between Ag and Ni single atoms to aggregate and form small
atomic clusters. It can be seen from Figure 5b that a large number of Ni single atoms are
distributed on the surface of the catalyst, which further indicates that there are three modes
of Ni in the AgNi/BCN-400 catalyst: (1) Ni single atoms are dispersed on the surface of the
catalyst alone; (2) it exists as Ni NPs; and (3) the interaction between a Ni single atom and
a Ag single atom causes it to surround the Ag single atom.

2.4. Coordination Environment and Valence State of AgNi/BCN Catalyst

As shown in Figure 6, the adsorbed substances and functional groups on the surface
of the AgNi/BCN-X were studied by FTIR. The peaks at wave numbers 3430 cm−1 and
1630 cm−1 are attributed to the stretching vibration of surface hydroxyl groups (-OH)
and the bending vibration of adsorbed water molecules, respectively [39,40]. The peak
at 1432 cm−1 is attributed to the bending vibration of -OH in -COOH [41]. Compared
with other catalysts, AgNi/BCN-400, which has the best catalytic performance, has larger
characteristic peak areas at 3430 cm−1, 1630 cm−1, and 1432 cm−1, indicating that there are
more hydroxyl and other oxygen-containing groups on the surface of AgNi/BCN-400 [40].
The hydroxyl and other oxygen-containing groups may participate in the catalytic oxidation
reaction, which is conducive to the catalytic degradation of benzene at room temperature.
It has been shown that the surface defects caused by Ni loading are beneficial to the
adsorption of hydroxyl and water molecules on the surface [40]. In addition, hydroxyl can
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also enhance the interaction between the metal and support [42]. The characteristic peak
at 1074 cm−1 corresponds to the stretching vibration of C-N [32,43]. It indicates that N
successfully dopes into carbon to form a C-N structure.
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As shown in Figure 7, the chemical valence of the constituent elements and the
molecular bonds of the AgNi/BCN-X were studied by XPS. After conducting a full scan of
the AgNi/BCN-X catalyst using XPS, it was found that the catalysts prepared at different
calcination temperatures exhibited characteristic photoelectron peaks of C 1s, N 1s, O 1s, B
1s, Ni 2p, Ag 3d, and Na 1s in the XPS spectra (Figure S4). As shown in Figure 7a, the C
1s photoelectron peaks of catalysts prepared at different calcination temperatures can be
convoluted into four peaks. The peak of binding energy at 284.3–284.4 eV belongs to the
metal–carbon bond (Ni/Ag-C) [38]. The peak of 284.8 eV was identified as a sp2 hybrid
graphite (C=C) structure [44]. The peak of 285.4–285.5 eV is the C-N bond corresponding to
the C-N bond in FTIR [36,45]. The peak of 286.3–286.5 eV belongs to the C-O bond [46,47].
The peak of Ni/Ag-C appeared in the C 1s spectrum of the catalyst, indicating that Ag and
Ni species in AgNi/BCN formed a coordination with C. This further confirmed that Ag and
Ni interacted with the support and were successfully loaded on the support. AgNi/BCN-
400, which had the best catalytic performance, contained the most Ni/Ag-C, indicating
that the catalytic oxidation of benzene at room temperature was related to Ni/Ag-C in
the AgNi/BCN catalyst. The C-N bond appeared in the C 1s spectrum, indicating that
the N of urea successfully interacted with the C in the raw material to form a stable BCN
aerogel carrier. In addition, the content of the C-N bond decreased with the increase
in calcination temperature, which may be due to the loss of N in the state of ammonia.
As shown in Figure 7b, the N1s photoelectron peaks of catalysts prepared at different
calcination temperatures can be convoluted into four peaks. The peak of binding energy
at 398.3–398.5 eV was pyridinic N, the peak near 399.0 eV was metal nitrogen (Ni/Ag-C),
the peak near 400.0 eV was pyrrolic N, and the peak near 401.0 eV was graphite N [48].
A peak of the Ni/Ag-C bond appears in the N 1s spectrum, indicating that Ag and Ni
species are coordinated with N, and 399.0 eV was the Ni-N bond. From the characteristic
peaks of pyridine nitrogen and pyrrole nitrogen in the N 1s spectrum, we can infer the
diversity of bonding modes between N and C. AgNi/BCN-400 contains the highest pyrrole
nitrogen ratio, indicating that the catalytic oxidation activity of the catalyst for benzene at
room temperature may be related to pyrrole nitrogen. Pyrrole nitrogen, which has a unique
electronic structure, can effectively promote the adsorption of reactant molecules [49,50].

