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Abstract: The performance of plasma-modified Pt/CeO2 for toluene catalytic oxidation was
investigated. Pt/CeO2 nanorods were prepared by wet impregnation and were modified by thermal
(PC-T), plasma (PC-P), and combined (PC-TP and PC-PT) treatments. The modified catalysts were
characterized by TEM (transmission electron microscope), BET (Brunauer-Emmett-Teller), H2-TPR,
O2-TPD, XPS, UV-Raman, and OSC tests. The significant variation of the surface morphologies
and surface oxygen defects could have contributed to the modification of the Pt/CeO2 catalysts
via the plasma treatment. It was found that plasma could promote the surface interaction between
Pt and CeO2, resulting in the thermal stability of the catalyst. The Pt-Ce interaction was also
conducive to an increase in the number of oxygen vacancies. Furthermore, PC-PT and PC-TP
showed a significant difference in oxygen vacancy concentrations and catalytic activities, which
illustrated that the treatment sequence (plasma and thermal treatment) affected the performance of
Pt/CeO2. The PC-PT sample showed the highest catalytic activity with T100 at 205 ◦C. This work
thus demonstrates that plasma in combined treatment sequences could assist surface interactions of
catalysts for enhanced toluene catalytic oxidation.
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1. Introduction

Volatile organic compounds (VOCs) are high-risk contaminants, which can cause a significant
threat to the nervous system and the environment [1,2]. Toluene is a representative VOC, which is of
high toxicity and very difficult to naturally degrade. In the past few years, the use of noble metals
(Pt, Au, Pd) and redox supports (CeO2, Co3O4, ZrO2) [3–6] to improve toluene oxidation has been
prevalent. In particular, Pt-based materials have been widely adopted for toluene oxidation because
of their excellent toluene dissociative adsorption abilities [7]. Meanwhile, the CeO2 redox support
has attracted considerable attention due to its high oxygen storage ability. During the traditional
preparation of these catalysts, calcination is employed to activate the catalyst, but they are at risk of
sintering at high temperatures. To avoid this risk during Pt/CeO2 activation, non-thermal plasma has
been proposed as an alternative technique.

Non-thermal plasma (NTP) is a promising technology for catalyst surface treatment, which could
alter the morphology and chemical states of a catalyst, create more defects on the catalyst surface, and
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activate the catalyst in facile reaction conditions (fast response at room temperature). It could also
improve the activity and thermal stability of the catalyst [8,9]. Di et al. [10] reported that the Pd/P25
catalyst reducing by plasma treatment had a smaller Pd particle size and showed a better activity for
CO oxidation. Gulyaev et al. [11] prepared Pd/CeOx by plasma synthesis and found an increase of Pd
dispersion and turnover frequency (TOF) after discharge. Notably, previous discussions of catalyst
modification during discharge mainly concentrated on the surface morphology changes, dispersion of
active metals, and the reduction extent of the catalysts, but its effect on surface defects such as oxygen
vacancies should not be neglected. Ye et al. [12] introduced plasma and thermal annealing to create
various defects on MoS2 to promote the hydrogen evolution reaction. Xu et al. [13] employed plasma
to engrave Co3O4 nanosheets, which produced more oxygen vacancies on the Co3O4 surface after
discharge, and the activity improvement was attributed to a larger number of exposed active defects.
Although plasma-induced catalyst surface defects have gained research attention, there have been
few studies on the effect of plasma on CeO2 surfaces. Furthermore, the more efficient use of plasma
should be studied. Qi et al. [14] used a single plasma to reduce Pd species on activated carbon at low
temperatures to avoid sintering, but the reduction of PdOx was insufficient. Lee et al. [15] claimed that
sintering is an issue for catalysts at high temperatures. Hence, single methods (plasma or thermal) have
not met the demands for catalyst modification. Thus, a combination of plasma and thermal methods
may address these issues. Laura et al. [16] attempted to modify Pt catalysts by using a combination of
plasma and thermal reduction and suggested that catalysts prepared via this method exhibited higher
activities in the water-gas shift reaction than catalysts treated by only single plasma or calcination.
Thus, the combination of plasma and thermal treatment is prominent for active catalyst modification.
Currently, the synergetic effect of combining plasma and thermal treatment is still unclear, and the role
of plasma in combined treatment also should be clarified.

In this study, Pt loaded on CeO2 nanorods was employed as a catalyst, and the catalytic
performances of Pt/CeO2 with plasma and/or thermal treatments were compared. To investigate the
effects of plasma on physical/chemical changes of the catalyst, X-ray diffraction (XRD), high-resolution
transmission electron microscopy (HRTEM), X-ray photoelectron spectroscopy (XPS), UV-Raman,
H2-temperature programmed reduction (H2-TPR), O2-temperature programmed desorption (O2-TPD),
and oxygen storage capacity (OSC) tests were used. Furthermore, the TOFs based on Pt particles and
oxygen vacancies were calculated. Through these characterizations, the effect of combining catalyst
treatments in various sequences was uncovered.

