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Abstract: Chlorinated volatile organic compounds (CVOCs) are vital environmental concerns due to
their low biodegradability and long-term persistence. Catalytic combustion technology is one of the
more commonly used technologies for the treatment of CVOCs. Catalysts with high low-temperature
activity, superior selectivity of non-toxic products, and resistance to chlorine poisoning are desirable.
Here we adopted a plasma treatment method to synthesize a tin-doped titania loaded with ruthenium
dioxide (RuO;) catalyst, possessing enhanced activity (Toge,, the temperature at which 90% of
dichloromethane (DCM) is decomposed, is 262 °C) compared to the catalyst prepared by the
conventional calcination method. As revealed by transmission electron microscopy, X-ray diffraction,
N, adsorption, X-ray photoelectron spectroscopy, and hydrogen temperature-programmed reduction,
the high surface area of the tin-doped titania catalyst and the enhanced dispersion and surface
oxidation of RuO; induced by plasma treatment were found to be the main factors determining
excellent catalytic activities.

Keywords: nonthermal plasma; ruthenium; titania; CVOCs degradation

1. Introduction

Chlorinated volatile organic compounds (CVOCs), such as dichloromethane (DCM), chlorobenzene
(CB) and dichloroethylene (DCE), are considered to be extremely toxic pollutants due to their high
carcinogenicity, low biodegradability, and long-term persistence [1-4]. CVOCs are widely used in
detergent, degreasant, chemical extractant, and paint additive, and contribute to the formation of
tropospheric ozone, photochemical smog, and haze [5-8]. Consequently, versatile methods have been
developed to reduce their environmental impacts, including adsorption recovery [9], photothermal
decomposition [10], direct thermal combustion [11], and catalytic combustion [12,13]. Among them,
catalytic combustion is considered to be a promising technique due to its high activity, high selectivity,
good stability, and low energy consumption. Recently, transition metal oxides loaded with noble
metal oxides have gained wide attention due to their high catalytic activities, superb resistance against
chlorine-poisoning, and strong stability [14-16]. However, the catalysts synthesized by the conventional
calcination method were reported to lack oxidation activity in low temperatures. The calcination process
often led to the aggregation of particles, over-growth of crystalline, and pore collapse, which finally
lowered the efficiency of pollutant decomposition [13]. It has been reported that the particle size and
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surface area of catalysts [17], the dispersion of active components on support [18], and the oxidation
state of the active sites [19], are the critical factors controlling the activities.

Non-thermal plasma (NTP) has been widely applied in surface modification [20-23], offering the
advantages of room-temperature operation and non-equilibrium processes. In catalyst preparation,
NTP could transform the precursor into oxide and simultaneously avoid the loss of activity caused
by the high-temperature conditions in conventional calcination methods [24-26]. During the NTP
process, the generated energetic clusters and active radicals are capable of dispersing precursors
into smaller particles and inducing the active sites to higher oxidation states. This process makes
NTP treatment an efficient strategy for the morphology reconstruction of catalysts with higher
porosity. More importantly, the low-temperature feature of NTP treatment could avoid the particle
aggregation [27,28], crystal sublimation, crystal growth [29,30] and pore collapse issuess [31,32],
which were inevitable in conventional calcination methods.

TiO, was widely surveyed for its low cost and stability in the reaction atmosphere, while the
rutile phase had great chemical reactive activity [33,34]. It was previously found that tin-doped
titanium dioxide (Sn-TiO,) loaded with ruthenium dioxide (RuO,), which was dominated with rutile
phase, showed excellent catalytic activities at high temperatures (>350 °C) in the oxidative removal
of DCM, with high carbon dioxide (CO,) selectivity and strong stability under HCl/Cl-containing
atmosphere [14,35]. The loading of RuO, would induce the Cl to be mainly converted to Cl, with
poor adsorption on the active sites [18]. Nonetheless, this kind of catalyst still suffers from insufficient
low-temperature activity and particle agglomeration.

