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Abstract: Catalytic performance and moisture and sulfur dioxide resistance are important for a
catalyst used for the oxidation of volatile organic compounds (VOCs). Supported noble metals
are active for VOC oxidation, but they are easily deactivated by water and sulfur dioxide. Hence,
it is highly desired to develop a catalyst with high performance and good moisture and sulfur
dioxide resistance in the oxidation of VOCs. In this work, we first adopted the hydrothermal
method to synthesize a V2O5-TiO2 composite support, and then employed the polyvinyl alcohol
(PVA)-protecting NaBH4 reduction strategy to fabricate xPdPty/V2O5-TiO2 catalysts (x and y are the
PdPty loading (0.41, 0.46, and 0.49 wt%) and Pt/Pd molar ratio (2.10, 0.85, and 0.44), respectively;
the corresponding catalysts are denoted as 0.46PdPt2.10/V2O5-TiO2, 0.41PdPt0.85/V2O5-TiO2, and
0.49PdPt0.44/V2O5-TiO2). Among all the samples, 0.46PdPt2.10/V2O5-TiO2 exhibited the best catalytic
activity for toluene oxidation (T50% = 220 ◦C and T90% = 245 ◦C at a space velocity of 40,000 mL/(g h),
apparent activation energy (Ea) = 45 kJ/mol), specific reaction rate at 230 ◦C = 98.6 µmol/(gPt s), and
turnover frequency (TOFNoble metal) at 230 ◦C = 142.2 × 10−3 s−1. The good catalytic performance of
0.46PdPt2.10/V2O5-TiO2 was associated with its well-dispersed PdPt2.10 nanoparticles, high adsorbed
oxygen species concentration, good redox ability, large toluene adsorption capacity, and strong
interaction between PdPty and V2O5-TiO2. No significant changes in toluene conversion were
detected when 5.0 vol% H2O or 50 ppm SO2 was introduced to the reaction system. According to the
characterization results, we can realize that vanadium is the main site for SO2 adsorption while PdO
is the secondary site for SO2 adsorption, which protects the active Pt site from being poisoned by
SO2, thus making the 0.46PdPt2.10/V2O5TiO2 catalyst show good sulfur dioxide resistance.

Keywords: palladium–platinum bimetallic nanoparticle; vanadia–titania composite support;
supported noble metal catalyst; toluene oxidation; moisture resistance; sulfur dioxide resistance

1. Introduction

Volatile organic compounds (VOCs) are important precursors of PM2.5 and ozone that
lead to atmospheric environmental problems, such as haze and photochemical smog. In the
emitted VOCs, however, there are some toxic gases such as SO2 [1]. Hence, many countries
have enacted strict laws to control VOC emissions [2,3]. Among all of the methods to
eliminate VOCs, catalytic oxidation is considered to be an effective pathway owing to its
high removal efficiency, energy saving, and no secondary pollution [4,5]. The key issue of
such a technology is the development of an efficient and stable catalyst.