2. Results

The catalytic oxidation of toluene was evaluated. As shown in Figure 1, the catalytic activities of
the samples were in the following order: PC-PT > PC-TP > PC-P >PC-T > PC-U. Compared to pure
CeO2 whose T100 had reached 328 ◦C, the catalytic activities of Pt/CeO2 was improved. The lowest
T100 and T50 were found for PC-PT at 205 ◦C and 167 ◦C, respectively, while the T100 of PC-TP was
236 ◦C, 30 ◦C higher than that of PC-PT. Therefore, the treatment sequence in combined treatment
could affect the catalytic activity. Moreover, Arrhenius plots were used to further compare the chemical
kinetic activities of the samples, as shown in Figure 2 and Table 1. The Arrhenius plots were obtained
when the toluene oxidation conversion was below 10%, and a linear correlation was found. As shown
in Table 1, the activation energy (Ea) values for PC-PT, PC-TP, PC-P, PC-T, and PC-U are 74.5, 83.1, 89.2,
102.6, and 116.8 kJ mol−1. The Ea values of PC-PT and PC-TP are lower, indicating an easier activation
of toluene oxidation.
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Figure 1. Conversion of toluene over catalysts with various treatment. 

Catalyst amount: 200 mg; Toluene concentration: 200 ppm; gas flow: 100 ml min–1. 

 
Figure 2. Arrhenius plots for the oxidation of toluene over different Pt/CeO2 catalysts. 

Evidently, the catalysts treated with plasma and thermal processes exhibited better catalytic 
activities, which deserves further discussion. Generally, a Pt particle is regarded as an active site of 
Pt-based materials. Greater Pt dispersion can expose more Pt atoms, which is associated with active 
toluene oxidation due to the excellent toluene adsorption [17]. To investigate this effect, TOFPt values 
based on Pt dispersion were calculated. As listed in Table 1, the TOFPt values were 7.9 × 10–3, 7.4 × 10–

3, 6.2 × 10–3, 6.1 × 10–3, and 3.1 × 10–3 s–1 for PC-PT, PC-TP, PC-P, PC-T, and PC-U, respectively. 
Compared to the samples without plasma modification (PC-T and PC-U), the catalytic activities of 
the plasma-treated samples (PC-PT and PC-TP) and TOFPt values increased. Since TOFPt was the 
turnover frequencies based on the Pt particles, and a positive correlation exists between the TOFPt 
value and the catalytic activity, it was inferred that Pt particles were active sites. In addition, Asgari 
et al. [18] reported that oxygen vacancies played a vital role in the catalytic oxidation by controlling 
the consumption and supplementation of surface activated oxygen. TOFov values were also calculated 
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Figure 2. Arrhenius plots for the oxidation of toluene over different Pt/CeO2 catalysts.

Evidently, the catalysts treated with plasma and thermal processes exhibited better catalytic
activities, which deserves further discussion. Generally, a Pt particle is regarded as an active site
of Pt-based materials. Greater Pt dispersion can expose more Pt atoms, which is associated with
active toluene oxidation due to the excellent toluene adsorption [17]. To investigate this effect, TOFPt

values based on Pt dispersion were calculated. As listed in Table 1, the TOFPt values were 7.9 ×
10−3, 7.4 × 10−3, 6.2 × 10−3, 6.1 × 10−3, and 3.1 × 10−3 s−1 for PC-PT, PC-TP, PC-P, PC-T, and
PC-U, respectively. Compared to the samples without plasma modification (PC-T and PC-U), the
catalytic activities of the plasma-treated samples (PC-PT and PC-TP) and TOFPt values increased.
Since TOFPt was the turnover frequencies based on the Pt particles, and a positive correlation exists
between the TOFPt value and the catalytic activity, it was inferred that Pt particles were active sites. In
addition, Asgari et al. [18] reported that oxygen vacancies played a vital role in the catalytic oxidation
by controlling the consumption and supplementation of surface activated oxygen. TOFov values
were also calculated (Table 1) as follows: PC-PT (3.6 × 10−4 s−1), PC-TP (3.4 × 10−4 s−1), PC-P
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(2.8 × 10−4 s−1), PC-T (2.6 × 10−4 s−1), and PC-U (2.0 × 10−4 s−1). The similar trends between the
catalytic activities and TOFov values confirmed that oxygen vacancies were also crucial active sites
that determined the performances of the samples.

Table 1. Catalytic performances of various samples.

