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A B S T R A C T

In this study, Ni was severed as a promoter and impregnated on hydroxyapatite (HAP) to prepare a Ni-doped
HAP support, and then Ru was highly dispersed onto the Ni-HAP through urea precipitation method. The syner-
gistic effects between Ru and Ni caused a reduction in the particle size of Ru nanoparticles and an increased
Ru4+/Ru0 ratios, which was primarily attributed to the strong interaction between the active components and
functional groups of OH- and PO4

3-. Meanwhile, Ru/Ni-HAP possessed the highest amount of medium-strength
acid sites and relatively low reduction temperatures, indicating the critical balance between acidity and redox
capability. Ru/Ni-HAP exhibited superior activity with complete conversion of toluene at 280 °C and DCM at 400
°C, respectively, and such high activity can be maintained throughout the stability tests. Besides, optimal cat-
alytic performance was observed under 600 ppm concentrations of toluene and DCM with a space velocity of
40,000 ml(g·h)−1. These findings can provide valuable insights for the development of chlorine-resistant cata-
lysts with promising application prospects.

1. Introduction

In recent decades, global air pollution has become increasingly se-
vere with a diversification of pollutants and the volatile organic com-
pounds (VOCs) are regarded as a major source of atmospheric pollution
[1]. Generally, VOCs are identified as organic compounds with a satu-
rated vapor pressure higher than 70 Pa at ambient temperature and a
boiling point below 260 °C under standard atmospheric pressure [2].
VOCs usually contain a broad spectrum of organic substances such as
alkanes, aromatics, alkenes, halogenated hydrocarbons, esters, aldehy-
des and ketones, which is predominantly derived from industrial
processes [3]. In particular, chlorinated volatile organic compounds
(CVOCs), such as dichloromethane (DCM), are considered an essential
part of VOCs and extensively present in various fields of machinery
manufacturing, petrochemicals, pharmaceuticals as well as coating in-
dustry [4]. Notably, the release of CVOCs into the environment through
evaporation, leakage, and emissions contributes to the depletion of the

ozone layer, the formation of photochemical smog, and the exacerba-
tion of global warming. Currently, catalytic combustion has become
one of the most effective strategies for treating VOCs, which can pro-
vide numerous advantages such as low ignition temperatures, broad
adaptability to oxygen concentrations, ease of operation and mainte-
nance, and capable of handling most VOCs [5,6]. Nevertheless, the
presence of substantial amounts of CVOCs in VOCs can cause the rapid
deactivation of catalysts through site occupation, carbonization and
chlorination, and thereby both catalytic efficiency and catalyst lifespan
are significantly reduced. Accordingly, addressing the challenge of
maintaining catalytic combustion efficiency for CVOC-containing or-
ganic waste gases without inducing catalyst poisoning represents one of
the most formidable objectives in contemporary research endeavors.

Hydroxyapatite (HAP, Ca10(PO4)6(OH)2) has been extensively stud-
ied as a porous support material. Due to the ability to exchange cations
and anions, HAP can generate new metal-support interactions, and it
also exhibits excellent stability and resistance to deactivation [7]. For
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example, Wang et al. verified the stabilizing effect of the HAP support
by comparing the performance Au/CeO2 catalyst and Au/HAP catalyst,
and further elucidated the distinct stabilizing contributions of PO4

3- and
OH- by comparing the performance of Au/HAP catalyst and Au/FAP
catalyst with only PO4

3- [8]. Besides, Chlala et al. explored the oxida-
tion of toluene using manganese oxide catalysts supported on HAP, and
it can be found that Mn oxide species dispersed on Ca2+-enriched ap-
atite exhibited superior toluene conversion performance [9]. Specifi-
cally, Ru has received tremendous attention in recent years due to its
capacity to eliminate surface chlorine species via the Deacon reaction,
and thereby the catalyst stability can be preserved [10–19]. Liu et al.
prepared four catalysts with Ru supported on different carriers (TiO2,
SiO2, γ-Al2O3, ZnO2), and the Ru/TiO2 catalyst showed the best cat-
alytic activity because of the strong interaction between Ru and the ru-
tile phase [20]. Additionally, Zhao et al. prepared the Ru/TixSn1-x cata-
lysts by the impregnation approach, and the synergistic effects of Ru-O-
Ti and Ru-O-Sn bonds can significantly boost its high catalytic activity
[21]. Aouad et al. synergized the Ru/CeO2-Al2O3, Ru/CeO2 and
Ru/Al2O3 catalysts for the propylene oxidation. It demonstrated that
the Ru/CeO2-Al2O3 catalyst possessed the highest activity due to the
uniform dispersion of RuO2 particles on the Al2O3 support, and strong
low-temperature reducibility can be realized [22]. In our previous
work, a homogeneous urea precipitation method was developed to ob-
tain a high dispersion of the Ru active component onto the HAP sup-
port, and the Ru/HAP catalyst with high performance can be achieved
[23]. Based on the catalytic characterizations, the samples prepared the
by homogeneous urea precipitation method had a mesoporous struc-
ture with a larger specific surface area, small Ru nanoparticle sizes, and
highly uniform distribution on HAP, which was favorable for the expo-
sure of more active sites. However, the complete oxidation temperature
for toluene and DCM with this catalyst remains relatively high, which is
not conducive to its broader practical application. Therefore, on the ba-
sis of the existing research foundation, it is necessary to further improve
the catalytic performance of Ru/HAP catalyst.

