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Abstract

In this study, a series of Ag/Co-HA catalysts were synthesized using a plasma-assisted
method. Plasma is a partially ionized gas composed of electrons, ions, neutral molecules,
free radicals, photons, and excited-state substances, which can serve as a highly reactive
medium for catalyst modification. Its unique discharge characteristics can effectively reg-
ulate the dispersion of active sites, electronic structure, and metal-support interactions.
The study compared the performance of catalysts prepared by the traditional high-tem-
perature calcination method with those treated by rapid plasma in the toluene oxidation
removal reaction. The results showed that the catalyst treated by dielectric barrier dis-
charge (DBD) plasma exhibited excellent low-temperature catalytic activity, achieving
100% toluene conversion and approximately 75% CO:z selectivity at 275 °C, while the cat-
alyst prepared by traditional calcination only achieved 73% toluene conversion and ap-
proximately 50% CO: selectivity at 285 °C. This study provides a simple preparation
method for the Ag/5Co-HA-P catalyst. Due to the plasma treatment’s ability to precisely
control the catalyst structure, along with advantages such as low energy consumption,
short processing time, and environmental friendliness, it holds significant application pro-
spects in the field of VOCs treatment.

Keywords: toluene oxidation; Ag/Co-HA-P catalyst; modified HA; plasma treatment;
catalytic oxidation

1. Introduction

Volatile organic compounds (VOCs) are primarily byproducts of human activities,
such as transportation and industrial production [1,2]. Large quantities of VOCs are re-
leased into the atmosphere, where they contribute to the formation of fine particulate mat-
ter (PM2.5) and ozone photochemical pollutants, posing significant risks to both environ-
mental quality and human health [3,4]. Various emission control technologies have been
developed to mitigate VOC emissions, including adsorption, condensation, membrane
separation, photocatalytic degradation, biodegradation, direct combustion, catalytic oxi-
dation, and plasma treatment [5-7]. Among these, plasma technology has gained wide-
spread recognition as an efficient method for toluene removal due to its low energy con-
sumption and absence of secondary pollution. Research on plasma-based purification of
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atmospheric pollutants has advanced rapidly, establishing plasma technology as a prom-
inent focus in both domestic and international academic communities [8,9].

In recent years, cold plasma technology has emerged as a versatile approach for cat-
alyst preparation. This technique introduces energy into hybrid systems, generating high-
energy electrons, photons, ions, and free radicals, thereby creating a highly reactive envi-
ronment that enables catalysts to exhibit high activity at low temperatures [10-12]. Die-
lectric barrier discharge (DBD) plasma is a widely used plasma source that employs high-
frequency, high-voltage power to generate a strong electric field across dielectric barriers,
inducing gas discharge and plasma formation, which facilitates gas excitation and initiates
chemical reactions. Compared with traditional thermal plasma sources, DBD operates as
a non-thermal plasma system, characterized by a low bulk gas temperature while simul-
taneously producing high-energy electrons. In catalyst modification, DBD plasma pro-
motes the uniform aggregation of particles and enhances the interaction between metal
nanoparticles and support materials [13-15].

Compared with the catalysts prepared by traditional high-temperature calcination,
the catalysts treated by plasma exhibit lower activation energy and higher product selec-
tivity [16,17]. The researchers prepared a CuO/y-Al:0:s catalyst via impregnation at ambi-
ent conditions and applied it in a non-thermal plasma DBD reactor. By leveraging the
synergy between plasma and catalyst, methane conversion and methanol selectivity im-
proved significantly. Compared to the plasma-only system, using the 5CA catalyst with
5% copper loading increased methanol selectivity from 27% to 37%, while also enhancing
methane conversion. This improvement is mainly due to the catalyst-promoted charge
deposition and optimization of the gas-phase reaction environment [18,19]. Liu et al. [20]
synthesized a Ni/Ga20s catalyst via cold plasma, achieving 13.8% CO2 conversion and 56%
methanol selectivity at 300 °C and 5 MPa—outperforming catalysts prepared by calcina-
tion or chemical reduction. The improved performance resulted from smaller Ni nanopar-
ticles (4.12 nm) due to the low thermal impact of plasma, which suppressed agglomeration
and increased active site density. Continuous high-energy electron bombardment also
strengthened the Ni-Ga:0s interfacial interaction, enhancing catalytic activity. Our re-
search group synthesized nano-hydroxyapatite by hydrolyzing calcium citrate with am-
monia under different hydrothermal temperatures and showed its effectiveness as a sup-
port for silver catalysts in toluene removal. Tuning the synthesis temperature precisely
controlled the HA crystalline structure, surface-adsorbed oxygen content, and Ag//Ag*
ratio. This nanostructured HAP layer enhanced reactant adsorption and diffusion while
effectively confining and stabilizing silver nanoparticles, significantly improving catalytic
activity and long-term stability [21,22]. A series of novel active materials composed of
HAP supported Ni(acac): complexes exhibit high activity in the CO2 methanation reaction.
The optimal grafting temperature is 30 °C, achieving a Ni loading of up to 4.6 wt%. Com-
pared with impregnated Ni/HAP catalysts, the grafting method improves nickel disper-
sion and reducibility, resulting in smaller particle sizes (3.2-6.3 nm). The grafted
Ni(acac)2/HAP catalyst shows excellent performance, with the optimized Ni(acac)/HAP-
(5) sample reaching a Tso of 313 °C and 84% CO: conversion at 400 °C [23].