Sample
Catalytic activity Ea

(kJ mol−1)
TOFPt

1

(×10−3 s−1)
TOFOV

1

(×10−4 s−1)T50 (◦C) T100 (◦C)

CeO2 262 328 - - -
PC-U 214 279 116.8 3.1 2.0
PC-T 204 256 102.6 6.1 2.6
PC-P 183 247 89.2 6.2 2.8

PC-TP 178 236 83.1 7.4 3.4
PC-PT 167 205 74.5 7.9 3.6

1 The TOF values were calculated at 150 ◦C.

The specific surface areas (SBET) of the samples are shown in Table 2. The SBET of PC-PT was
increased by nearly 10 m2 g−1 as compared to that of PC-T, which indicated that catalysts’ morphologies
were modified by the plasma. This might be ascribed to the fact that plasma-excited species etched
the catalyst surface [19] and some of the CeO2 nanorods were cracked and became shorter, exposing
more of the catalysts’ surface area. The decrease of SBET was attributed to sintering of the catalysts at
high temperatures. However, the slight decreases of SBET from PC-P to PC-PT/PC-TP suggested that
plasma treatment was conducive to inhibiting the sintering of catalyst. The Pt loading amounts of the
samples ranged from 0.79–0.81 wt %, as shown in Table 2.

Table 2. Structural parameters of various samples.

Sample Pt loading (%) 1
Pt mean size(nm) Pt dispersion (%)

SBET (m2 g−1) 4 Crystalline size
(nm) 5

d1Pt
2 d2Pt

3 D1Pt
2 D2Pt

3

PC-U 0.81 2.8 3.2 40.2 35.2 90.02 7.0
PC-T 0.80 3.2 3.6 35.1 31.2 87.88 9.0
PC-P 0.80 2.3 2.6 48.9 45.0 99.31 6.8

PC-TP 0.80 2.5 2.8 45.0 40.2 95.55 8.0
PC-PT 0.79 2.4 2.7 46.9 41.7 96.94 7.3

1 Determined by ICP-OES. 2 Determined by TEM. 3 Determined by CO-chemisorption. 4 Determined by N2
isotherm. 5 Determined by XRD.

TEM images of the catalysts are presented in Figure 3. The images of the samples showed
the spacing of 0.32 nm for the (111) crystal planes of CeO2 and identical Pt lattices with a Pt (111)
interplanar distance of 0.23 nm. Samples were rod-shaped, as expected, but partial cracking occurred
on the CeO2 nanorods modified by plasma. Thus, the plasma treatment yielded shorter CeO2 nanorods.
The Pt particle sizes were determined from the images, and the results are listed in Table 1. For PC-P,
PC-TP, and PC-PT, the mean Pt particle sizes were 2.3 nm, 2.4 nm, and 2.5 nm, respectively, but the size
of PC-T was 3.2 nm. Compared to the Pt particle size of PC-T, PC-P showed a decreased Pt particle
size, and the particle sizes of PC-TP and PC-PT were also obviously smaller than that of PC-T. This was
attributed to the etching effect of the plasma: Pt particles that aggregated into clusters were split by
the plasma in the discharge area and dispersed uniformly on the catalyst surface. The Pt particle sizes
estimated by CO-chemisorption were as follows: PC-T (3.6 nm), PC-P (2.6 nm), PC-TP (2.8 nm), and
PC-PT (2.7 nm). These calculated sizes were larger than those determined from the TEM images, which
is consistent with previous reports [20,21]. The small differences between the Pt particle sizes obtained
by TEM and CO-chemisorption proved the accuracy of the TEM test. The corresponding platinum
particle dispersions are also listed in Table 2. The Pt dispersion for PC-PT was 46.9%, followed by
PC-TP (45.0%). Notably, the PC-PT and PC-TP samples had similar Pt dispersions, indicating that the
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different treatment sequences had little effect on the particle size. The variety of catalytic activities
between PC-PT and PC-TP should not only be attributed to Pt dispersion.
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The XRD patterns of the five samples are shown in Figure 4. The diffraction patterns of all the
samples exhibited face-centered cubic fluorite structures (JCPDS card No. 34-0394) [22]. The deficiency
of the diffraction peak of Pt metal (39.8◦) was due to the high dispersion or low loading of Pt. The
average crystallite size of each material was calculated from the Scherrer equation based on the full
width at half maximum (FWHM) of the CeO2 (111) plane, and the results are displayed in Table 2.
PC-P showed a decrease of the mean crystal size compared to that of PC-U, suggesting that the plasma
discharge had a shrinkage effect on the catalyst morphology. Some studies found that as the crystal
size decreased with a lower Ce–O symmetry, the number of surface oxygen sites/oxygen vacancies in
the CeO2 sample increased [23]. In addition, thermal treatment at high temperatures could induce
catalyst sintering [24], as is evidenced by the difference in the crystal sizes between PC-U and PC-T.
However, compared to the remarkable increase of the crystal size from PC-U to PC-T, the slight change
from PC-U to PC-PT suggested that the plasma might inhibit the catalyst sintering [25,26]. Moreover,
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Farmer et al. [27] suggested that sintering was strongly affected by the metal-support interactions.
Yang et al. [28] proved that plasma could enhance the interface reaction between the support and metal,
and stabilize the plasma-activated Pt catalyst in sintering tests. Therefore, the sintering inhibition of
PC-PT was likely due to Pt-Ce interface reactions, as Pt was inserted into CeO2, and made the crystal
structure more stable at high temperatures [15]. The crystal sizes of PC-TP (8.0 nm) and PC-PT (7.3
nm) indicated that different treatment sequences could result in changes of the catalyst structure, and
thus, the thermal stability varied.
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XPS analysis was employed to estimate the surface composition of the catalysts, and the results
are shown in Figure 5 and Table 3. Figure 5A shows the spectra of the Ce species, which were fit
with eight peaks, corresponding to the pairs of spin-orbit doublets. Ce 3d5/2 and Ce 3d3/2 spin–orbit
components were denoted as U and V, respectively. Based on previous reports, three pairs of peaks,
V (881.9 eV), U (899.3 eV); V” (888.5 eV), U” (905.9 eV); and V”’ (897.6 eV), U”’ (915.0 eV), were
ascribed to Ce4+ [29]. The peaks V’ (884.2 eV) and U’ (901.6 eV) were assigned to Ce3+. The data in
Table 3 shows that the Ce3+ ratios of the combined-treated sample PC-TP (27.07%) and PC-PT (30.30%)
were higher than that of the single-treated samples PC-T (22.35%). Since the relative contents of Ce3+