In the present work, non-thermal plasma treatment is employed for the preparation of RuO,/SnTiO,
catalysts, exhibiting enhanced DCM oxidation activities compared to the calcined counterpart.
To understand the promotional effects triggered by plasma treatment, hydrogen temperature-programmed
reduction, X-ray diffraction, X-ray photoelectron spectroscopy (XPS), and CO pulse chemisorption were
conducted on the catalysts. The increased specific surface area and oxidation activity induced by the
NTP treatment were found to be the origins of the enhanced catalytic performance.

2. Results

2.1. Catalytic Performance Evaluation

5n-TiO; solid solutions were prepared via the co-precipitation method, and RuO, was loaded by
the dipping method to gain Ru-SnTiO; (denoted as RST). The RST samples were respectively treated
by plasma atmosphere with 20% O, (denoted as RST-P) and by calcination at 550 °C for 5 h in air
(denoted as RST-C). The catalytic performance of the samples was evaluated in a quartz tube reactor.
The reactive atmosphere was under 1000 ppm DCM, 20% O, and balanced rest with Np. The DCM
oxidation activity over the RuO,/Sng ;Tip O, catalysts, which were prepared by thermal calcination
treatment (RST-C) or by plasma treatment (RST-P), was surveyed and the results are demonstrated
in Figure 1a. It can be found that the catalytic activity of RST-P (Tgpo, was 262 °C) was significantly
higher than that of RST-C (Tgg9, was 299 °C). RST-P also possessed good stability without perceivable
deactivation for 24 h at 250 and 275 °C (Figure 1c). Furthermore, RST-P had a greater oxidation activity
in low temperature, and its DCM conversion rate increased from 25.9% to 48.1% at 200 °C. These results
indicated that air-plasma treatment is beneficial for the enhancement of catalytic activity. Figure 1b
shows the selectivity of CO, from DCM oxidation over different samples. According to the carbon
equilibrium before and after reaction, the more DCM is converted to CO,, the less toxic the organic
byproducts that are produced. It was shown that the selectivity of CO, was significantly improved with
plasma treatment compared to the calcined counterpart, especially at temperatures lower than 250 °C.
The DCM conversion rate reached 90%, with the corresponding selectivity of CO, above 90%, at 275 °C.
These results showed the promotional effects of plasma for DCM oxidation activity.
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Figure 1. Catalytic performance of DCM oxidation by different synthesis methods: (a) DCM conversion,
(b) selectivity of CO,, (c) stability test for RST-P at 250 °C and 275 °C.

2.2. Catalyst Morphology and Crystallinity

To understand the effects of plasma treatment on the catalytic activities of the RST catalysts,
the catalyst morphology and crystallinity were characterized. The surface area estimated by BET
method and the pore properties of the two samples are shown in Table 1. It was shown that the specific
surface area of the plasma-treated sample increased to 46.807 m?/g (37.397 m?/g with RST-C). The high
specific surface area favored the exposure of more active sites to improve the catalytic activities of
DCM oxidation [36-39]. It was proposed that the plasma preferred to discharge near the inner walls of
pores [40,41], destroying the original pore structure and sequentially reconstructing it, resulting in the
increase of specific surface area with almost the same total pore volume. High porosity promotes the
accessibility of active sites, and facilitates the contact between DCM molecules and the surface active
sites, enhancing the oxidation of DCM.

Table 1. Specific surface area and pore properties of two samples.