Previous studies prepared silver-cobalt bimetallic catalysts using equal-volume im-
pregnation and systematically evaluated their performance in toluene oxidation. Cou-
pling plasma technology with the 3Ag/15Co/HA catalyst achieved efficient toluene re-
moval at low temperatures and significantly enhanced CO:z selectivity, due to plasma-
promoted surface-active oxygen species that boost catalytic oxidation [24]. This study re-
ports the synthesis of a 5Co-HA support via the sol-gel method, followed by silver load-
ing through wet impregnation to form the Ag/5Co-HA catalyst. The catalyst was then
modified with DBD plasma treatment to produce Ag/5Co-HA-P. Characterizations show
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that plasma treatment improves the distribution and reactivity of surface oxygen species
and significantly enhances low-temperature catalytic oxidation of toluene.

2. Materials and Methods

2.1. Preparation of the Carrier

HA and 5Co-HA carriers were synthesized using a sol-gel method. For HA, 0.9444 g
of calcium nitrate was dissolved in 20 mL of deionized water. For 5Co-HA, a mixture of
0.875 g calcium nitrate and 0.057 g cobalt nitrate was used to achieve a 5% Co%/(Co* +
Ca?*) molar ratio. Then, 0.2352 g of phosphoric acid was added to each solution. To main-
tain the stoichiometric Ca:P ratio of 1.67 for hydroxyapatite, the solutions were stirred
thoroughly on a magnetic stirrer (German IKA Company, Staufen im Bresgau, Germany)
at a constant temperature. Aqueous ammonia was added dropwise slowly until the pH
reached 10. After stirring for another 30 min, the gels were aged for 24 h. The resulting
precursors were freeze-dried and then calcined at 400 °C for 2 h in a muffle furnace to
obtain pure HA and 5% Co-HA (All the reagents utilized in the experiment were sourced
from China National Pharmaceutical Group Co., Ltd., Beijing, China).

2.2. Preparation of Catalysts
(1) Preparation of Ag/HA catalyst

The Ag/HA catalyst with a theoretical Ag loading of 3 wt% was prepared via the
impregnation method. First, a precise amount of AgNOs was weighed and dissolved in
distilled water, after which the solution was uniformly deposited onto the pre-prepared
HA support. The resulting mixture was dried in an oven and subsequently calcined at 300
°C for 2 h under a 5% Hz/Ar atmosphere to obtain the 3% Ag/HA catalyst, hereafter re-
ferred to as Ag/HA.

(2) Preparation of Ag/5Co-HA catalyst

Impregnate 3% Ag onto a 5% Co-HA support. Place the resulting mixture in an oven
for drying, followed by the same reduction procedure as described previously, to obtain
the 3% Ag/5% Co-HA catalyst, abbreviated as Ag/5Co-HA.

(8) Preparation of Ag/2.88%Co/HA Catalyst

The 3% Ag/2.88% Co/HA catalyst was prepared as follows. First, a 2.88% Co/HA cat-
alyst was synthesized by impregnating cobalt onto the HA support, followed by calcina-
tion at 400 °C for 2 h in a muffle furnace (China Jinan Jingrui Analytical Instrument Co.,
Ltd., Jinan, China). Then, 3% silver was loaded onto the 2.88% Co/HA support via incipi-
ent wetness impregnation. The sample was reduced under the same conditions as above
to obtain the final catalyst, referred to as Ag/2.88Co/HA.

(4) Preparation of Ag/5%Co-HA-P Catalyst

The 3% Ag loading was impregnated onto the 5% Co-HA support. After drying the
obtained material in an oven, 0.4 g of the sample was accurately weighed and placed in a
plasma-assisted catalytic reactor (Shenzhen Ganwen Technology Co., Ltd., Shenzhen,
China). The reaction gas was 5% Hz/Ar, with a total gas flow rate controlled at 40 mL/min.
A plasma reduction treatment was carried out at an input power of 160 W for 10 min. The
obtained catalyst was labeled as 3% Ag/5% Co-HA-160-10 min and was subsequently ab-
breviated as Ag/5Co-HA-P.
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(5) Preparation of Ag/2.88%Co/HA-P Catalyst

The 3% Ag was loaded onto a hydroxyapatite support doped with 2.88% Co/HA.
After drying the precursor in an oven, 0.4 g of the sample was accurately weighed and
transferred into a plasma treatment reactor (Shenzhen Ganwen Technology Co., Ltd.,
Shenzhen, China). The resulting 3% Ag/2.88% Co/HA-P catalyst was prepared following
the same procedure and is hereafter referred to as Ag/2.88Co/HA-P.