As shown in Figure 7c, the O 1s photoelectron peaks of catalysts prepared at different
calcination temperatures can be convoluted into three peaks. The peak at 531.0 eV is
lattice oxygen (Olatt), the peak at 531.8–532.3 eV is adsorbed oxygen (Oads), and the peak
at 533.0–533.5 eV is adsorbed water [51]. The catalytic oxidation activity of the catalyst
for benzene is related to the surface oxygen species. With the increase in calcination
temperature, the overall trend of adsorbed oxygen/lattice oxygen increases first and
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then decreases. As shown in Table S2, AgNi/BCN-400 has the highest ratio of adsorbed
oxygen/lattice oxygen, consistent with the result that AgNi/BCN-400 has the most oxygen-
containing groups in FTIR. It may be that adsorbed oxygen more easily participates in
the catalytic oxidation reaction of benzene, and the adsorption of oxygen on the surface
is beneficial to the catalytic oxidation of benzene at room temperature [52,53]. As shown
in Figure 7d, the B 1s photoelectron peak of the AgNi/BCN-X catalyst can be convoluted
into three peaks: the peak of 190.5–190.8 eV is the B-C bond, the peak of 191.0–191.4 eV is
the B-N bond, and the peak near 533.0–533.5 eV is the B-O bond [54,55]. The three bonds
indicate that B has been well doped into the C and N frameworks to form a stable BCN
aerogel structure. As shown in Table S3, the AgNi/BCN-400 catalyst with the best catalytic
performance has the highest proportion of B-C bonds, indicating that the doping of B may
affect the catalytic performance of the catalyst. It was found that the doping of B in CNTs
can change the Ni 3D orbital, optimize the three-dimensional electron occupancy of the Ni
atom, and improve the OER electrocatalytic activity of the catalyst [56].
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As shown in Figure 8a, the binding energies of the photoelectron peaks of Ni0 are
located at 852.5 eV (2p3/2) and 869.6 eV (2p1/2). The characteristic electron peaks of Ni2+

are located at 855.0 eV (2p3/2) and 873.7 eV (2p1/2). The characteristic peaks attributed
to Ni3+ are located at 857.0 eV (2P3/2) and 875 eV (2p1/2) [46,57]. The Ni on the surface
of the catalyst calcined at 300–500 ◦C is Ni2+ and Ni3+. According to the high-resolution
XPS spectra of C 1s and N 1s, Ni mainly forms coordination with C and N, resulting in
the formation of Ni2+ and Ni3+. Due to the high ratio of Ni2+ and Ni3+, Ni mainly exists
on the AgNi/BCN-400 surface as a single atom, which is consistent with the results of
HADDF-STEM. The two characteristic electronic peaks of the catalysts calcined at 600 ◦C
and 700 ◦C were between 852.5–855.0 eV and 855.0–857.0 eV, indicating the coexistence
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of Ni0, Ni2+ and Ni3+ on the surface of the catalysts calcined at these temperatures. The
increase in Ni0 indicates that the surface of the catalyst is reduced to Ni0 under high-
temperature calcination. As shown in Figure 8b, the characteristic peaks with binding
energies at 368.4 eV (3d5/2) and 374.5 eV (3d3/2) belong to Ag1+ [58]. The 367.9 eV (3d5/2)
and 374.0 eV (3d3/2) photoelectron peaks are Ag0 [59–61]. Ag on the surface of the catalyst
calcined at 300 ◦C mainly exists in the form of Ag1+. With the increase in calcination
temperature, the photoelectron peak of XPS tends to move to the right, indicating that a
part of Ag1+ is reduced to Ag0, and the Ag on the surface of AgNi/BCN-400 is between
Ag1+ and Ag0. Combined with the XPS results, this may be caused by the formation of
coordination between Ag, and C and N. The results of TEM and HADDF-STEM showed
that Ag atoms were distributed on the catalyst’s surface, which was consistent with the
result that there was no diffraction peak of Ag0 in XRD.
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2.5. The Catalytic Mechanism of AgNi/BCN-400

To explore the reactive oxygen species that play a role in the reaction and clarify the
mechanism of benzene degradation at room temperature, EPR was used to detect the
reactive oxygen species. In addition, FTIR was used to explore the surface species of the
AgNi/BCN-400 catalyst before and after the reaction. As shown in Figure 9, six peaks (or-
ange quadrangular star) represent the spin adduct (DMPO-R, AHβ~24–28 G, AN~15–17 G)
of the alkenyl carbon center radical (R·). AHβ was 24.66 G, and AN was 15.30 G, 15.57 G,
15.23 G, and 15.43 G, respectively. The relative intensities of the characteristic peak of
hydroxyl radical spin adduct (DMPO-OH) were close to 1:2:2:1 (green heart); AHβ was
14.77 G, 14.70 G, and 14.95 G, and AN was 14.17 G and 15.47 G. This indicates that the
oxygen and H2O in the air are activated by the catalyst to form ·OH reactive oxygen species,
which are the key free radicals for benzene ring opening at room temperature [29,62]. The
existence of R· also indicates that smaller olefin groups are formed after benzene ring
opening. The ·OH generated during the oxidation of VOCs could attack the C-H bond
to extract H atoms or add ·OH to unsaturated sites, resulting in R· [63]. Although the
oxidation activity of R· is relatively weak, R· can combine with O2 to form alkyl peroxy
radicals (ROO·) [64]. ROO· generates a carbon-centered intermediate of hydroperoxyl alkyl
radicals (·QOOH) through an internal hydrogen shift, but this is difficult to observe, and it
will degrade and decay rapidly to generate ·OH [65]. This also explains why R· and ·OH
are detected simultaneously in the catalytic oxidation of benzene at room temperature.