Recently, the importance of nickel and the synergic effect of Ni-Ru
has been widely reported [24–28]. Wang et al. found that NiO sup-
ported on CeO2 enhanced Lewis acidity and enriched surface oxygen
vacancies originating from the interaction of sulfates and metal ions
were observed, which led to improved conversion efficiency and COx
(CO + CO2) selectivity in chlorobenzene oxidation [29]. Additionally,
it was also reported that the introduction of metal cations can modulate
the redox characteristics and the surface acidity or basicity of catalysts
[10]. Reports indicate that the degradation process of CVOCs can be re-
markably affected by the presence of Brønsted and Lewis acids on the
catalyst surface [30–32]. Meng et al. reported that the order of metal in-
tervention of Ce followed by Ni proved to be favorable for the Ni/HAP
catalysts, and the first intervening Ce enhanced the lattice oxygen activ-
ity and the dispersion of Ni metal. [33]. Moreover, Gong`s group found
the presence of Mg influenced the formation and growth of HAP, result-
ing in lattice distortion and the formation of a large number of lattice
defects in HAP, thus promoting Ni entry into the HAP lattice, thus solv-
ing the sintering and deactivation problems in the dry reforming of
methane [34]. Considering these factors, it can be deduced that the
doping of Ni as a promoter into the Ru/HAP catalyst can potentially fos-
ter a robust Ru-Ni-HAP interaction, which may serve to further balance
the redox capability and surface acidity of catalyst, thereby enhancing
the catalytic performance for the oxidation of VOCs and CVOCs.

In this work, Ni is adopted as a promoter and impregnated onto HAP
to obtain a Ni-doped HAP support, and then Ru is highly dispersed onto
the Ni-HAP support using the urea precipitation method to synthesize
the Ru/Ni-HAP catalyst. Based on the analysis of the physical and
chemical properties of both the support and catalyst, as compared to
catalysts with the single loading of Ru or Ni, the Ru/Ni-HAP catalyst ex-
hibits an enhanced capability to catalyze redox reactions at lower tem-
peratures, and thereby superior catalytic oxidation performance can be

achieved. By manipulating various operating conditions, the opera-
tional status of Ru/Ni-HAP catalyst is evaluated under realistic scenar-
ios, which can provide insights and reference value for the development
of Ru-doped catalysts.

2. Experimental sections

2.1. Preparation of catalysts

Reagents: Ruthenium (III) chloride (RuCl3·xH2O), analytical reagent
(AR) grade, Aladdin Reagent Co., Ltd.; Nickel (II) acetate tetrahydrate
(C4H6NiO4·4H2O), Calcium nitrate (Ca(NO2)2), Diammonium hydrogen
phosphate ((NH4)2HPO4), AR, Shanghai Macklin Biochemical Technol-
ogy Co., Ltd.; Urea (CH4N2O), AR, Tianjin Kermel Chemical Reagent
Co., Ltd.; Ammonia solution (NH3·H2O), Anhydrous ethanol, Toluene,
Dichloromethane, AR, Sinopharm Chemical Reagent Co., Ltd.

In this experiment, 15.9 g of Ca(NO2)2 was dissolved in a mixed so-
lution of 90 ml water and 90 ml of anhydrous ethanol to form solution
X. Meanwhile, 8.442 g of (NH4)2HPO4 was dissolved in 180 ml water to
form solution Y. Solution Y was gradually added into solution X, and
the pH value was adjusted to 10.5 using NH3·H2O. The mixture was
stirred in a water bath at 80 °C for 2 h, and then filtered and transferred
to a high-pressure reactor. Afterward, the hydrothermal treatment was
performed at 120 °C in a constant temperature oven for 24 h. After
cooling to room temperature, the product was dried and calcined at
500 °C in air to obtain HAP support. Subsequently, 3 g of HAP support
was grinded into a powder, and then 0.64 g of C4H6NiO4·4H2O (with a
theoretical Ni loading of 5 wt%) was dissolved in water. The resulting
solution was poured into the HAP powder and thoroughly mixed, fol-
lowed by impregnation at room temperature for 6 h. After drying and
calcining at 500 °C in air, the Ni-HAP catalyst can be obtained. Finally,
2 g of the HAP support and Ni-HAP catalyst were grinded into powder
and placed into two separate beakers, followed by stirring at 80 °C for
12 h. After that, 0.02 g of RuCl3·xH2O (with a theoretical Ru loading of
0.5 wt%) and 1.158 g of urea (with a urea/Ru molar ratio of 200) were
added into these two beakers for reaction. The mixture was stirred at 80
°C in the dark for 8 h, followed by aging at room temperature for 12 h.
The sample was filtered and washed to remove the Cl− ions. After filtra-
tion, drying and calcination at 500 °C in air, the Ru/HAP and Ru/Ni-
HAP catalysts can be obtained.