2.3. Catalyst Characterization

For physical and chemical characterizations, including XRD, BET, and XPS, please
refer to the Supplementary Materials.

2.4. Catalyst Activity Evaluation

To investigate the differences between the catalyst prepared by plasma treatment in
a 5% Hz/Ar atmosphere and that obtained via conventional high-temperature calcination,
catalytic toluene oxidation was carried out over all the aforementioned samples. The
plasma treatment catalyst device is in Figures S1 and S2. The discharge waveform dis-
played by the oscilloscope is shown in Figure S5. The toluene oxidation experiments were
performed in a fixed-bed microreactor using 100 mg of catalyst. Toluene vapor was intro-
duced via the N2 bubbling method, and the reaction gas mixture consisted of oxygen and
nitrogen, with a total flow rate of 130 mL/min, corresponding to a space velocity of 78,000
mL/(g-h). The inlet toluene concentration was maintained at 610 ppm, and the reaction
temperature was varied from 90 °C to 300 °C.

Toluene conversion was calculated based on the difference between inlet and outlet
concentrations. The toluene conversion rate (Xtiuene) and CO2 selectivity (Scoz) are calcu-
lated according to the following equations:

Cin-C,
Xtoluenezmexloo% (1

m

where Ci» and Cout denote the toluene concentrations at the inlet and outlet, respectively.

CCOZ

=—"%2 %1009
5602 = T = o) OO @

The inlet and outlet concentrations of toluene are denoted by Ci» and Cou, respectively,
while Cco:represents the CO:z concentration at the outlet.

The fundamental formula for calculating the activation energy using the FWO
method (Flynn-Wall-Ozawa method) is as follows:

In(B) = C — 0.4567E,/RT, 3)

B denotes the heating rate, Ta represents the temperature (in K) corresponding to a
fixed conversion rate, Ea refers to the apparent activation energy.

3. Results
3.1. Structure and Morphology of the Catalyst

To investigate the influence of DBD plasma treatment on the structural characteristics
and physicochemical properties of catalysts, all catalyst samples were systematically char-
acterized using XRD. As shown in Supplementary Material Figure S3a, both the HA sup-
port and 5Co-HA exhibit the typical crystalline structure of HA. Figure 1a presents the
XRD patterns of the catalysts following high-temperature calcination, as well as before
and after DBD plasma treatment. The diffraction peaks observed at 26 = 25.9° and 31.9°
are attributed to the (002) and (211) crystal planes of HA as referenced in the standard
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JCPDS card (No. 09-0423) [25], confirming that all samples exhibit the characteristic crys-
talline structure of HA. In comparison, the XRD peaks of plasma-treated catalysts are
broader and exhibit lower intensities, whereas those subjected to high-temperature calci-
nation display sharper peaks with higher intensities, suggesting superior crystallinity in
the latter. Furthermore, no distinct diffraction peaks corresponding to metallic Co were
detected in any of the XRD patterns, irrespective of the treatment method, indicating a
high degree of dispersion of cobalt species on the catalyst support [26].
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Figure 1. (a) XRD patterns of the catalyst before and after DBD plasma treatment. (b) SEM images
of Ag/5Co-HA-P support. (c) The N2 adsorption—-desorption isotherms of catalysts Ag/5Co-HA,
Ag/5Co-HA-P, Ag/2.88Co/HA-P are shifted upward to 400, 800, 1150 cm?®/g STP. (d) Particle size

distribution diagrams of the catalyst before and after plasma treatment.

Figure 1b presents the morphological and structural characteristics of the Ag/5Co-
HA-P catalyst synthesized via the sol-gel method. The microstructure was analyzed using
SEM, which reveals a distinct rod-like morphology. The incorporation of Ag and Co does
not significantly alter the overall structural framework of the support. For comparison,
the SEM images of the pristine HA-P support are provided in the Supplementary Materi-
als. Figure 54 exhibits a disordered lamellar structure, and no substantial morphological
changes are observed following Co doping. The specific surface area, pore volume, and
pore size of each catalyst were systematically characterized using a physical adsorption
instrument. As shown in Figure 2c, the N2 adsorption—desorption isotherms of all catalysts
display typical Type IV behavior with H3-type hysteresis loops occurring in the P/Po =
0.8-1.0 range, indicating the presence of mesoporous structures [27]. The N2 adsorption—
desorption isotherms and pore size distribution plots of the support HA and 5Co-HA are
shown in Supplementary Materials Figure S3b,c, which are consistent with the character-
ization results of each catalyst and are all mesoporous materials. Based on the adsorption
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branch data, the pore size distribution was further determined using the BJH (Calculating
the mesopore size distribution of porous materials, utilizing nitrogen desorption data)
model. Notably, for the plasma-treated catalysts, the hysteresis loop size remained largely
unchanged, suggesting that plasma treatment has no significant impact on the mesopo-
rous architecture of the catalysts.