were regarded as an indicators of oxygen vacancies on the CeO2 surfaces, it was inferred that the
samples modified by combined treatments obtained a greater number of oxygen vacancies than those
modified by a single method. Moreover, when PC-U was compared with PC-P, the Ce3+ ratio increased
from 20.44% to 26.44%, and the Ce3+ ratio of PC-PT had a further increase to 30.30%. The increased
Ce3+ ratio indicated that the catalyst oxygen vacancies increased stepwise due to the plasma plus
thermal treatments.

The O1s spectra are shown in Figure 5B. The O1s spectra were deconvoluted into two peaks:
peaks in the 532.1–532.4 eV range were assigned to surface oxygen (Oads), and peaks in the 529.6–529.9
eV range were assigned to lattice oxygen (Olatt) [30]. The relative proportions of Oads could reflect the
concentration of surface oxygen species over the catalyst. As shown in Table 3, Oads ratio increased in
the following order: PC-U, 51.07%; PC-T, 53.69%; PC-P, 63.78%; PC-TP, 64.20%; PC-PT, 70.11%. The
relative ratios of Oads for plasma-treated samples ranged from 63.78% to 70.11% when the ratios of
PC-T and PC-U were less than 55%. Hence, the concentration of surface active oxygen was increased
through plasma treatment. Furthermore, the Oads proportion increased from 63.78% (PC-P) to 70.11%
(PC-PT) due to the combined treatment, which might explain the better catalytic activity of PC-PT
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than PC-P, because more surface-active oxygen species on the catalyst would enhance its catalytic
performance for toluene oxidation [31].

The Pt 4f spectra, comprising Pt 4f7/2 and Pt 4f5/2, are shown in Figure 5C. Pt was present mainly
in metallic states Pt0 and platinum oxide Ptδ+ (Pt2+, Pt4+). The peaks of the Pt0 species appeared at
70.6 and 73.9 eV, the peaks of Pt2+ appeared at 72.0 and 75.2 eV, and the peaks of Pt4+ appeared at 73.7
eV and 77.0 eV. The content of Pt0 in PC-T, PC-TP, and PC-PT were greater than 75%, while it was
only 62.5% in PC-P. It was confirmed that Pt species of the PC-P sample contained lower amounts
of Pt0. Hence, it was necessary to employ a combined modification method to activate the catalyst,
combining thermal treatment with H2 as a supplement to plasma reduction. The relative surface
platinum concentrations of the various catalysts might imply the inward diffusion of Pt [32]. The low
Pt/Ce ratios shown in Table 3 for PC-PT, PC-TP, and PC-P were attributed to the incorporation of
Pt into the CeO2 surface layer, which enhanced the interaction between Pt and CeO2. However, the
significantly lower ratio in PC-T was due to Pt incorporation into the CeO2 bulk lattice as a result of
catalyst sintering [33]. Therefore, when the Pt/Ce ratios of PC-PT and PC-TP were compared with
that of PC-T, it was indicated that the plasma in combined treatments likely inhibited sintering and
promoted metal-support interactions.
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Table 3. XPS data of various samples.

Sample Pt/Ce Pt0/(Pt0+Pt2++ Pt4+) % Ce3+/(Ce3++Ce4+) % Oads/(Oads+Olat) %

PC-U 0.0196 20.13 20.44 51.07
PC-T 0.0104 76.37 22.35 53.69
PC-P 0.0183 62.50 26.40 63.78

PC-TP 0.0165 75.26 27.07 64.20
PC-PT 0.0162 75.10 30.30 70.11

H2-TPR was employed to analyze the reducibilities of the samples with various treatments. As
shown in Figure 6, the profile of CeO2 only consisted of one wide peak, and the peak temperature
ranged from 250 ◦C to 500 ◦C, which was assigned to the reduction of oxygen species on the surface and
subsurface of CeO2. After the impregnation of Pt on CeO2, two reduction peaks appeared at around 100
and 400 ◦C. The first peak indicated the reduction of PtOx or ceria oxygen adjacent to Pt species, and
the second peak is assigned to ceria oxygen far from the Pt [34]. Compared to PC-U, the peak positions
of the samples with plasma treatment shifted to lower temperatures significantly, with the peak
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temperatures of PC-P, PC-TP, and PC-PT shifted from 138 ◦C (PC-U) to 103, 101, and 94 ◦C, respectively.
Higher temperature peaks of around 400 ◦C showed similar shifts. It was reported that Pt species
could spill over H2 to the neighboring Ce–O bond [35,36], which caused the reduction peaks of CeO2