Samples Specific Surface Area (m?/g) 1 Pore Volume (cm3/g) 2 Pore Size (nm) 3
Ru-SnTiO,-P 46.807 0.185151 15.8225
Ru-SnTiO,-C 37.397 0.185883 19.8823

! Determined from N isotherm (BET method). ? Total pore volume. 3 Adsorption average pore diameter

Figure 2 presents the XRD patterns of RST-C and RST-P. The main peaks at around ~27.2°, 35.4°,
and 53.7° were close to the (110), (101), and (211) planes of rutile (PDF#76-0323), indicating the dominant
rutile phase in the RST catalysts. The characteristic peaks of ruthenium oxide crystals, at around 35.3°
and 54.6° (PDF#88-0322), were not distinguished due to their similar peak positions with the rutile
phase. It was reported that the highly dispersed RuO, particles smaller than 3 nm on the surface of
the catalyst were formed amorphously, so the XRD peaks were not detected [14]. Comparing the two
samples, it is inferred that the plasma treatment had no obvious effect on the original crystal structure.
In order to determine the structural changes of these samples, the Rietveld method was conducted
to refine the XRD patterns based on the Inorganic Crystal Structure Database (ICSD), and the results
are presented in Table 2. In this process, Chebyschev polynomials were used to fit the background,
and subsequently the pseudo-Voigt approximation of the Voigt function is used for cell refinement.
There is no significant difference in cell parameters. However, RST-C attained a bigger grain size
than RST-P, due to the growth of catalyst crystals at high temperatures. The low-temperature plasma
treatment induced a decreased grain size, resulting in the higher specific surface area of RST-P.

Table 2. Rietveld refinement of the XRD patterns.

Samples a(A) b(A) c(A) Crystalline Size (nm)

RST-P 4.6233 4.6233 2.9932 9.3
RST-C 4.6259 4.6259 2.9876 12.3
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Figure 2. XRD spectra of the RST catalysts. The peak information for different crystal planes of rutile
TiO; (No. 76-0323) is presented in figure.

Transmission electron microscopy (TEM) was employed in order to further investigate the impact
of plasma treatment on the catalyst structure. TEM images of RST-C and RST-P are presented in
Figure 3a,e. It is obvious that particles of RST-P possess better dispersion and smaller particle size than
RST-C (the average diameter of RST-C was approximately 23 nm and that of RST-P was about 15 nm).
The electrons generated by plasma were inclined to gather on the surface of the nanomaterial,
which made them repel each other, avoiding the agglomeration of the particles. As shown in Figure 3bf,
the crystal of TiO; (110), with interplanar spacing of 0.3256 and 0.3273 nm, can be apparently observed
in RST-P and RST-C, respectively. This decrease in interplanar spacing was caused by the charging
process in the plasma generation process. Previous works showed that a highly charged atmosphere
could force the precursors to be charged and repel from each other, which eventually causes the
migration of the doping component to the surface [22], which might cause the migration of Sn in
RST-P. On the other hand, the electrons formed a strong electric field on the surface of the catalyst,
where RuO; existed in a hemispherical shape. This led to the enhancement of the interaction between
RuO; and TiO,, so that the Ru was essentially getting closer to Sn-TiO,. To conclude, given that the
radius of Sn** is larger than Ti**, while the ion radius of Ru** (0.62 nm) is greater than that of Ti**
(0.53 nm), the promotion of the contact will increase the overall crystallite size of the catalyst.

Figure 3. TEM images of (a) RST-P and (e) RST-C. The interplanar crystal spacing measured from
HR-TEM images of (b) RST-P and (f) RST-C; STEM images of (c¢) RST-P and (g) RST-C with their
EDS-mapping analysis of the RST-P (d) and RST-C (h). The distribution of Ru element is shown in the
lower right corners of graphs (d,h).
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The EDS mapping characterization results are shown in Figure 3d,h. These characteristics reveal
that both samples attained the macroscopic homogenous distribution of Sn and Ru in the rutile
matrices. According to previous studies, anatase converts into the rutile type, on which RuO, could
epitaxially grow, with the doping of Sn [14]. This homogenous structure promoted the dispersion
of RuO,, which was beneficial to the catalytic DCM oxidation for both samples.