As is known from Table 1, the specific surface area of the Co-HA catalyst prepared
by the sol-gel method is lower than that of the HA catalyst and the catalysts prepared by
the impregnation method. This indicates that during the preparation process, some Co
species occupy the pore structure of the support. The Ag/5Co-HA-P catalyst exhibits the
smallest specific surface area. This is because, after DBD treatment, the atoms at the grain
boundaries of small crystals possess relatively high energy. Due to this elevated energy
state, these atoms tend to migrate under plasma activation and subsequently deposit onto
the surfaces of larger crystals. This process promotes the coalescence of small crystallites
into larger ones-commonly referred to as grain growth. As grain growth proceeds, the
crystal packing becomes denser, resulting in a reduction in internal porosity. Conse-
quently, the overall specific surface area of the catalyst further decreases [28].

The pore size distribution of the catalysts exhibits the following trend: Ag/5Co-HA-
P> Ag/2.88Co/HA-P > Ag/5Co-HA > Ag/HA, indicating that plasma-treated catalysts pro-
mote the formation of larger pore sizes and higher pore volumes. During reduction in a
5% Ha/Ar atmosphere, the plasma-treated catalyst consistently exhibited superior pore
structure characteristics compared to the conventionally prepared catalyst—specifically
manifested as increased pore size and pore volume. Plasma treatment not only reshapes
the catalyst’s pore structure by enhancing pore size and volume but also improves surface
properties, significantly boosting catalytic performance. Although the Ag/5Co-HA-P sam-
ple exhibited the lowest specific surface area (64.28 cm?/g) among all samples, this phe-
nomenon indicates that plasma treatment promotes grain growth and denser crystal pack-
ing, which inherently reduces the specific surface area.

Table 1. The specific surface area, pore volume and pore size of the catalyst before and after plasma

treatment.

Sample Sger 2 Dpb Dv?
(cm?/g) (nm) (cm?3/g)

Ag/HA 81.33 9.18 0.37

Ag/5Co-HA 70.92 9.97 0.35

Ag/5Co-HA-P 64.28 16.53 0.53

Ag/2.88Co/HA-P 82.49 12.37 0.51

Ag/2.88Co/HA 80.26 11.15 0.47

2 The Sser of sample were determined by the Brunauer-Emmett-Teller (BET) method. ® Dv/Vp was

the average pore diameter/average pore volume which was calculated by the BJH method.
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Figure 2. (a) TEM images and the size distribution of Ag nanoparticles for the HA nanocatalysts. (b)
TEM images of Ag/5Co-HA support. (¢) HRTEM and elemental mapping images of the Ag/5Co-
HA-P catalysts.

3.2. TEM Analysis

Figure 2a,b presents TEM images of the Ag/5Co-HA-P and Ag/5Co-HA catalysts. It
is evident that plasma treatment did not significantly alter the catalyst morphology, the
HAP support retained its rod-like layered structure. Following the deposition of Ag and
Co, a limited number of small-sized nanoparticles were observed to be dispersed on the
surface of the support, with minimal aggregation. The average size of Ag nanoparticles is
about 3.35 + 0.15 nm. Energy-dispersive X-ray spectroscopy (EDS) (FEI Tecnai G2 F20
Field Emission Transmission Electron Microscope) analysis of the Ag/5Co-HA-P catalyst
further revealed a uniform distribution of Ag and Co elements across the HAP support,
demonstrating excellent dispersibility of the metal components.