2.2. Structural characterizations of catalysts

The phase constitutes of the as-prepared catalysts were elucidated
through X-ray diffraction (XRD) analysis performed on a Smart Lab SE
X-ray diffractometer. Fourier transform infrared spectroscopy (FT-IR)
was conducted on a Cary 600 series FTIR spectrometer with the samples
diluted in KBr, and the infrared spectrum ranging from 400 to
4000 cm−1 to explore the surface groups and species changes in the cat-
alysts. Transmission electron microscopy (TEM, JEM-F200) was em-
ployed to observe the crystalline structure of the catalysts. The elemen-
tal distributions of the catalysts were energy-dispersive X-ray spec-
troscopy (EDS) mapping. X-ray photoelectron spectroscopy (XPS, AXIS
SUPRA+) was utilized to probe the surface elemental composition and
valence state variations, revealing the chemical environment at the sur-
face of catalysts. Hydrogen temperature-programmed reduction (H2-
TPR) was performed using an AutoChem II 2920 chemisorption ana-
lyzer (Micromeritics, USA) to study the redox properties. Furthermore,
the surface acidity of the catalysts was assessed using ammonia temper-
ature-programmed desorption (NH3-TPD) profiles and measured on a
VDSorb-9li chemisorption analyzer (Vodo, China).
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2.3. Evaluation of catalyst activity

A stainless-steel tube with a length of 450 mm, an outer diameter of
8 mm, and an inner diameter of 6 mm was utilized as the reactor. The
temperature of reactor was controlled by an electric heating furnace,
and the catalyst dosage was 0.75 g. The total gas flow rate was main-
tained at 500 ml/min with an air velocity of 40,000 ml (g·h)−1 and a
relative humidity of 50 % (25 °C), while the concentration of toluene or
DCM was set at 600 ppm. The variations in the concentrations of
toluene or DCM before and after the reaction were recorded in real-time
using a gas chromatograph (GC-9790II, FULI) equipped with an FID de-
tector, a TCD detector and a nickel conversion furnace. Based on the
concentrations before and after the reaction, the conversion of toluene
or DCM can act as an indicator of catalyst activity, which can be calcu-
lated using the following Eq. (1):

Conversion (%) = (1 - final concentration/initial concentration) ×
100%.

3. Results and discussion

3.1. Phase analysis of catalysts

Fig. 1 presents the XRD patterns of the HAP support and the cata-
lysts. The XRD patterns of the four catalysts are consistent with the
standard HAP card (PDF#86–0740) with the distinct diffraction peaks
at 2θ = 25.9°, 32.0°, 32.3°, 33.2°, 34.2°, 46.9°, and 49.6°, indicating
that the phase constitutes of HAP are maintained unchanged during the
preparation and multiple calcination processes [35]. This demonstrates
that the as-prepared catalysts possess excellent thermal stability of
crystalline structure with strong bonding between the support and ac-
tive components. Due to the high loading of Ni (5 wt%) in the Ni-HAP
and Ru/Ni-HAP catalysts, a weak diffraction peak appears at 2θ =
37.2°, which corresponds to the NiO (111) crystal plane
(PDF#47–1049) [36]. The Ru-related diffraction peaks cannot be de-
tected on the Ru/HAP and Ru/Ni-HAP catalysts, which is likely due to
the low loading of Ru (0.5 wt%) and the preparation method. In the
urea precipitation method, the nanosized Ru particles (<4 nm) are
highly uniformly dispersed on the catalyst surface, which is favorable
for the progression of catalytic reaction [37]. Besides, it need to take
into accountt that the Ni-Ru alloy might appear in the same diffraction
angle of Ru. Combined with the preparation process of the sample,
there is a high temperature calcination process at 500 °C in air, so it's
less likely to form Ni-Ru alloys. In addition, it was found in the previous
study [19] that the metallic Ru was converted to the oxidation state af-

Fig. 1. XRD patterns of the HAP support and the as-prepared catalysts.

ter the VOCs catalytic oxidation reaction. Therefore, we reasonably
speculated that there is no Ru-Ni alloy in the Ru/Ni-HAP sample.