2.3. Surface Properties of the Catalysts

Since catalytic reactions occurred on the catalyst surface, XPS characterization was further used
to study the oxidation states of the surface Ru and oxygen species. Figure 4a indicates that the
oxygen species on both samples can be divided into the three parts: surface chemisorbed oxygen
(peaks at about 531.5 eV, denoted as O,4), oxygen vacancies (peaks at about 531.1 eV, denoted as Oy)
and lattice oxygen (peaks at around 528.4 eV, denoted as Oy,) [42,43]. The fitting results indicated
that RST-P had a greater proportion of oxygen vacancies, without any loss of surface adsorption
oxygen. Previous studies showed that the adsorbed oxygen species on the surface promoted the deep
oxidation of the intermediate reaction species, followed by the improvement of the CO; selectivity [44].
Correspondingly, the oxygen vacancy was regarded as the adsorption site for DCM, and the activation
of the C—Cl bond in the DCM molecules might be promoted by oxygen vacancies [45]. Meanwhile,
catalysts with more oxygen vacancies after plasma treatment were more favorable for DCM oxidation,
which was consistent with the characterization results of the catalytic performance.
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Figure 4. XPS data of (a) O 1s and (b) Ru 3d for the RST catalysts.

The distribution of surface Ru species is shown in Figure 4b. It was suggested that the peaks
located at the binding energies of 283.3 eV and 286.9 eV were assigned to Ru** 3ds; and Ru** 3d3,
respectively, while those of 283.8 eV and 287.4eV were assigned to Ru’* 3ds), and Ru’* 3d3p [46].
After plasma modification, Ru>" is the dominant oxidation state of surface Ru in RST-P compared
with RST-C. It is proposed that during plasma treatment, the interaction between Ru and Sn-TiO,
was enhanced, which means Ru transferred more electrons to Sn-TiO, to become more oxidized.
Meanwhile, RuO; is highly dispersed on the surface of the rutile Sng;TipgO; carrier as a result of
TEM, so more RuOs is in direct contact with the Sn-TiO, via the chemical bonds formed in the plasma
atmosphere, by which the electron transfer was facilitated.

The oxidation activity performance of the RST catalysts was investigated by H,-TPR. As shown in
Figure 5, the reduction peak of inner RuO; (139 °C) dominates the type of ruthenium oxide for RST-C.
RST-P showed the main reduction peak of outer RuO, (97 °C), which indicated that the low-temperature
redox performance of the catalysts had been significantly improved. In order to further identify the
oxidation performance, the total low-temperature reduction peaks of the two RuO,-loaded catalysts
were fitted into three peaks around 97.0 °C, 139 °C and 167 °C, which is presented in Table 3 [47].
It is worth noting that the peaks mentioned above were attributed to different forms of RuO, [48].
The 97 °C reduction peak was related to an easier reduction pathway, which was interpreted as the
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outer RuO, species exposed to the gas phase, directly contacting the DCM molecules; correspondingly,
the 139 °C reduction peak can be regarded as the inner RuO, species that required more energy as a
result of the indirect contact with the gas molecules, while the 167 °C peak refers to the interfacial part

of the RuO; particle with Sn-TiO,.

RST-C

—— Quter Ru
—— Inner Ru
—— Interfacial Ru

TCD signal (a.u.)

RST-P
100 200 300 400
Temperature (°C)

Figure 5. H,-TPR profiles of the catalysts.

Table 3. Proportion of different peaks in Hp-TPR.

Temperature (°C) RST-C RST-P Ru Species
97 13.21% 56.66% Outer Ru
139 60.17% 10.15% Inner Ru
167 26.61% 33.19% Interfacial Ru

RST-P showed the dominant reduction peak at 97 °C, rather than at 139 °C, which was mainly
occupied in RST-C, while the reduction peak at 167 °C became higher. This result was attributed to the
decrease in RuQ; size and the promotion of contact between RuO, and Sn-TiO, [49]. During plasma
treatment, RuO, particles were charged and repelled from each other to get dispersed, leading to the
increase in outer RuO, and decrease in inner RuO;. This trend was further supported by the enhanced
metallic dispersion from CO pulse chemisorption (Table 4). At the same time, the charge captured
by RuO, enhanced the contact between RuO, and Sn-TiO,, which was also expected to transform
the content of the inner RuO; to the form of interfacial RuO,. At the temperature of 300-400 °C,
both samples displayed a broad reduction peak, which was mainly assigned to the reduction of Sn**
species. RST-P attained a violent increase in Sn** reduction peak, thanks to the migration of Sn to the
surface of the solid solution, which coincided with the TEM result.