3.3. Catalyst Activity

The catalytic oxidation performance of toluene over catalysts prepared by different
loading methods reveals that unmodified Ag/HA achieved complete toluene conversion
(T00) at 315 °C. In comparison, the incorporation of the transition metal Co significantly
enhanced low-temperature catalytic activity. Among the tested catalysts, Ag/5Co-HA-P,
subjected to plasma treatment, exhibited the highest performance, achieving 100% toluene
conversion at 275 °C. Co/HA was prepared via the impregnation method with the same
theoretical loading (mass fraction) as that of the modified method For a more accurate
comparison, a support with precisely 2.88% Co loading (2.88% Co-HA) was prepared via
impregnation, followed by calcination in a muffle furnace (China Jinan Jingrui Analytical
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Instrument Co., Ltd). Subsequently, 3% Ag was loaded by wet impregnation, and the sam-
ple was treated using DBD plasma to yield the Ag/2.88Co-HA-P catalyst. When compared
with Ag/5Co-HA-P, the latter demonstrated superior low-temperature activity, particu-
larly when treated under a 5% Hz/Ar plasma atmosphere. This improvement is attributed
to the reducing environment promoting the formation of additional active sites during
plasma treatment, thereby enhancing catalytic performance. As summarized in Supple-
mentary Materials Table 52, Ag/5Co-HA-P maintained 90% toluene conversion at 270 °C
under conditions of low toluene concentration and high GHSV, demonstrating excellent
catalytic stability and efficiency. As shown in Figure 3b, the CO2 selectivity of the Ag/5Co-
HA-P catalyst is approximately 20% higher than that of the Ag/HA catalyst. This finding
suggests that the synergistic interaction between the metal and plasma enhances the gen-
eration of reactive oxygen species within the system. These highly oxidative species facil-
itate the deep oxidation of toluene, promoting a more complete conversion to CO..

To further evaluate the catalytic activity, kinetic studies were conducted. At 20% tol-
uene conversion, the Flynn—-Wall-Ozawa (FWO) method was employed to establish a lin-
ear relationship between 1/T and Inf3 under different heating rates, enabling the calcula-
tion of the apparent activation energy [29]. As shown in Figure 3¢, the Ag/5Co-HA-P cat-
alyst exhibited the lowest activation energy of 77.44 kJ/mol, significantly lower than that
of the other samples. This indicates that Ag/5Co-HA-P possesses a reduced reaction en-
ergy barrier, facilitating the catalytic oxidation of toluene. The kinetic results are in excel-
lent agreement with its superior catalytic performance.
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Figure 3. (a) Conversion rate of toluene catalyzed and oxidized by plasma-treated catalyst. (b) CO2
selectivity. (c) Flynn—-Wall-Ozawa plots for toluene at different heating rates. (d) Evaluation of the
12 h stability (red line) and CO: selectivity (blue line) of the catalyst.

3.4. Catalyst Stability Test

Under specific reaction conditions, stability represents a critical parameter for as-
sessing the catalytic performance in toluene oxidation. Given that the Ag/5Co-HA-P cat-
alyst treated with 5% Hz/Ar plasma demonstrates superior catalytic activity, a 12 h stabil-
ity test was performed at 260 °C, with results presented in Figure 3d. The data show that
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the catalyst maintains consistent toluene conversion and CO: generation rates throughout
the test, indicating excellent catalytic durability.

4. Discussion
4.1. H>-TPR Analysis

Figure 4a presents the H>-TPR profiles of the catalysts treated with DBD plasma. Re-
duction peaks observed in the temperature range of 100-300 °C are attributed to the re-
duction of silver species on the catalyst surface, specifically corresponding to the conver-
sion of Ag20 to AgP [30]. For the Ag/HA catalyst, the Ag® reduction peak appears at 272
°C, whereas in the Ag/5Co-HA-P catalyst, this peak shifts to 222 °C, indicating enhanced
reducibility of the silver species. The H2>-TPR profile of the Ag/5Co-HA catalyst displays
two well-defined reduction peaks at 456 °C and 563 °C, which correspond to the two-step
reduction of CosOu: the first peak at approximately 456 °C is associated with the reduction
of Co* to Co%, followed by a more intense peak at around 563 °C, assigned to the subse-
quent reduction of Co? to Co° [31]. In contrast, for the Ag/5Co-HA-P catalyst, the cobalt
reduction peak shifts forward to 412 °C, suggesting a lower reduction temperature and
thus improved reducibility of the cobalt species. This shift implies that the interaction be-
tween the active components and the HAP support has been effectively optimized in the
plasma-treated sample, thereby facilitating the reduction process and enhancing catalytic
performance [32]. Generally, a lower reduction peak temperature reflects weaker metal—
support interaction and higher reducibility of the metal species. Among the four samples,
the Ag/5Co-HA-P catalyst exhibits the lowest reduction peak temperature and the highest
Hz consumption, as indicated by the area under the reduction peak, demonstrating its
superior reducibility. This enhanced reduction capability facilitates the formation of a
greater number of oxygen vacancies, which play a crucial role in promoting the catalytic
oxidation of toluene [33]. Typically, a lower reduction peak temperature corresponds to
improved catalyst reducibility, further confirming that plasma treatment significantly en-
hances the redox properties of the catalyst.