to appear at lower temperatures. To further compare the low-temperature reducibilities, we calculated
the total H2 consumption of the samples, as summarized in Table 4. The H2 consumption below 200 ◦C
showed a sharp rise for PC-P, PC-TP, and PC-PT to 128, 135, and 182 µmol g−1, respectively, while the
values of H2 uptake for the PC-U and PC-T samples were around 50 µmol g−1. Note that the nominal
value of H2 consumed by loaded Pt species should be 28 µmol g−1. Thus, the excess H2 uptake of the
samples was ascribed to the spillover effect, causing the reduction of Ce4+ ions that were adjacent to
Pt species. Hence, the first peak should be not only assigned to the reaction of PtOx with H2 at low
temperatures but also the reduction of active oxygen species derived from ceria that interacted with
Pt [37]. Therefore, the increased H2 consumption of PC-PT compared to that of PC-T may indicate
that the Pt-Ce interaction was enhanced due to the plasma treatment. The differences of the reduction
temperature and H2 consumptions of PC-PT and PC-TP were attributed to their different reducibilities
caused by the various treatment sequences, and the combined treatment with a certain sequence could
facilitate the reduction of surface oxygen on the Pt/CeO2 catalyst.
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Figure 6. H2-TPR profiles of different Pt/CeO2 samples.

Table 4. H2-TPR, O2-TPD, Raman and OSC data of various samples.

Sample

H2-TPR O2-TPD Raman spectra OSC (µmol O g−1)

peak position
(◦C)

H2
consumption

(µmol H2 g−1)

peak position
(◦C)

desorption
amount

(µmol O g−1)
ID/IF2g OSCPt OSCsurface

CeO2 470 128 - - - - -

PC-U 138,461 46,94 119,262 39,104 1.55 32.8 40.1
PC-T 116,443 58,91 107,265 87,59 1.73 28.7 58.2
PC-P 103,429 128,52 106,249 124,69 2.49 40.1 99.3

PC-TP 101,432 135,48 106,258 125,72 2.52 36.9 102.9
PC-PT 94,414 182,44 104,254 161,81 2.82 38.4 125.1

To further investigate the redox properties of the samples, the O2-TPD profiles are shown in
Figure 7. There are three peaks in the traces of the samples. The peaks of PC-PT appeared at 104, 254,
and 436 ◦C. The peak temperatures of the other samples were higher compared to that of PC-PT, and
the lower peak position indicated that oxygen is more likely to migrate over the catalyst. In general,
the oxygen adsorbed by the catalyst underwent the following process: O2 (ad)→ O2

− (ad)→ O−
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(sur) → O2− (lat) [38]. The peaks were assigned as follows: the peak below 200 ◦C was related to
O2
− (ad), the peak in the 200–400 ◦C range was related to chemically adsorbed oxygen O− (sur), and

the peak above 400 ◦C was related to O2− (lat). The amounts of O2
− (ad) and O− (sur) are listed in

Table 4. As shown, the intensity of the O2
− (ad) peak showed significant variations among the samples.

The total O2
− (ad)/O− (sur) can be used as an index to compare the oxygen utilization ability of the

catalysts [39]. As calculated from Table 4, the O2
− (ad)/O− (sur) value of PC-PT was highest at 2.0 and

followed by PC-TP at 1.7, while the O2
− (ad) ratio of PC-T was 1.5, which indicated that the combined

treatment could enhance the catalysts’ oxygen utilization ability to various extents. It was consistent
with XPS results that PC-PT showed a higher Oads ratios than PC-TP. Moreover, oxygen vacancy was
regarded as oxygen adsorbed and desorbed center, which acted a bridge to adsorb active gaseous
oxygen [40]. Thus, the O2 adsorption of each sample could be related to various oxygen vacancies,
which might influence the catalytic performance.
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To study the role of oxygen vacancies for the catalysts and investigate the crystallinities of the
samples, UV-Raman was performed, and the results are shown in Figure 8. Three typical peaks
appeared in the Raman spectra at 457, 588, and 1174 cm−1. Generally, the first peak corresponded
to the F2g mode, due to the symmetrical stretching vibrations of Ce–O in fluorite CeO2 [41]. The
second peak was attributed to a defect-induced mode (D), which was related to oxygen vacancies
caused by Ce3+ defects. The third peak was distinguished as a second-order longitudinal optical (2LO)
mode [42]. To identify the samples’ relative oxygen vacancy concentrations, the ratios of the F2g and
defect-induced modes (ID/IF2g) were determined, and the values were in the following order: PC-U
(1.55) < PC-T (1.73) < PC-P (2.49) < PC-TP (2.52) < PC-PT (2.82). As shown in Table 4, the ID/IF2g