3.2. Analysis of surface functional groups on the catalysts

Fig. 2 shows the FT-IR spectra of the HAP support and the catalysts,
and the surface groups and chemical bonds can be determined. The ab-
sorption peaks at 1632 cm−1 and 3432 cm−1 are attributed to the O-H
vibrations of adsorbed water on the catalyst surface [38]. The vibra-
tional absorption peak at 3571 cm−1 corresponds to the stretching vi-
bration of hydroxyl groups on the HAP support, while the peak at
1039 cm−1 can be assigned to the v3 asymmetric stretching vibration of
P-O functional groups in the phosphate groups. Besides, the peaks at
566 cm−1 and 600 cm−1 are associated with the v4 bending vibrations
of the P-O functional groups in the phosphate groups, while the peak at
961 cm−1 is attributed to the v1 symmetric stretching vibration of P-O
functional groups [39]. The vibrational absorption peak at 474 cm−1 is
related to the v2 bending vibration of P-O functional groups in the
phosphate groups [40]. The absorption peaks at 878 cm−1 and
1383 cm−1 are related to the presence of CO3

2-, suggesting that a small
amount of atmospheric carbon dioxide gas participated in the reaction
and substituted for PO4

3- during the process [41]. It should be noted
that all three catalysts exhibit absorption peaks identical to those of
HAP, confirming the loading of Ni and Ru on the HAP support is suc-
cessfully realized. The bond angles and lengths of the OH- and PO4

3-

groups in the HAP support are larger than those in the Ni-HAP,
whereas the Ru/HAP and Ru/Ni-HAP catalysts exhibit the smallest
bond angles and lengths. This phenomenon demonstrates that the in-
teractions between the Ru nanoparticles, OH- and PO4

3- groups in the
catalysts are stronger than those of Ni, which can affect the catalytic
performance. Due to the addition of active components, the catalytic
performance is improved, resulting in more thorough reactions with
the gas and more CO2 involved in the reaction. This leads to more sub-
stitution of PO4

3- by CO3
2- and thereby more intense CO3

2- absorption
peak.

3.3. Analysis of catalyst surface morphology

Fig. 3 shows the TEM images of Ru/HAP (Fig. 3(a, c, e)) and Ru/Ni-
HAP (Fig. 3(b, d, f)) catalysts. As shown in Fig. 3(a) and (b), it reveals
that the HAP support prepared via hydrothermal method has a rod-like
shape. The size of Ru nanoparticles can be determined by analyzing
over 100 particles similar to those shown in Fig. 3(c) and (d), and the
distribution of particle size was plotted to calculate the average particle
diameter. The Ru particles in the Ru/Ni-HAP catalyst have an average

Fig. 2. FT-IR spectra of the HAP support and the as-prepared catalysts.
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Fig. 3. TEM images (a, c, e) Ru/HAP catalyst and (b, d, f) Ru/Ni-HAP catalyst.

diameter of 3.3 nm, which is smaller than the average diameter of
3.8 nm in the Ru/HAP catalyst. This size reduction is attributed to the
fact that the doping of Ni can cause the interaction between Ru and Ni,
and the dispersion of Ru particles on HAP is promoted, resulting in
smaller Ru particles with a larger surface area in contact with the reac-
tion gases to facilitate the progress of reaction [42]. Further analysis us-
ing high-resolution TEM as presented in Fig. 3(e) and (f), it reveals that
the lattice fringes with the widths of 0.35 nm and 0.21 nm are assigned
to the (002) plane of HAP (PDF#86–0740) and the (101) plane of Ru
(PDF#88–1734), respectively. Moreover, as shown in Fig. 3(f), the lat-
tice fringes with widths of 0.15 nm and 0.24 nm are assigned to the
(220) and (111) planes of NiO (PDF#47–1049), which is consistent
with the above XRD analysis [43]. In order to verify the spatial distribu-
tion of different elements in the Ru/HAP and Ru/Ni-HAP catalysts, EDS
mapping analysis was performed on the catalysts, as shown in Fig. 4. It
is apparent that the Ca, P, O, Ru, and Ni elements are uniformly distrib-
uted on the catalyst surface. Meanwhile, the widely dispersed Ca, O and
P elements are consistent with the structure of HAP itself. Specifically,
for the Ru/Ni-HAP catalyst, the Ru and Ni elements also exhibit good
dispersibility on the catalyst surface. Fig. 4(b) shows that the Ni ele-
ment distribution is greater than that of Ru, which is due to the higher
loading amount of Ni (5 wt%) compared to Ru (0.5 wt%). This can vali-
date the experimental design that both Ru/HAP and Ru/Ni-HAP cata-
lysts are successfully achieved.

3.4. Analysis of element valence states on the catalyst surface

Fig. 5 shows the XPS analysis of the HAP support and the cata-
lysts. As presented in Fig. 5(a), the peaks at 854.4 eV and 872.0 eV
correspond to the Ni 2p3/2 and Ni 2p1/2 orbitals of Ni2+, which are
associated with the characteristics of NiO [44]. It indicates that Ni in
the catalyst predominantly exists as Ni2+, which is consistent with
the diffraction peaks of NiO detected by XRD. The peaks at 856.1 eV
and 873.7 eV can be assigned to the Ni 2p3/2 and Ni 2p1/2 orbitals of