(a) 27 " agscotap| B o
ads laf bulk
290 570
Ag/2.88CoMHA P Ag/2.88Co/HA-P
; 231 ‘;
P Ag/2.88CoMHA < Ag/5Co-HA-P
A A
2 2
& £
< 2
@ Ag/5Co-HA
E Ag/5Co-HA E
200 400 €00 800 200 400 600 800
Temperature (C) Temperature (C)

Figure 4. (a) H>-TPR analysis of each catalyst. (b) O2-TPD analysis of each catalyst.
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4.2. O2-TPD Analysis

To elucidate the chemical characteristics of oxygen species in the sample, O>-TPD
experiments were conducted on the DBD plasma-treated catalyst over a temperature
range of 100-800 °C. As illustrated in Figure 4b, the oxygen desorption profile can be de-
convoluted into three distinct temperature regions: the low-temperature peak below
350 °C is assigned to the desorption of chemisorbed oxygen from surface oxygen vacan-
cies; the medium-temperature peak between 350 °C and 600 °C primarily corresponds to
the release of surface lattice oxygen; and the high-temperature peak above 600 °C is at-
tributed to the evolution of bulk lattice oxygen [34]. According to prior studies, oxygen
species desorbing within the 350-600 °C range exhibit relatively high reactivity and are
critically involved in the catalytic oxidation of volatile organic compounds (VOCs) [35].

The increased lattice oxygen (Omt) content on the surface of the Ag/5Co-HA-P cata-
lyst can be attributed to the strong interaction between Ag and the Co-HAP support,
which effectively modulates the catalyst’s surface structure. Meanwhile, plasma treatment
facilitates the formation of additional oxygen vacancies, thereby promoting the desorp-
tion of O and accelerating the catalytic oxidation of toluene. Comparative analysis of
lattice oxygen desorption peak areas during temperature-programmed experiments re-
veals that the DBD-treated Ag/5Co-HA-P catalyst exhibits the largest peak area, indicating
the highest concentration of chemisorbed oxygen. This demonstrates superior oxygen ad-
sorption capacity and enhanced oxygen mobility, resulting in improved reducibility.
Given that chemisorbed oxygen typically arises from the adsorption and activation of gas-
eous Oz at oxygen vacancies on metal oxides, it is reasonable to infer a high density of
oxygen vacancies in the Ag/5Co-HA-P catalyst. This conclusion is in excellent agreement
with the Hz>-TPR characterization results.

4.3. XPS Analysis

To further investigate the surface structure of the samples, X-ray photoelectron spec-
troscopy (XPS) (Thermo ESCALAB 250Xi Spectrometer, Thermo Fisher Scientific, Wal-
tham, MA, USA) was employed to characterize each catalyst. As shown in Figure 5a, the
Ols XPS spectra of the catalysts can be deconvoluted into two components: a lower bind-
ing energy range of 531.0-531.4 eV and a higher range of 531.7-533.8 eV, which are as-
signed to adsorbed water molecules (Oon), as well as surface lattice oxygen (Out) and sur-
face adsorbed oxygen (Oads), respectively. The surface adsorbed oxygen species include
O, 0%, and O2*, among others [36]. As shown in Table 2, the relative content of adsorbed
oxygen and oxygen vacancies is quantified by the Oads/(Oads + Oon) ratio. The Ag/5Co-HA-
P catalyst exhibits an Oads ratio of 1.6, significantly higher than that of other comparative
catalysts. This enhancement can be attributed to the synergistic anchoring effect between
Ag and Co at the interface, which promotes the stable dispersion of metal nanoparticles
on the HAP support and consequently facilitates the formation of additional oxygen va-
cancies. Previous studies have established that oxygen vacancies play a crucial role in the
catalytic oxidation of VOCs. Notably, a higher concentration of oxygen vacancies is posi-
tively correlated with superior oxidation activity. The abundance of oxygen vacancies in
this catalyst not only enhances the adsorption and activation of O2 molecules but also ac-
celerates the decomposition and migration of the harmful by-product Os. As a result, more
reactive lattice oxygen and adsorbed oxygen species are generated, thereby significantly
improving the toluene degradation performance of the catalyst [37].

To investigate the valence state transformations of Ag nanoparticles and the evolu-
tion of the chemical environment on the catalyst surface during plasma-assisted synthesis,
XPS was employed to characterize catalysts prepared under different atmospheric condi-
tions. As shown in Figure 5b, the Ag 3d spectra of all samples exhibit two distinct peaks
corresponding to Ag* and Ag? species, indicating that silver was not fully reduced to its
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metallic state during plasma treatment. The binding energies of Ag 3ds2 were observed at
367.7 eV (assigned to Ag*) and 368.4 eV (assigned to Ag?), reflecting two chemically dis-
tinct silver states. Variations in the relative content of Ag? across samples can be attributed
to differences in catalyst preparation methods. Notably, the Ag/5Co-HA-P catalyst exhib-
ited over a 1% increase in Ag® content compared to other samples. A higher proportion of
metallic silver provides more accessible active sites for the catalytic oxidation of toluene,
thereby enhancing catalytic performance. This enhancement is likely due to the effective
interaction between high-energy electrons generated during DBD plasma treatment in a
5% Hz/Ar atmosphere and the surface silver species, which promotes the reduction of Ag*
to Ag®[38,39].