ratios of plasma-treated samples increased sharply, as compared to those of samples without plasma
modification. For example, the ID/IF2g ratio of PC-P was 2.49 but the ID/IF2g of PC-T was only 1.73.
The results was in accord with the Ce3+ ratio estimated from the XPS test. Since the ID/IF2g ratio could
also reflect the relative concentration of oxygen vacancies, it was therefore evident that plasma could
induce the formation of more oxygen vacancies.
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The OSC test was used to quantify the oxygen vacancies, the OSCsurface values were determined
and are summarized in Table 4. The calculated values were as follows: PC-U (40.1 µmol O g−1), PC-T
(58.2 µmol O g−1), PC-P (99.3 µmol O g−1), PC-TP (102.9 µmol O g−1), and PC-PT (125.1 µmol O g−1),
which agreed with the Raman data. Thus, thermal or plasma treatment could enhance the catalyst
oxygen vacancies, and a greater number of oxygen vacancies were present in the plasma-modified
samples, while the effect of sole thermal treatment was slight. PC-PT, which underwent thermal
treatment after plasma treatment, exhibited the greatest number of oxygen vacancy sites. This indicates
that the combined treatment of Pt/CeO2 was conducive to the formation of oxygen vacancies. However,
different results between PC-PT and PC-TP implied that various treatment sequences could also affect
the oxygen vacancies.

3. Discussion

From the results of XRD, XPS and H2-TPR, it was concluded that plasma played a vital role in
promoting the surface interaction. It was reported that promoted surface interaction could enhance
catalyst’s thermal stability and increase the number of oxygen vacancies over catalyst surface [26,33].
The effects of plasma on surface interaction were also clarified. The energetic species in discharge
stroke and etched the catalyst surfaces, scattered Pt particles from agglomerated Pt, and produced
small particles. Laura et al. [16] proposed that the plasma might generate electron-enriched Pt particles,
which could interact with the ceria support strongly. Highly dispersed Pt particles were conducive
to interactions with active supports. The plasma probably promoted the Pt atom to enter into CeO2

surface layer and enhanced the interaction between Pt and CeO2. Through the plasma-assisted
interaction, catalysts’ thermal stability enhanced, as the XRD and BET results proved.

Moreover, the plasma affected the generation of oxygen vacancies. Excited species with various
energy levels were likely to break their molecular bond. When excited species with high energies
approached the catalyst surface, they could transmit energy to the Ce–O asymmetrical bond through
collision dissociation [43]. Subsequently, the Ce–O bonds were broken, and Ce- defects formed when
the excited O* possibly escaped from the surface directly or reacted with H2 species. The inference
was proven by a significant increase in the oxygen vacancies amount of PC-P, as compared with that
of PC-U. In addition, the bombardment of excited species could promote the Pt-Ce interaction and
resulted in electronic enrichment of the catalyst surface. Electron-enriched Pt would interact with the
adjacent Ce–O bonds, causing the relaxation of Ce–O, which made it vulnerable to reaction with H2

and decreased the energy barrier for the formation of oxygen vacancies. Wang et al. [44] confirmed
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that the interaction between the metal and support affected the oxygen vacancy formation energy and
played a vital role in oxygen vacancy generation. Alayoglu et al. [45] also reported that the oxygen
species of CeO2 that had interacted with platinum were consumed by H2 and formed new oxygen
vacancies. Thus, when the subsequent H2/N2 thermal condition was added to plasma-excited catalyst,
the H2 species that were activated by the thermal condition would react with the Pt-interacted Ce–O
bonds and generate more Ce-defects. As a result, PC-PT contained more oxygen vacancies than PC-P
and PC-TP, which did not receive subsequent thermal treatment. The details are shown in Figure 9. It
was clear that the plasma could enhance the generation of oxygen vacancies and surface interaction
between precious metal and supports.
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According to Mars-van Krevelen reaction mechanism, toluene oxidation on Pt/CeO2 is followed
by the activation of adsorbed toluene and dissociative O2. Combining TEM, OSC test and activity
evaluation, it was found that PC-PT with small particle sizes could expose more Pt atoms and increase
the amount of toluene molecules adsorbed by the catalyst, and a large number of oxygen vacancies
over PC-PT could facilitate the dissociative O2 adsorption and activation. Hence, PC-PT showed the
best catalytic activity. Moreover, PC- PT and PC-TP underwent plasma and thermal treatment, but
their different treatment sequences caused their variety in characterization. From the TEM results,
PC-PT and PC-TP had similar Pt particle sizes, but the data from the OSC tests confirmed that they
contained different numbers of oxygen vacancies, which explains why the PC-PT exhibited a better
catalytic activity than PC-TP. Evidently, the treatment sequence of the combined treatment could
deeply affect toluene catalytic oxidation of Pt/CeO2 and the role of plasma in combined treatment
sequences determined catalysts’ performances.