It was reported that the supported noble metal catalysts were conducive to the adsorp-
tion and activation of VOCs and oxygen, thus exhibiting high low-temperature activities
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for VOC oxidation [6]. Among the noble metal catalysts, the supported Pt nanoparti-
cles (NPs) performed well in the oxidation of toluene [7]. For example, previous studies
demonstrated that Pt/CeO2, Pt/TiO2, and Pd-Pt/SiO2 showed good catalytic activities
for toluene oxidation [7–9]. However, SO2 is often adsorbed on the noble metal active site,
which deactivates the catalyst. For instance, SO2 could adsorb at the active site of PdO
to form the PdO-SOx species, hence affecting the catalytic activity [10,11]. To solve this
problem, two main strategies are developed to improve the SO2 resistance of a catalyst.
One is to dope another metal to modulate the outermost electron number of the active
component so that the active component becomes less susceptible to SO2 or SO3 adsorption;
the other is to add an auxiliary agent that competes with the active component for SO2
or SO3 adsorption [12–16]. Due to the interaction between support and active site, sulfur
resistance of a catalyst can be improved after suitable treatment of the support. It was
reported that metal oxides might bind sulfur dioxide to form sulfides more easily than
precious metals [17]. Hoyos et al. [18] observed that the deactivation rate of PdO loaded on
Al2O3 was much lower than that of PdO loaded on SiO2, since Al2O3 was more likely to
form sulfate. In general, the commonly used acidic oxide supports include TiO2, Al2O3, and
V2O5, and etc. Over V2O5, sulfur dioxide can be readily oxidized into sulfur trioxide [19].
TiO2 is widely used for photocatalytic reactions due to its weak alkalinity, non-toxicity, and
suitable band-gap structure. For example, Bahnemann and coworkers [20–22] prepared
Rh NPs photodeposited on TiO2 and found that the UV-active TiO2 was a suitable sup-
port for the visible-light-driven photocatalytic selective dehydrogenation of N-heterocyclic
amines. They also used the surface-grafted and commercially available UV-100 (TiO2)
photocatalyst to photocatalyze the selective aerobic dehydrogenation of N-heterocycles
under the visible-light illumination and proposed that the basic reactant was adsorbed
at the Lewis acid sites on the TiO2 surface, thus improving the selectivity and yield to
over 90% [21], respectively. The same group synthesized a nanocomposite (WO3/TiO2) of
WO3 and TiO2 with its surface modified by Fe(III) nanoclusters to efficiently utilize visible
light for the degradation of indoor air pollutants, and they found that the Fe(III)-grafted
WO3/TiO2 nanocomposite exhibited extremely high photocatalytic activity and stability
as compared with the un-grafted WO3/TiO2 composite, which was due to the fact that
the surface-grafted Fe(III) ions can suppress the recombination of e−/h+ pairs [22]. It
is expected that surface area, acidity, and SO2 resistance of a support can be modified
by making it into a binary metal oxide composite. For example, the composite oxides
(e.g., TiO2-Al2O3, CeO2-ZrO2, and TiO2-ZrO2) possessed higher surface areas, better re-
ducibility, oxygen storage capacities, and enhanced sulfur dioxide resistance as compared
with their single-component counterparts [23–26].

We envision that the support is used as the main adsorption site of SO2, and noble
metal(s) are loaded to improve catalytic activity and sulfur dioxide resistance of a catalyst.
In the catalytic combustion of toluene in the presence of sulfur dioxide, SO2 tends to
be adsorbed on the active noble metal site, which deactivates the catalyst. Due to the
interaction between the support and the active noble metal site, the sulfur dioxide resistance
of a catalyst can be improved after suitable modification on the support and alloying of the
noble metals. Therefore, we prepared the V2O5-TiO2 composite support and its supported
PdPty NPs, in which V2O5 would act as the main adsorption site of SO2, thus protecting
the catalyst from being poisoned by SO2. Hence, it is expected that the xPdPty/V2O5-TiO2
(x and y are the PdPty loading and Pt/Pd molar ratio, respectively) catalysts would exhibit
excellent activity and good sulfur dioxide resistance. The purpose of this study was to
design and prepare high-performance xPdPty/V2O5-TiO2 catalysts with good moisture
and sulfur dioxide resistance for the oxidation of toluene. The physical and chemical
properties of these samples were measured using numerous techniques, and their catalytic
performance was evaluated for toluene oxidation in the presence or absence of water,
carbon dioxide, or sulfur dioxide. It was found that the well-dispersed PdPt2.10 NPs,
high adsorbed oxygen species concentration, good redox ability, large toluene adsorption
capacity, and strong interaction between PdPty and V2O5-TiO2 were responsible for the
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good catalytic performance of 0.46PdPt2.10/V2O5-TiO2. Vanadium was the main site
whereas PdO was the secondary site for SO2 adsorption, which protected the active Pt site
from being poisoned by SO2, hence making the 0.46PdPt2.10/V2O5-TiO2 catalyst exhibit
good sulfur dioxide resistance.