As shown in Figure 5¢c, the Co 2p energy spectrum exhibits two primary peaks at
binding energies of 795.1 eV and 780.1 eV, which are assigned to the spin-orbit splitting
components of Co 2ps2 and Co 2pip, respectively —characteristic features of the Co 2p
electronic structure. Additionally, two distinct satellite peaks at 802.5 eV and 787.1 eV are
clearly observed, corresponding to shake-up satellite transitions, consistent with previ-
ously reported data [40,41]. The Co’* content serves as a key indicator of oxygen vacancy
concentration in the material. As indicated in Table 2, the Ag/5Co-HA-P catalyst exhibits
a Co?*/Co? ratio of 1.05, suggesting a relatively high concentration of Co® species, thereby
providing abundant adsorption and reaction sites for reactive oxygen species. This may
be attributed to the enhanced formation of Co* during the reduction process of the sup-
port. Previous studies have demonstrated that Co® cations act as the principal active cen-
ters in the catalytic oxidation of toluene; thus, a higher Co?* content increases the density
of active sites and enhances the catalyst’s oxidative performance toward toluene [42].

(a) Ag/5C0-HA-P (b) | Agad Ag® Agi5Co-HAP|  (C)[Co2p Ag/5Co-HA-P
O1s - 24
LA Co™ 0
Oon \, - On sat AA9+ sat \ 7
< '
—_ Ag/2.88Co/HA Ag/2.88Co/HA Ag/5Co-HA
S -~
3 3 -
S s E
2 > 5’;
7] r— Ag/2.88Co/HA
c Agi2.88comA-P| & Ag/5Co-HA =
(7] 0 [
2 I [
E AL 2
Ag/2.88Co/HA-P
Ag/5Co-HA Ag/2.88Co/HA-P
536 534 532 530 528 376 374 372 370 368 366 810 800 790 780

Binding energy (eV)

Binding energy (eV) Binding Energy (eV)

Figure 5. XPS analysis of each catalyst: (a) Ols spectra, (b) Ag3d spectra, (c) Co2p spectra.

Table 2. XPS analysis of Ag3d, Co 2p and Ols for the samples.

Sample Ag'/Agt Co*/(Co* + Co%) Oads/(Oads + Oon)
Ag/HA 15 / 0.33
Ag/5Co-HA 1.77 0.51 0.34
Ag/5Co-HA-P 3.04 1.05 1.6
Ag/2.88Co/HA-P 2.34 0.66 0.61
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4.4. Raman Analysis

Figure 6a presents the Raman spectra of HAP and various catalysts supported on
HAP. As observed, all catalysts display a prominent characteristic absorption peak at 961
cm™, corresponding to the symmetric stretching vibration mode (V1) of the PO group in
HAP [43]. Notably, upon loading of the active components, the intensity of this peak is
reduced across all samples, suggesting a decrease in the crystallinity of the HAP support
as a result of the impregnation process. The peak at 473 cm™ is assigned to the Ez; vibration
mode, while the signal at 675 cm™ is associated with the Aig vibration mode of octahe-
drally coordinated Co* in CosOs-both are characteristic Raman-active modes of Co3Os.
Furthermore, the incorporation of Ag weakens the Co-O bond strength, thereby attenu-
ating the interaction between cobalt and oxygen ions [44].

(a) 961cm’’ (b)|270C Ag/5Co-HA-P
M Qi ss66em -C-0-1263 cmyl”

';- 675cm” 3 s ————— WY,

d 473cm’ 3 i COOH 1619'cm™ |

s Ag/2.88Co/HA cm s \/' W

> > E P

:'(;D‘ Ag/5Co-HA *5 ieoc P J

5 10 T

E Ag/SCo-I-D—\l\D W E 90°C : i A A
Ag/2.88Co/HA-P 25C | P

1200 1000 800 600 400 200 4000 3000 2000 1000

Raman shift (cm™)

Wavenumber (cm™)

Figure 6. (a) Raman spectra of each catalyst. (b) In situ diffuse reflectance diagrams of Ag/5Co-HA-

P catalyst at different temperatures.