Ni3+ corresponding to Ni2O3. The presence of Ni3+ is likely due to
the susceptibility of Ni2+ to oxidation by atmospheric oxygen on the
catalyst surface during the preparation and calcination processes
[45], while the S1 and S2 represent the relevant satellite peaks. As
shown in Fig. 5(b), both the Ru/HAP and Ru/Ni-HAP catalyst sur-
faces exhibit the presence of Ru0 metal and RuO, while the peaks at
460.6 eV and 483.0 eV correspond to the Ru 3p orbitals of Ru0 metal
[46]. The formation of Ru0 metal may be attributed to the presence of
Cl- ions, which can be adhered to the surface of Ru species and avoid
oxidation during the calcination process. The peaks at 462.3 eV and
484.7 eV correspond to the Ru 3p orbitals of Ru4+ [47]. Despite the
protective effect of Cl- ions against the oxidation of Ru, sufficient oxy-
gen exposure can cause the oxidation of more Ru to Ru4+. Fig. 5(c)
and (d) show that the addition of Ni and Ru has minimal impact on
the peak positions of Ca and P, indicating that the calcium-phosphate
structure of HAP remains unaffected during the preparation and calci-
nation processes, which is consistent with the XRD results. Besides, a
quantitative analysis of the Ni3+/Ni2+ and Ru4+/Ru0 ratios in the
catalysts was performed based on the peak area ratios. It can be
found that with the addition of Ru, the electron lost by Ni2+ is de-
creased, and the Ni3+/Ni2+ ratio is reduced from 2.12 (Ru/HAP) to
2.03 (Ru/Ni-HAP) without affecting the peak positions of the Ni 2p
orbitals. Due to the doping of Ni, the position of Ru4+ characteristic
peak in the Ru/Ni-HAP catalyst is shifted left by 0.3 eV, suggesting
that the interaction between Ru and Ni can affect the variation of Ru.
The Ru4+/Ru0 ratio is increased from 2.10 (Ru/HAP) to 2.21 (Ru/Ni-
HAP), and the increase in Ru4+ is beneficial for improving the inter-
action between the active component Ru and the support, thereby fa-
cilitating the catalytic reaction.

3.5. Analysis of catalyst redox properties

To investigate the reduction properties of the catalyst surface
species, H2-TPR measurements were conducted and shown in Fig. 6. By
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Fig. 4. EDS mappings of (a) Ru/HAP catalyst and (b) Ru/Ni-HAP catalyst.

curve fitting, the H2 consumption values corresponding to the reduction
peaks were calculated and are depicted in. For all samples, a broad
high-temperature peak appears between 605 °C and 703 °C, which is at-
tributed to the dehydroxylation process of HAP support [48]. The re-
duction temperature of HAP in both Ni-HAP and Ru/Ni-HAP catalysts is
dramatically decreased by approximately 80 °C, indicating that the
doping of Ni can improve the reduction of HAP. Ni can promote more
lattice oxygen to participate in the reduction of HAP (H2 consumption
increased from 3.52 mmol/g to 11.73 and 13.80 mmol/g, whereas the
addition of Ru exerts a negligible influence on this process (The reduc-
tion temperature (703 °C) and H2 consumption of HAP (3.20 mmol/g)
almost unchanged over Ru/HAP). The reduction peak detected at 346
°C in Ni-HAP catalyst corresponds to the conversion of NiO into Ni. This
reduction is also enhanced by the addition of Ru, since the peak temper-
ature shifted from 346 °C to 290 °C over Ru/Ni-HAP catalyst, once
again, confirming the strong interaction between Ru and Ni. For the
RuOx species over Ru/HAP, the peaks observed at 118 °C to 168 °C are
associated with the reduction of highly active and smaller-sized Ru par-

ticles, which exhibit rapid reduction kinetics [49]. Conversely, the hy-
drogen consumption peaks observed at 395 °C are attributed to the re-
duction of less active and larger-sized Ru particles, which undergo re-
duction at a slower rate. Obviously, the reduction of RuOx species at
111 and 356 °C is greatly improved due to the doping of Ni over Ru/Ni-
HAP. By comprehensive comparison, for the optimal Ru/Ni-HAP cata-
lyst, the reduction of RuOx species (118–168 °C moved to 111 °C, 395 °C
moved to 356 °C), NiO species (346 °C moved to 290 °C), and lattice
oxygen in HAP (700 °C moved to 605 °C), are significantly increased
due to the strong synergistic promoting effect between Ru, Ni and HAP.
Owing to the synergistic effect of Ni and Ru, the reduction temperatures
of both large and small Ru particles in the Ru/Ni-HAP catalyst are
shifted to lower temperatures as compared to the Ru/HAP catalyst, and
the consumption of reduction peaks are significantly increased [50].
This indicates an enhanced redox capability of catalyst, which is con-
ducive to the oxidation of oxygen with toluene and DCM at lower tem-
peratures. The decrease in the number of large Ru particles and the in-
crease in smaller Ru particles can result in a diminished average parti-
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Fig. 5. XPS spectra of Ru/HAP catalyst, Ni-HAP catalyst and Ru/Ni-HAP catalyst: (a) Ni 2p, (b) Ru 3p, (c) Ca 2p and (d) P 2p.