4. Materials and Methods

4.1. Catalysts Preparation

The CeO2 nanorod supports were prepared as follows. First, 1.586 g of cerium acetate (5 mmol)
was dissolved in deionized water, after which 55 ml NaOH solution (7 mol L−1) was added. The
mixed translucent solution was stirred for 0.5 h at room temperature, and then transferred to a 100
ml autoclave for hydrothermal treatment for 5 h at 130 ◦C. After the hydrothermal treatment was
completed, the obtained precipitate was washed with deionized water and ethanol until the pH
reached 7 and dried at 100 ◦C for 5 h. Next, Pt/CeO2 was synthesized through an incipient-wetness
impregnation method as follows. The previously synthesized CeO2 was impregnated in a solution of
Pt(NO3)2 at a concentration to yield a final loading content of 0.8 wt %. The impregnated Pt/CeO2

catalysts were calcined at 300 ◦C for 3 h in dry air, and the obtained catalyst was denoted as PC-U.
PC-U that was subsequently plasma-treated for 3 h was denoted as PC-P. The PC-P and PC-U samples
that were thermally treated at 300 ◦C for 3 h in 20% H2/N2 (MESSER, Foshan, China) were respectively
denoted as PC-PT and PC-T. Finally, PC-T was then treated by plasma to obtain a sample denoted
as PC-TP.

All the chemicals were purchased from Aladdin, Shanghai, China.
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4.2. Experimental Setup

A schematic of the overall experimental setup is shown in Figure 10. The plasma treatment
occurred in a dielectric barrier discharge (DBD) reactor (CTP-2000K, Suman, Nanjin, China) due
to its facile operation requirements (room temperature and atmospheric pressure). A constant AC
(Alternating Current) power of 4.8 W (frequency of 1.77 kHz) was supplied to power the DBD reactor.
A stainless-steel high-voltage electrode (2 mm diameter) was set in the center of the quartz tube (6 mm
diameter) as the inner electrode, and copper foil was wrapped around the tube as the outer electrode.
The discharge gap between high-voltage electrode and quartz was maintained at 2 mm, and the length
of the discharge area was 50 mm. During the discharge, 0.5 g catalyst was introduced to the discharge
zone, and a reducing gas (20% H2/N2 with 100 ml min−1 flow rate) was used as the carrier gas in
the plasma reactor to intensify the electron collisions on the catalyst. The exhaust gas was monitored
by gas chromatography (GC-2014C, SHIMADZU, Kyoto, Japan) equipped with a flame ionization
detector (FID). The toluene concentration and flow rate were controlled at 200 ppm and 100 ml min−1,
respectively, by mass flow controllers (MFCs).
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Figure 10. Schematic diagram of the experimental setup. The discharge condition was set for 3h with
4.8 W of input power, 1.77 kHz AC frequency, catalyst amount was fixed at 0.5 g.

4.3. Catalysts Characterization

The amount of loaded Pt was measured by inductively coupled plasma/optical emission
spectroscopy (ICP-OES, Perkin-Elmer plasma 8000, Norwalk, CT, USA). XRD analysis of the catalysts
was performed using a Bruker D8-ADVANCE X-ray diffractometer (Bruker, Karlsruhe, Germany)
equipped with Cu Kα radiation (40 kV and 40 mA, scanning step = 0.02). Nitrogen adsorption and
desorption isotherms were tested on a Micromeritics ASAP 2020 system (Micromeritics, Atlanta, GA,
USA) to calculate the specific surfaces area (SBET).

XPS analyses of the catalysts were conducted using a Thermo ESCALAB250 (Waltham, MA,
USA). The binding energies were determined relative to that of adventitious carbon (C1s), whose
binding energy is 284.6 eV. UV-Raman spectra were measured using a LabRAM HR Evolution Laser
Raman Spectrometer (HYJ, France) with a 325 nm laser excitation source and a spectrometer with
2400 grooves mm−1.
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HRTEM images were obtained using a Tecnai G2 F20 S-TWIN (Hillsboro, OR, USA). The average
diameters of Pt particles (d1Pt) and their dispersion (D1Pt) were calculated based on the HRTEM
images of the catalyst using the following formulas:

d1Pt ≈
∑i nidi

∑i ni
, (1)

D1Pt =
600MPt

ρPtd1PtaPtNA
(2)

where ni represents the number of particles of diameter di (nm), MPt represents the molar mass of Pt
(195.08 g mol−1), ρPt denotes the density of Pt (21.45 g cm−3), aPt is the cross-sectional area of a Pt
atom (8.06 × 10−20 m2 atom−1), and NA is the Avogadro constant (6.019 × 1023 atom mol−1).