4.5. In Situ DRIFTS Spectra

Figure 6b presents the in situ diffuse reflectance infrared Fourier transform spectros-
copy (In situ DRIFTS) of the Ag/5Co-HA-P catalyst recorded at various temperatures,
aimed at analyzing the evolution of surface functional groups during thermal treatment.
At 25 °C, no distinct absorption peak is observed at 3566 cm™, indicating relatively high
transmittance. As the temperature increases, the absorbance at this wavenumber progres-
sively decreases, reflecting a corresponding increase in the infrared absorption intensity
of hydroxyl groups. This trend can be attributed to enhanced formation or surface expo-
sure of hydroxyl species induced by elevated temperatures, thereby strengthening their
interaction with incident infrared radiation [45]. The peak at 1619 cm™! corresponds to the
asymmetric vibration of carboxylate species, which are generated upon the cleavage of
benzene rings. This peak remains present or even intensifies at high temperatures (230-
270 °C), strongly indicating that benzene ring-containing intermediates and post-ring-
opening carboxylate species accumulate throughout the entire reaction temperature range.
At 25 °C, the adsorption peak at 1619 cm™ is relatively high, indicating weak infrared
absorption by carboxyl groups. As the temperature increases to 90 °C and 160 °C, the ab-
sorbance at this wavenumber remains high, and the characteristic absorption of carboxyl
groups is not clearly observed. However, when the temperature reaches 230 °C and 270
°C, the at 1619 cm™ decreases significantly, suggesting enhanced infrared absorption by
carboxyl groups. This change may result from surface oxidation reactions or functional
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group rearrangements under high-temperature conditions, leading to an increased con-
centration of carboxyl groups or a more infrared-active vibrational mode. The peak at 1263
cm™! corresponds to the C-O stretching vibration, which is present in aromatic alcohols or
acids such as benzyl alcohol and benzoic acid. At 25 °C and 90 °C, the adsorption peak at
1263 cm™ is also relatively high, indicating weak absorption by the -C-O- bond. Although
a slight decrease in absorbance is observed at 160 °C, the value remains high. At 230 °C
and 270 °C, the transmittance at 1263 cm™ drops markedly, demonstrating significantly
enhanced infrared absorption by the -C-O- bond. Analysis of the temperature-dependent
trend suggests that elevated temperatures may promote the formation of -C-O- containing
functional groups or structural reorganization, thereby enhancing the infrared respon-
siveness of this bond [46,47].

Plasma rapidly generates highly reactive species such as -OH and O- at room tem-
perature, effectively breaking the benzene ring and side chain of toluene and producing
reactive intermediates. The catalyst then selectively oxidizes these intermediates into CO:
and H20 by adsorbing active species, supplying lattice oxygen, and lowering the reaction
energy barrier [48]. The results of in situ DRIFTS and Raman spectroscopy indicate that
the reaction mechanism over the Ag/5Co-HA-P catalyst during toluene catalytic oxidation
proceeds as follows:

The tolyl group (CéHsCHz-) can react with O- or OH:, leading to oxidation at the car-
bon atom of its methyl group.

C¢HsCH, - +0™ = C¢H5CHO (benzaldehyde, intermediate 1) + e~ (4)
C¢HsCHO + OH -— CgHsCOOH (benzoic acid, intermediate 2) + H* 5)
C¢HsCOOH — C4H; - (phenyl radical, intermediate 3) + CO, 6)

Under the strong oxidation of hydroxyl radicals (OH-), the benzene ring of phenyl
radicals (CéHs') undergoes a ring-opening reaction, which leads to the breakage of C=C
and generates aliphatic dicarboxylic acid intermediates (such as adipic acid,
HOOC(CH2)sCOOQOH, denoted as intermediate 4).

Under the synergistic action of O, OH-, and Co?, the C-C bonds in aliphatic dicar-
boxylic acids are progressively cleaved, yielding low-molecular-weight carboxylic acids
such as acetic acid (CHsCOOH) and formic acid (HCOOH).

CH5COOH + 20, — 2C0, + 2H,0 @)

1
HCOOH + 50, = CO, + H;0 8)

5. Conclusions

In conclusion, plasma treatment enables precise control over catalyst structure and
electronic properties under mild, eco-friendly conditions, significantly improving activity,
selectivity, and stability. It also simplifies synthesis and reduces energy consumption.
Characterization shows that plasma-treated catalysts exhibit higher hydrogen consump-
tion and richer oxygen vacancies, enhancing toluene adsorption. Kinetic analysis reveals
low activation energy, favoring low-temperature catalytic oxidation of toluene. Among
tested catalysts, Ag/5Co-HA-P demonstrates excellent low-temperature activity and cy-
cling stability, achieving 100% toluene conversion at 275 °C with 75.5% COz selectivity.
The low activation energy aligns well with high catalytic performance. Comparative stud-
ies indicate that Ag/5Co-HA-P performs best due to effective anchoring of cobalt species
in the hydroxyapatite lattice, which stabilizes low-valent cobalt during reduction and pro-
motes efficient toluene oxidation.
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