2. Results and Discussion
2.1. Crystal Structure and Textural Property

The XRD technique was employed to measure the crystal phases and crystallinity of
the samples. By referring to XRD patterns of the standard V2O5 (JCPDS PDF# 41-1426)
and TiO2 (JCPDS PDF# 21-1272) samples, we can realize that the diffraction peaks centered
at 2θ = 15.4◦, 20.4◦, 21.7◦, 26.2◦, 31.0◦, 34.3◦, 41.2◦, 48.2◦, 51.2◦, 54.1◦, 55.2◦, and 63.1◦

are assignable to the crystal phase of orthorhombic V2O5 (Figure 1a). Compared with
the diffraction peaks of the V2O5 phase, the diffraction peaks of V2O5-TiO2 decreased in
intensity, which might be due to the formation of a solid solution structure in V2O5 and
TiO2. In addition, some diffraction peaks centered at 2θ = 25.3 ◦ and 37.8 ◦ were ascribable
to the anatase TiO2 phase (Figure 1b). The main peak indexes of the V2O5 and TiO2 phases
are shown in Figure 1f and g, respectively. After loading of Pt, Pd, or PdPty NPs, there
were orthorhombic V2O5 and anatase TiO2 phases in the V2O5-TiO2-supported noble metal
samples, but the intensity of the diffraction peaks was significantly increased due to the
rise in calcination temperature from 350 to 550 ◦C (Figure 1c–g). No significant noble metal
phases were detected in XRD patterns of the supported samples, which means that the Pt,
Pd, or PdPty NPs are uniformly dispersed on the surface of V2O5-TiO2.

Figure 1. XRD patterns of (a) V2O5, (b) V2O5-TiO2, (c) 0.47Pt/V2O5-TiO2, (d) 0.39Pd/V2O5-TiO2,
(e) 0.46PdPt2.10/V2O5-TiO2, (f) 0.41PdPt0.85/V2O5-TiO2, and (g) 0.49PdPt0.44/V2O5-TiO2.

Figure 2 shows TEM and HAADF-STEM images and elemental mappings of the
samples as well as EDX line scan analysis of the 0.46PdPt2.10/V2O5-TiO2 sample. The
HADDF-STEM images and EDX elemental mappings of the as-obtained samples showed
that the Pt, Pd, and PdPty NPs were highly dispersed on the surface of V2O5-TiO2. We also
obtained line scanning data of the 0.46PdPt2.10/V2O5-TiO2 sample, which showed that a
bimetallic metal catalyst was successfully prepared. The SEM images of V2O5-TiO2 are
shown in Figure S1 (Supplementary Materials); the BET surface area, actual noble metal
loadings, and Pt/Pd molar ratios of the samples are provided in Table 1; and the nitrogen
adsorption–desorption isotherms and pore-size distributions of the samples are provided
in Table 1 and Figure S2, respectively. It can be observed that surface areas (25.6–28.8 m2/g)
of the supported noble metal samples were slightly decreased, as compared with that
(33.0 m2/g) of V2O5-TiO2.
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Figure 2. (a–f) TEM and (g,n) HAADF-STEM images, (h–l) elemental mappings, and (o) line-scan
elemental analysis of (a) V2O5-TiO2, (b) 0.46PdPt2.10/V2O5-TiO2, (c) 0.41PdPt0.85/V2O5-
TiO2, (d) 0.49PdPt0.44/V2O5-TiO2, (e) 0.47Pt/V2O5-TiO2, (f) 0.39Pd/V2O5-TiO2, and
(g–o) 0.46PdPt2.10/V2O5-TiO2.



Catalysts 2022, 12, 1302 5 of 21

Table 1. BET surface areas, pore volumes, pore diameters, actual noble metal contents, and actual
Pt/Pd molar ratios of the as-prepared samples.

Sample
BET Surface
Area a (m2/g)

Pore Volume
a (cm3/g)

Pore Diameter
a (nm)

Actual Noble Metal
Content b (wt%) Pt/Pd Molar Ratio

(mol/mol)Pt Pd

V2O5-TiO2 33.0 0.206 3.41 - - -
0.47Pt/V2O5-TiO2 28.8 0.182 3.37 0.47 - -
0.39Pd/V2O5-TiO2 27.9 0.195 3.40 - 0.39 -

0.46PdPt2.10/
V2O5-TiO2

27.0 0.213 3.39 0.36 0.10 2.10

0.41PdPt0.85/
V2O5-TiO2

26.1 0.210 3.40 0.25 0.16 0.85

0.49PdPt0.44/
V2O5-TiO2

25.6 0.210 3.40 0.22 0.27 0.44

a Data were determined by the BET method; b data were determined by the ICP−AES technique.