Table 4. Metallic dispersion by CO pulse chemisorption.

Project RST-C RST-P

Metallic dispersion 1 1.7827% 10.5071%
Metallic Surface Area(mz/g) sample 2 0.1936 1.1412
Metallic Surface Area(mz/g) metal 3 8.4961 50.0766

! The ratio of active metal atoms to the total metal atoms on the surface of catalysts. 2 Surface area of Ru species per
unit mass of total sample. 3 Surface area of Ru species per unit mass of Ru.
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3. Discussion

During plasma treatment, the discharged atmosphere played an important role in catalyst
modification. Considering the increased density of the electric charge, the charged active species
mainly concentrated in the micropores of the metal oxide, which changed the microstructure of the
catalyst in a physical way, and promoted the properties of the catalyst with high specific surface area
and small particle size. From a chemical perspective, the highly charged atmosphere oxidized RuO; to
a higher oxidation state, which was beneficial to the DCM oxidation. At the same time, the electric
charge concentrated on RuO; was found to cause a high dispersion of RuO,. Therefore, the superior
catalytic performance is mainly attributed to the discharged atmosphere generated by DBD plasma,
whereby a high surface area, a good dispersion of RuO, and a high oxidation of Ru species were
formed to help the catalyst gain a superb oxidation activity.

4. Materials and Methods
4.1. Synthesis of Ru-Sn-Ti Catalysts

4.1.1. Synthesis of Sng > Tig gO, Support

Sny,TiggO; solid solutions were prepared via the co-precipitation method [35]; 2.77 g SnCly
(Macklin) was dissolved in 120 mL deionized water with stirring for 2 h. Then 14.49 g tetrabutyl
titanate (TBT, Sinopharm) was added dropwise at a speed of 2 mL/min into the solution with
vigorous stirring for 2 h till the suspension became uniform. We then added ammonium hydroxide
(Sinopharm) with mechanical stirring controlled with the speed of 3 mL/min until the pH value
reached 10. The mixture was aged overnight, washed with deionized water and ethanol 3 times each,
and centrifuged to obtain the sediment. The solid product was dried at 110 °C for 12 h and subsequently
calcinated at 550 °C for 5 h at a ramping rate of 10 °C/min.

4.1.2. Synthesis of RuO,/Sng > Tip sO»

The RuO, nanoparticles were prepared by first dissolving 195 mg of RuClz-H,O (Aladdin) in 40 mL
deionized water. Then, 39 mL 15% H,O, (Sigma-Aldrich) solution was added dropwise to the RuCls
solution with violent whisking. The mixture was stirred at 95 °C in an oil bath for 2 h and then cooled
to room temperature to obtain a black suspension of RuO; nanoparticles. Afterwards, 5g Sng,TiggO»
powder was added into the above suspension until fully immersed. The solvent was evaporated
and the solid was dried and ground to obtain RuO,/Sng ;Tig O, (RST) precursor. The obtained solid
was divided into two portions. One portion of RST precursor was treated by DBD-induced plasma
atmosphere with 20% O, for 90 min in the discharging tube denoted as RST-P, where the air atmosphere
was used to make it low-cost for catalyst preparation. The discharge parameters were determined to
reach the maximum of what the reactor could withstand, and these were as follows: frequency 9 kHz,
discharge voltage 10 kV and discharge power 100 W. For comparison, the other portion was calcined at
550 °C for 5 h in air (denoted as RST-C).