Fig. 6. H2-TPR curves of the HAP support and the as-prepared catalysts.

cle diameter and an increased contact area with the reacting gases [51],
which is consistent with the particle sizes observed in the TEM images.

3.6. Analysis of surface acidity on catalysts

HAP has the rare property of containing both acid and basic sites in
its inherent structure, which is strongly correlated to the Ca/P atomic
ratio in the calcium phosphate compound. Herein, HAP has a Ca/P of
ca.1.67 with Ni and Ru doping, which should possess both acidic and
basic sites, and the acid sites was detected by NH3-TPD, as shown in Fig.
7. Because the acid sites were reported to be the core active sites for
dechlorination reaction (Lewis acid and Brønsted acid) and C-C band
cleavage (Lewis acid), and the enhancement of Lewis acid can suppress

Fig. 7. NH3-TPD curves of the HAP support and the as-prepared catalysts.

the accumulations of Cl and coke on catalyst surface, thus promoting
stability in toluene and DCM oxidation [16]. The relative acid amounts
were also calculated using the desorption peak areas by curve fitting.
All four samples exhibit certain acidic properties. Based on the different
desorption temperatures of NH3, the acidity can be categorized into
weak acidic sites below 200 °C, medium-strong acidic sites between 200
°C and 400 °C, and strong acidic sites above 400 °C [31]. The HAP sup-
port shows NH3 adsorption peaks at 100 °C, 165 °C and 551 °C, indicat-
ing the presence of multiple weak and strong acidic sites [52]. For the
Ni-HAP catalyst, the adsorption peaks at 100 °C and 190 °C correspond
to the adsorption of NH3 on weak acid sites, while the peak at 500 °C is
attributed to the adsorption of NH3 on strong acid sites [30]. As com-
pared to the HAP support, some weak acidic sites are shifted to higher
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temperatures, and the NH3 desorption increased from 5.11 to
6.08 mmol/g, indicating that the number of weak acidic sites is in-
creased. Conversely, the strong acidic sites are shifted to lower temper-
atures, and the NH3 desorption decreased from 4.69 to 1.30 mmol/g. As
compared to the HAP and Ni-HAP catalyst, the Ru-contained catalysts
show a reduction in weak acidic sites but an appearance of new NH3
desorption peak at around 280 °C, which is ascribed to the adsorption of
NH3 on medium-strong acid sites. In particular, compare to Ru/HAP,
Ru/Ni-HAP exhibits much more medium-strong acidic sites, the NH3
desorption increased nearly three times (from 0.29 to 0.86 mmol/g).
This phenomenon suggesting that the addition of Ni enhanced the syn-
ergistic effect between Ru and Ni, thus produce more medium-strong
acid sites. And the increased acidity can improve the catalytic oxidation
performance of the Ru/Ni-HAP catalyst when facing C-Cl bonds [53]. In
terms of the strong acid sites, the addition of Ru causes the strong acidic
sites on the catalyst to be shifted to lower temperatures. The HAP sup-
port and Ru/HAP catalyst exhibit broad strong acid peaks, while the Ni-
HAP and Ru/Ni-HAP catalysts show smooth curves for strong acid
peaks. The order of NH3 desorption follows the sequence of HAP > Ru/
HAP > Ru/Ni-HAP > Ni-HAP, indicating that the strong acid sites of
HAP decreased by the Ni and Ru doping. As expect, excessively strong
acid sites could lead to the decreased redox performance of the catalyst.
Therefore, the synergistic doping of Ru and Ni effectively regulates the
surface acidity of HAP, thus achieving a balance between redox capac-
ity and acidity of Ru/Ni-HAP catalyst [54].

3.7. Analysis of catalyst activity and stability

Fig. 8 illustrates the reaction activity curves for the oxidation of
toluene and DCM by the catalysts. The T50 and T90 values of the cata-
lysts are listed in. As shown in Fig. 8(a), the catalytic efficiency of
toluene oxidation over the different catalysts is decreased in the fol-
lowing order Ru/Ni-HAP > Ru/HAP > Ni-HAP > HAP. The HAP
support exhibits a low catalytic efficiency of less than 25 % through-
out the reaction. In contrast, the Ru/Ni-HAP catalyst shows the high-
est toluene conversion with a T50 temperature of 266 °C, which is
lower than that of Ni-HAP (300 °C) and Ru/HAP (281 °C). The T90
temperature for Ru/Ni-HAP catalyst is determined as 277°C, which is
lower than those for the Ni-HAP (288 °C) and Ru/HAP (329 °C) cata-
lysts, and the Ru/Ni-HAP catalyst reaches the complete conversion of
toluene at 280 °C.