2.2. Catalytic Performance

By using a gas chromatograph (GC-2014C, Shimadzu) with a FID, we detected the
products of toluene oxidation over the 0.46PdPt2.10/V2O5-TiO2 sample at different tem-
peratures and SV = 40,000 mL/(g h), and their gas chromatogram curves are shown in
Figure S3. Obviously, there was only one signal that was assignable to toluene, and no
other products were detected. In other words, no by-products (in addition to CO2 and
H2O) were detected in the oxidation of toluene; i.e., CO2 and H2O selectivities were almost
100%. It should be noted that the intermediates with very low concentrations produced
during the toluene oxidation could be detected using the in situ DRIFTS technique, which
is more sensitive than the GC technique in detecting very low amounts of organics.

Catalytic toluene oxidation activities and Arrhenius plots of the samples are shown
in Figure 3. Obviously, toluene conversion over each sample increased with the rise in
temperature. The catalytic performance of V2O5-TiO2 after loading of Pt, Pd, or PdPty NPs
was remarkably enhanced, as compared with that of the V2O5-TiO2 support. Especially, the
supported PdPty bimetallic samples showed excellent catalytic activities. For the sake of
convenient comparison, T50% and T90% (the reaction temperatures required when toluene
conversion reaches 50% and 90%, respectively) are used to evaluate the catalytic activity.
As can be seen from Figure 3A, 0.46PdPt2.10/V2O5-TiO2 performed the best (T50% = 220 ◦C
and T90% = 245 ◦C at SV = 40,000 mL/(g h)).

In order to evaluate the catalyst activity more accurately, the TOFNoble metal and specific
reaction rate of each catalyst at 230 ◦C were calculated, and the results are listed in Table 2. The
TOFNoble metal increased in the order of 0.39Pd/V2O5-TiO2 (12.0 × 10−3 s−1) < 0.47Pt/V2O5-
TiO2 (17.4× 10−3 s−1) < 0.49PdPt0.44/V2O5-TiO2 (20.9× 10−3 s−1) < 0.41PdPt0.85/V2O5-TiO2
(56.8 × 10−3 s−1) < 0.46PdPt2.10/V2O5-TiO2 (142.2 × 10−3 s−1), same as the sequence in
TOFPd or TOFPt of these samples. The specific reaction rate increased in the following
sequence: 0.47Pt/V2O5-TiO2 (34.8 µmol/(gPt s)) < 0.49PdPt0.44/V2O5-TiO2 (84.8 µmol/(gPt s))
< 0.41PdPt0.85/V2O5-TiO2 (85.6 µmol/(gPt s)) < 0.46PdPt2.10/V2O5-TiO2 (98.6 µmol/(gPt s)). It
can be clearly seen that the sequence in specific reaction rate is basically consistent with that in
catalytic activity of the samples. As shown in Table 2, the TOFNoble metal at 230 ◦C (17.4× 10−3

s−1) over 0.47Pt/V2O5-TiO2 was higher than that (12.0 × 10−3 s−1) over 0.39Pd/V2O5-TiO2;
i.e., the former outperformed the latter. Therefore, the sample with a higher Pt content showed
a better catalytic activity than the one with a lower Pt content. That is to say, a decrease in
Pt/Pd molar ratio in the sample led to a drop in catalytic activity.
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Figure 3. (A) Toluene conversion as a function of temperature and (B) ln k versus inverse
temperature for (a) 0.46PdPt2.10/V2O5-TiO2, (b) 0.41PdPt0.85/V2O5-TiO2, (c) 0.49PdPt0.44/V2O5-
TiO2, (d) 0.47Pt/V2O5-TiO2, (e) 0.39Pd/V2O5-TiO2, and (f) V2O5-TiO2 for toluene oxidation at
SV = 40,000 mL/(g h).