As shown in Figure 10, the infrared characteristic peaks at wave numbers 3430 cm−1

and 1630 cm−1 are the stretching vibration of the surface hydroxyl group (-OH) and the
bending vibration of the adsorbed water molecules, respectively. After the reaction, the
surface hydroxyl of the catalyst is significantly reduced, indicating that the surface hydroxyl
participates in the catalytic oxidation of benzene at room temperature. This is consistent
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with the highest proportion of oxygen adsorbed on the AgNi/BCN-400 surface with the
XPS analysis. The characteristic peak at 1432 cm−1 was confirmed as the bending vibration
of -OH in -COOH. The catalyst peak area increased, indicating the benzene ring-opening
reaction and that the formation of small molecular carboxylic acids occurred. In addition,
the stretching vibration peak of the C-O bond in 1384 cm−1 carbonate was significantly
enhanced, which showed that a large amount of CO2 was generated and deposited on
the catalyst surface. The intensities of characteristic peaks at 2919 cm−1 and 2850 cm−1

increased, which were attributed to the asymmetric and symmetric stretching vibrations
of methyl and methylene C-H in aromatic hydrocarbons. It can be seen that benzene was
adsorbed on the catalyst surface during the reaction. The enhancement of the characteristic
peaks (875 cm−1 and 800 cm−1) corresponding to the out-of-plane bending vibration of
the benzene ring C-H further confirms this view. The 1060 cm−1 peak is the stretching
vibration of the C-O bond of alcohol, and its increased strength indicates that alcohols
are generated in the catalytic oxidation of benzene at room temperature [52,66,67]. This
indicates that benzene will be oxidized under the strong oxidation of ·OH to form alcohols,
carboxylic acids, and, ultimately, CO2 and H2O.
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3. Experimental
3.1. Chemicals and Materials

In this study, boron–carbon–nitrogen (BCN) aerogel was used as the catalyst carrier. It
combines the advantages of carbon materials and hexagonal boron nitride with adjustable
porosity and large surface area, which can improve the ability to adsorb reactants and is
more conducive to loading metal species. All the rest of the chemicals were analytical grade
and used as received without further purification (Table S1).

3.2. Catalyst Preparation

Ag and Ni were loaded on BCN aerogel using the impregnation method. H3BO3
(0.5 g), CO (NH2)2 (2 g), soluble starch (5 g), and NaCl (5 g) were dissolved in deionized
water. Ultrasound treatment was performed during this period. The hydrogel precursor
was formed after being placed in air at room temperature for 4 h and put into a tubular
furnace. It was calcined at 800 ◦C in a nitrogen atmosphere for 4 h, and the heating rate was
five ◦C/min. AgNO3 (1.86 mL, 0.05 mol/L) and Ni (NO3)2·6H2O (3.70 mL, 0.05 mol/L)
solutions were put into 200 mL deionized water. The 6 g BCN aerogel carrier was placed in
the above clarified mixed solution, and the catalyst was uniformly dispersed by ultrasound
for 30 min. The metal in the precursor solution was loaded on the BCN carrier by magnetic
stirring (600 rpm) at 60 ◦C for 4 h. The product was washed three times with deionized
water and dried in an oven at 60 ◦C for 12 h. The samples were calcined in a nitrogen
atmosphere at different temperatures (300 ◦C, 400 ◦C, 500 ◦C, 600 ◦C, and 700 ◦C) for
180 min to obtain the AgNi/BCN-X catalyst (X is the calcination temperature).