4.2. Material Characterizations

The X-ray diffraction patterns (XRD) of samples were collected from 10° to 90° by a Cu K«
radiation APEXII powder diffractometer with 0.02° as the step size, presented by X-pert Powder
(PANalytical B.V., Netherlands). The specific surface area was measured with an Autosorb-1-C
instrument at —196.15 °C and calculated using the BET method. XPS spectra were presented by
a Thermo VG ESCALAB MARK II with 1453.6 eV Mg K« radiation at a step of 0.2 eV, which was
corrected by Cls with the binding energy of 284.8eV. A JEOL 2100F HR-TEM/STEM microscope with
X-ray energy dispersive (XEDS) spectra was employed to attain different element composition analyses
and TEM images. XEDS mapping was used to analyze the distribution of different elements via an
INCA x-sight (Oxford Instruments, Abingdon, United Kingdom). The specimens were prepared by
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dropping the sample powder, which was dispersed in ethanol suspension, upon the perforated carbon
film. CO pulse chemical adsorption was performed by using an AutoChem II 2920 instrument for
CO adsorption at a low temperature. The sample was heated to 573 K in an He/Ar flow and held
at this temperature for 15 min. After purging with He/Ar, the sample was reduced in 10% Hy/Ar
for 15 min and then cooled to 323 K in an He/Ar flow. The catalyst oxidation was obtained using
an AutoChem II 2920 (Micromeritics Instrument Corporation, Norcross, GA, USA) equipped with a
thermal conductivity detector. First, pretreatment, whereby the samples were heated up to 300 °C for
1 h in helium, was performed. After purging, H,-TPD was carried out from 30 °C to 600 °C at a rate of
10 °C /min, recorded ten times every second.

4.3. Catalytic Activity Measurements

The catalytic performance of samples was evaluated from 150 °C to 500 °C, in a quartz tube reactor
of which the inner diameter was 6 mm, at a feed flow of 75 mL/min. The reactive atmosphere consisted
of 1000 ppm DCM, 20% O, and the rest was balanced with N;. The tested catalysts were transformed
into 40-60 mesh size, and sequentially packed into the reactor. The weight hourly space velocity
(WHSV) was determined to reach 45,000 mL/(g-h) when 200 mg of catalyst was added. An FT-IR
gas analyzer (Gasmet Dx4000, Temet Instrument Oy, Helsinki, Finland) was used to measure the
concentration of DCM, CO,, and other products in the reactor effluent. T90% was calculated by linear
fitting between adjacent data points.

The chemical equation was applied accordingly:

CHClp + Oy — CO; + CO + H20 + HCl + Cl; + CHCl, O, 1)

It is expected to calculate the total conversion rate of DCM, «, and product selectivity, S, by:

Ao = @ % 100% )
mn
C
Sco, = —2— % 100% ®)
Cin — Cout

where ¢, and coyt are the detected concentrations of DCM at the inlet and outlet, and cco, is the
concentration of CO, at the outlet.

5. Conclusions

DBD plasma treatment was adopted to prepare the RuO,/Sng »Tip sO; catalyst, which showed
better catalytic activity and CO; selectivity after plasma modification compared to the catalyst prepared
by the calcination method. During the catalyst preparation, the discharge atmosphere plays a key role
in modifying the catalyst and promoting catalytic performance. Non-thermal plasma allows a low
temperature discharge, which prevents the growth of crystals and the agglomeration of particles in
order to obtain highly specific surface area and small particle sizes. Plasma treatment also promoted the
transferring of electrons from Ru to Sn-TiO,, and sequentially pushed the oxidation from Ru** to Ru®*,
which was expected to offer the catalyst better oxidation activity. The superior catalytic performance is
mainly attributed to the high specific surface area and good dispersion of RuO; on the Sn-Ti support.
Abundant Ru®* species were also formed to help the catalyst gain a superb oxidation activity.
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