Fig. 8(b) presents the DCM conversion of the HAP support and the
catalysts. It can be observed that the HAP support has a DCM oxida-
tion efficiency of less than 20 %. The Ru/Ni-HAP catalyst exhibits su-
perior oxidation efficiency with a T50 temperature of 343 °C, which is
lower than the Ni-HAP (421 °C) and Ru/HAP (368 °C). The T90 tem-
perature for Ru/Ni-HAP catalyst is determined as 380°C, which is
lower than those for the Ni-HAP (476 °C) and Ru/HAP (414 °C) cata-
lysts, and the Ru/Ni-HAP catalyst reaches the complete conversion of
DCM at 400 °C. From the aforementioned results, it is apparent that as
the temperature is increased, there is a certain conversion for the com-
bustion of toluene and DCM in air, thus the activity of the HAP sup-
port can be considered negligible. Since catalytic oxidation of DCM is
possible to generate by-products including CH3Cl, CHCl3 and CCl4, the
products of DCM oxidation over Ru/Ni-HAP catalyst was conducted as
shown in. During the oxidation process, the catalyst exhibited a rela-
tively low selectivity for CO. The maximum CO yield of 3.6 % was
achieved at 340 °C, and the main product is determined as CO2. im-
plied the by-products CHCl3 and CCl4 were generated, rather than
CH3Cl. As the temperature increases, the yield of by-products is firstly
increased and then decreased, and the amount of by-products was lim-
ited (less than 0.5 %). Based on above analysis, Ru/Ni-HAP catalyst
boasted excellent balance of acidity and redox capacity, thereby more
active oxygen species can involve the reaction, resulting in the eleva-
tion of catalytic activity and selectivity.

Fig. 8(c) and (d) show the Arrhenius plots of reaction rates for the
HAP support and the catalysts. The activation energy (Ea) for the oxi-
dation reactions is determined by the slope of the fitted lines, pre-
sented the recently reported works of catalysts for toluene and DCM
oxidation, respectively. As listed in, the Ea for the oxidation of
toluene on the Ru/Ni-HAP catalyst is 174 kJ/mol, which is signifi-
cantly lower than that for the Ru/HAP (266 kJ/mol) and Ni-HAP
(345 kJ/mol) catalysts. In the case of DCM oxidation on the Ru/Ni-
HAP catalyst, the Ea is 108 kJ/mol, exceeding those for the Ru/HAP
(141 kJ/mol) and Ni-HAP (174 kJ/mol) catalysts. The low activity of
Ni-HAP can be attributed to the absence of medium-strong acid sites,
while the single non-noble metal Ni has weak oxidation capability for
toluene and DCM so more energy for catalytic oxidation is required
[55]. The single noble metal Ru is also less effective than the bimetal-
lic Ru/Ni, where Ru plays a crucial role in the reaction. For the oxi-
dation of DCM, the Deacon reaction is more likely to occur. The addi-
tion of Ni leads to smaller Ru particles, and thereby the catalyst sur-
face area in contact with the gas is increased, accelerating the reac-
tion rate, and diminishing the required activation energy. Eventually,
the Ru/Ni-HAP catalyst exhibits the best catalytic performance.

To evaluate the long-term efficiency of the Ru/Ni-HAP catalyst, the
stability under high temperatures and in the presence of chlorine was
tested, and the corresponding results are shown in Fig. 8(e) and (f). The
stability tests were conducted for 100 h, and the toluene and DCM reac-
tions were performed at temperatures of 280 °C and 400 °C, respec-
tively. It can be found that throughout the test, the toluene and DCM
conversion are maintained consistently around 99 %, suggesting that
the Ru/Ni-HAP catalyst exhibits excellent stability and high thermal re-
sistance. Particularly for DCM, the activity of Ru/Ni-HAP catalyst can
be maintained without deactivating due to chlorine accumulation,
demonstrating its remarkable chlorine resistance.

Based on characterizations and catalytic activities, we proposed that
the synergism of acid and redox properties is the key factor to design ac-
tive catalysts for the catalytic oxidation of toluene and DCM. A large en-
hancement of the DCM oxidation rate was observed with the catalyst
with the highest medium-strong acidic sites, i.e. the Ru/Ni-HAP. The re-
action rates were further altered by the redox behaviors of the catalysts.
The better acid and redox properties of the catalyst offer greater ad-
vancements in oxidation of toluene and DCM, in agreement with the
findings of Weng [56,57] and Dai [58]. According to the analysis of
XPS, H2-TPR and NH3-TPD, the strong interaction between Ru and Ni
endows the Ru/Ni-HAP catalyst with the best redox capability, and
thereby the oxidation of toluene and DCM can be realized at lower tem-
peratures. The introduction of Ru and Ni into the catalyst can produce
the largest amount of medium-strong acid sites, which can promote the
broken of C-H bonds in toluene and C-Cl bonds in DCM to facilitate the
progress of the catalytic reaction.