CO-chemisorption, H2-TPR, O2-TPD, and OSC tests were performed using a chemisorption
analyzer (Micromeritics Chemisorb 2920II, Mircomeritics, Norcross, GA, USA). For CO-chemisorption,
a 50 mg sample was deposited in a U-shaped quartz tube and exposed to Ar flow (30 ml min−1) at 300
◦C for 1 h. After the sample was cooled to ambient temperature, a 10% CO/Ar (30 ml min−1) stream
was periodically injected into the tube until the catalyst achieved adsorption saturation. For H2-TPR, a
50 mg sample was pretreated at 300 ◦C with 5% O2/He (30 ml min−1) mixed gas for 1 h, after which
it was cooled to 50 ◦C by Ar (30 ml min−1). Subsequently, the gas flow into the tube was changed to
10% H2/Ar (30 ml min−1) and the samples were heated to 700 ◦C. For O2-TPD, a 50 mg of sample
was pretreated in He flow (30 ml min−1) at 300 ◦C for 1 h. Subsequently, the sample was cooled to 60
◦C and allowed to adsorb 5% O2/He (30 ml min−1) mixed gas at 60 ◦C for 1 h, and then heated up
to 700◦C with He purging (30 ml min−1). For OSC, about a 50 mg sample was first pretreated by He
flow (30 ml min−1) for 1 h at 300 ◦C, after which it was cooled to ambient temperature, followed by
the periodic injection of 5% O2/He (30 ml min−1) until saturation was achieved.

The diameter (d2Pt) of a Pt particle and corresponding dispersion (D2Pt) based on the
CO-chemisorption were calculated as follows:

d2Pt ≈
60XPt
ρPtSPt

(3)

D2Pt =
10SPt MPt
XPtaPtNA

, (4)

where XPt denotes the Pt loading and SPt represents for Pt relative surface area obtained by the CO
chemisorption (m2 g−1). The stoichiometric ratio between the Pt atoms and CO was defined to be 1:1.

The number of surface oxygen vacancies (OSCsurface) was obtained from the following equations:

OSCPt = 2
D1PtXPt

MPt
, (5)

OSCsur f ace = OSCcatalyst −OSCPt , (6)

where OSCcatalyst represents the consumption of oxygen by catalyst, and it was calculated by the
OSC test; OSCPt represents the oxygen consumption for Pt alone, and MPt is the molar mass of Pt
(195.08 g mol−1). The stoichiometric ratio of Pt and oxygen atoms was defined to be 1:2.

4.4. Catalytic Evaluation

Before catalytic evaluation, the samples (100 mg, 40–60 mesh) diluted with 400 mg of silicon
(40–60 mesh) were packed in the bed of the quartz reaction tube (8 nm internal diameter and 50 cm
length). Subsequently, 200 ppm toluene carried by 100 ml min−1 of air (20% O2/N2) was sent into
the tube to evaluate the catalytic activity. The activation energies (Ea) were calculated at 125–145 ◦C,
at which the toluene conversion is less than 10%. T50 and T100 were regarded as indices of catalytic
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evaluation, which respectively denote the temperature of toluene conversions of 50% and 100%. The
conversion (η) of toluene by oxidation was calculated by the formula:

η =
Cin − Cout

Cin
× 100, (7)

where Cin denotes the inlet toluene concentration (ppm) and Cout denotes the outlet toluene
concentration (ppm).

The turnover frequencies (TOFs) were calculated using the following formulas:

TOFPt

(
S−1

)
= ηFtoluene

MPt
mcatXPtD1Pt

, (8)

TOFOV

(
S−1

)
= ηFtoluene

1
mcatOSCsur f ace

, (9)

where TOFPt and TOFov are the turnover frequencies based on the Pt particles and oxygen, respectively,
η is the toluene conversion at 150 ◦C, Ftoluene is the toluene velocity (mol s−1), and mCat is the mass of
the catalyst (g).

Activation energies (Ea) were based on the “mol-Pt-surface”, and the formula was as follows:

ln r∗ = − Ea
RT

+ ln A (10)

r∗ = r
MPt

DPtXPt
(11)

where r represents for reaction rate (mol s−1); Ea represents for activation energy (kJ mol−1); R is the
universal gas constant (kJ mol−1 K−1); T is the temperature of reaction (K).

5. Conclusions

Plasma-assisted treatments influenced the size of Pt particles, the number of surface oxygen
defects on CeO2, and the interface reaction between Pt and CeO2. Plasma modification improved
catalysts’ thermal stability and inhibited the sintering of the catalysts in high temperature, resulting
in greater exposure of active sites. Compared to catalysts without plasma treatment, the Pt particle
sizes of catalysts treated by plasma decreased and high dispersion was obtained. The greater number
of oxygen vacancies produced was ascribed to Pt-Ce interactions promoted by the combination
of plasma and thermal treatments. Catalysts modified by different treatment sequences contained
different concentrations of oxygen vacancies, which resulted in various activation energies for toluene
oxidation. Moreover, the PC-PT sample exhibited the best catalytic activity, with T50 = 167 ◦C and T100

= 205 ◦C. Therefore, plasma modification followed by thermal treatment has great potential for future
catalyst preparation.
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