3.3. Catalyst Evaluation

The catalytic activity of the catalyst was evaluated by a self-assembled VOC catalyst
evaluation device and the online gas chromatography detection method (GC-6890A, Lunan
Analytical Instrument Co., Ltd., Tengzhou, China). The hydrogen and air generators were
used to provide the flame combustion gas and booster gas in the hydrogen flame ionization
detector (FID, Lunan Analytical Instrument Co., Ltd., China) of the gas chromatograph.
The temperature of benzene vapor generation was controlled at 1–5 ◦C by a circulating
refrigerator. The reaction temperature of the fixed bed reactor was controlled at 25 ◦C.
The inlet concentration of benzene (Cin) was adjusted by controlling the airflow, N2 flow
of purging benzene, and benzene generation temperature. Weight hourly space velocity
(WHSV) was controlled by controlling airflow and catalyst filling quality. The relative
humidity (RH) of the reaction was adjusted by controlling the N2 flow into the water vapor
bubbling bottle and the amount of desiccant in the drying tube, and the RH was monitored
in real time with a hygrometer. The gas after reaction was divided into two routes: one
entered the gas chromatograph to monitor the outlet concentration of benzene (Cout), and
the other was discharged. The benzene removal rate (ω) was calculated by Formula (1):

ω =
Cin − Cout

Cin
× 100% (1)

where “ω” is the benzene removal rate, %; Cin is the benzene inlet concentration, mg/m3;
and Cout is the benzene outlet concentration, mg/m3.

3.4. Catalyst Characterization

To explore the relationship between catalytic oxidation performance and specific sur-
face area and pore volume, Brunauer–Emmett–Teller (BET) theory was used to determine
the specific surface area and pore size of the catalyst. An X-ray diffractometer (XRD, Rigaku
Ultima IV, Rigaku, Tokyo, Japan) was used to analyze the crystal structure of the catalysts
and the loading form of Ag and Ni species on the catalyst support. Scanning electron
microscopy (SEM, Scientific Apreo 2C, Thermo, Waltham, MA, USA) and transmission
electron microscopy (TEM, Talos F200S G2, Thermo, Waltham, MA, USA) were used to
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observe the microstructure, particle size, crystal structure, and element distribution of the
samples. Energy-dispersive X-ray spectroscopy (EDS) was used to explore the element dis-
tribution of the sample. A Fourier transform infrared spectrometer (FTIR, FTIR-650, Tianjin
Port East Science and Technology Development Co., Ltd., Tianjin, China) was used for
qualitative analysis of functional groups in samples. An Aberration-Corrected High-Angle
Annular Dark-Field Scanning Transmission Electron Microscope (AC-HADDF-STEM, Titan
Themis 60-300, FEI, Eindhoven, The Netherlands) was used to observe the existence of
single atoms. X-ray photoelectron spectroscopy (XPS, Fisher ESCALAB 250Xi, Thermo,
Waltham, MA, USA) was used to explore the chemical composition and elemental valence
of the sample surface. An electron paramagnetic resonance spectrometer (EPR, JEOL
JES-FA200, JEOL, Tokyo, Japan), which can be used to detect free radicals containing at
least one unpaired electron, was used to test the tail gas from catalytic oxidation of benzene
at room temperature.

4. Conclusions

This study used impregnation to prepare the bimetallic atomic active site catalyst
AgNi/BCN for catalytic oxidation of benzene at room temperature. It also explored the
structure–activity relationship of AgNi/BCN catalysts for catalytic oxidation of benzene
at room temperature through a series of characterization experiments. Additionally, the
study involved further exploration of the catalytic oxidation mechanism of benzene.

The results showed that the AgNi/BCN-400 catalyst had a large specific surface area
(503.0 m2/g) and total pore volume (0.3394 cm3/g). This catalyst has a loose porous
structure, with nanosheets and Ni NPs on its surface. Most of the Ag and Ni disperses at
the atomic level on the surface of the catalyst and forms Ag/Ni-C/N bonds with C and
N. AgNi/BCN-400, which has the best catalytic performance, has the highest Ni/Ag-C
content, and a small part of Ni exists in the form of Ni NPs. Therefore, the large specific
surface area and total pore volume of the AgNi/BCN-400 catalyst are conducive to the
adsorption and further activation of reactant molecules, and the atomic dispersion of Ag
and Ni, while Ag/Ni-C/N bonds and surface-adsorbed oxygen species are conducive
to the catalytic oxidation of benzene at room temperature. The degradation mechanism
can be described as benzene being attacked by ·OH to open the ring to produce R·, and
the generated R· further combining with O2 and undergoing isomerization to generate
·OH. The FTIR spectra of the catalyst before and after the reaction show that benzene will
be oxidized under the strong oxidation of ·OH to form alcohols, carboxylic acids, and,
ultimately, CO2 and H2O.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules29071463/s1. Figure S1. N2 adsorption-desorption
experiments: (a) N2 adsorption-desorption isotherms; (b) Pore size distribution. Figure S2. SEM
images of BCN aerogel carrier. Figure S3. SEM images of AgNi/BCN-400 catalyst. Figure S4.
XPS survey scan of AgNi/BCN-X catalysts. Table S1. Experimental agents. Table S2. Relative
content of oxygen species in AgNi/BCN-X catalysts. Table S3. Relative content of boron species in
AgNi/BCN-X catalysts.
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