3.8. Analysis of catalyst performance under various operating conditions

To investigate the catalytic performance of Ru/Ni-HAP catalyst un-
der different operating conditions, the experiments were conducted by
varying the concentrations of toluene and DCM (300, 600, 1200 ppm,
with GHSV=40,000 ml(g·h)−1) and the air velocity (600 ppm, with
GHSV=20,000, 40,000, 80,000 ml(g·h)−1) to simulate actual scenarios
that might be encountered, and Fig. 9 shows the corresponding cat-
alytic activity. There is a noticeable decrease in the catalytic activity of
the Ru/Ni-HAP catalyst with the increased reactant concentration and
air velocity, leading to a significant rise in the reaction temperature re-
quired for complete conversion. However, when the reaction proceeds
for a period, and the concentration of toluene or DCM, or the air veloc-
ity is reduced, the activity of catalyst reverts to its previous level. This
demonstrates that the catalyst cannot become deactivated under pro-
longed exposure to high concentrations of toluene and DCM. The cat-
alytic performance can be optimized by adjusting the reaction time and
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Fig. 8. The reaction activity curves for the oxidation of toluene and DCM by the HAP support and the catalysts: (a, b) Conversions; (c, d) Arrhenius curves; (e, f) Sta-
bility test of Ru/Ni-HAP catalyst.

temperature under varying conditions, which is beneficial for enhanc-
ing the conversion and achieving complete degradation of toluene or
DCM. Alternatively, diluting the concentration of VOCs or reducing the
airflow can also promote the progress of the catalytic reaction, and this
approach can provide effective regulation of the catalytic reaction sys-
tem based on actual site conditions.

Based on the above discussion, we proposed the catalytic mecha-
nism of VOCs on Ru/Ni-HAP catalyst. First, toluene and DCM molecules
interacted with HAP support through physical adsorption or chemical
adsorption, in particular, the hydroxyl group on HAP played an pivotal
role in promoting the dechlorination of DCM, which has been reported
in the literature [57,59], such a reaction is formed both on dehydroxy-

lated and fully hydroxylated surfaces via dual-site interaction
(OH···π−electron and OH···Cl) [53]. Toluene and DCM molecules can
also undergo a dehydrogenation with the acidic sites of catalyst to pro-
duce an adsorbed state of intermediates [60], which were activated by
heating to promote the corresponding reaction. During the catalytic ox-
idation of toluene and DCM, Ru4+ and Ni2+ with excellent redox prop-
erties played dominant roles, which can change the electronic state, ac-
tivate the adsorbed reactant molecules, make them more prone to de-
grade. With reaction temperature rised, the active oxygen and lattice
oxygen species on Ru4+ and Ni2+ can totally oxidize toluene and DCM
into CO2, H2O and HCl/Cl2, then, the Ni0 and Ru0 was re-oxidized to
NiO and RuO2 by capturing oxygen in the feed gas. Finally, these prod-
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Fig. 9. (a, b) Catalytic activity curves of Ru/Ni-HAP catalyst for catalytic combustion of toluene and DCM at different concentrations; (c, d) Catalytic activity curves
of Ru/Ni-HAP catalyst for catalytic combustion of toluene and DCM at different space velocities.

ucts can be dissociated from the surface of catalyst and released to the
tail gas.

4. Conclusion

In this study, the HAP support is prepared using the hydrothermal
method, and Ni is loaded onto HAP by the impregnation method to fab-
ricate the Ni-HAP catalyst. Ru is then successfully loaded onto both
HAP and Ni-HAP using the urea precipitation method to prepare the
Ru/HAP and Ru/Ni-HAP catalysts. The structures of as-prepared cata-
lysts are comprehensively characterized, and the resultant catalytic ac-
tivities are evaluated. The main conclusion can be drawn as follows.

(1) As compared to the single Ni metal, the addition of noble metal
Ru can enhance the interactions with OH⁻ and PO₄³⁻ groups in
HAP, and both the amount of medium-strong acidic sites and the
overall acidity are increased, leading to the improved catalytic
activity.

(2) The co-doping of Ru and Ni can bring about a proliferation of
smaller Ru particles and a concomitant reduction in larger Ru
particles, leading to a diminished average particle diameter, an
expanded specific surface area, and an increased Ru4+/Ru0 ratio.
This enrichment of active Ru4+ species is conducive to the
exposure of a larger number of active sites for engagement in the
catalytic reaction.

(3) With the combination of H₂-TPR and NH₃-TPD analyses, it
demonstrates that the synergistic interaction between Ru and Ni
can modulate the acidity and redox characteristics of catalyst.
The Ru/Ni-HAP catalyst exhibits a significant increase in
medium-strong acidic sites, a decrease in strong acidic sites and a
reduced reduction temperature, indicating that the redox
property is enhanced. By comparisons, the Ru/Ni-HAP catalyst
possesses the most rapid reaction kinetics and requires the least
activation energy for the complete conversion of toluene and

DCM, suggesting that exceptional catalytic efficacy can be
achieved. The stability assessments confirm that no signs of
deactivation can be detected in the Ru/Ni-HAP, and its
adaptability across various operating conditions underscores the
significant potential for practical applications.
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