Table 2. Catalytic activities; specific reaction rates at 230 ◦C; TOFPd, TOFPt, and TOFNoble metal at
230 ◦C; metal dispersion; and apparent activation energies (Ea) of the samples for toluene oxidation
at SV = 40,000 mL/(g h).

Sample
Catalytic Activity Toluene Oxidation Activity at 230 ◦C

Metal
Dispersion (%) Ea (kJ/mol)T50%

(◦C)
T90%
(◦C)

Specific Reaction Rate
(µmol/(gPt s))

TOFPd
(× 10−3 s−1)

TOFPt
(× 10−3 s−1)

TOFNoble metal
(× 10−3 s−1)

V2O5-TiO2 295 330 - - - - - 68
0.39Pd/

V2O5-TiO2
260 290 - 12.0 - 12.0 40 61

0.47Pt/
V2O5-TiO2

228 252 34.8 - 17.4 17.4 39 59

0.49PdPt0.44/
V2O5-TiO2

230 260 84.8 21.1 47.2 20.9 35 54

0.41PdPt0.85/
V2O5-TiO2

225 247 85.6 56.9 66.1 56.9 25 51

0.46PdPt2.10/
V2O5-TiO2

220 245 98.6 134.9 68.7 142.2 28 45

The catalytic activities for toluene oxidation of 0.46PdPt2.10/V2O5-TiO2 prepared in
the present work and various catalysts reported in the literature are compared in Table S1.
According to the data in Table S1, the TOFNoble metal of 0.46PdPt2.10/V2O5-TiO2 at 230 ◦C
was 142.2 × 10−3 s−1, which was much higher than that (113.6 × 10−3 s−1) of 0.5 wt%
Pd/mesoporous ZrO2 [27], that (125.2 × 10−3 s−1) of 0.5 wt% Pt-WO3/Ce0.65Zr0.35O2 [28],
and that (131.1 × 10−3 s−1) of 1.71 wt% Pd/InOx@CoOx [29], but slightly lower than that
(159.6 × 10−3 s−1) of 1.0 wt% Pd/ZSM-5 [30] and that (146.8 × 10−3 s−1) of
1.0 wt% Pd/Co3AlO [31].

Xie et al. [32] studied the toluene oxidation kinetics over the AuPd/3DOM Mn2O3
catalyst and found that toluene oxidation followed a mechanism of first-order reaction
toward toluene concentration (c) and a zero-order reaction toward oxygen concentration:
r = –kc = –Aexp(–Ea/(RT))c, where r, A, k, and Ea are the reaction rate (mol/s), pre-
exponential factor, rate constant (s–1), and apparent activation energy (kJ/mol), respectively.
Illustrated in Figure 3B are the Arrhenius plots for toluene oxidation over the samples at
an SV of 40,000 mL/(g h), and the calculated Ea values are listed in Table 2. The Ea value
increased in the order of 0.46PdPt2.10/V2O5-TiO2 (45 kJ/mol) < 0.41PdPt0.85/V2O5-TiO2
(51 kJ/mol) < 0.49PdPt0.44/V2O5-TiO2 (54 kJ/mol) < 0.47Pt/V2O5-TiO2 (59 kJ/mol) < 0.39Pd/
V2O5-TiO2 (61 kJ/mol) < V2O5-TiO2 (68 kJ/mol), with the 0.46PdPt2.10V2O5-TiO2 sample
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exhibiting the lowest Ea value (45 kJ/mol), which was in good consistency with their
activity changing trend.

2.3. Catalytic Stability and H2O, CO2, and SO2 Resistance

There have been many reports on the effect of water vapor on catalytic activity [33]. For
example, Zhang et al. [34] explored the effect of water on the methane oxidation activity of
0.44PtPd2.20/ZrO2 and observed that the catalytic activity decreased owing to the introduc-
tion of water. In addition to the thermal stability, we also examined the effect of water vapor
on the catalytic performance of 0.46PdPt2.10/V2O5-TiO2 at SV = 40,000 mL/(g h), as shown
in Figure 4A. Apparently, no significant changes in activity took place after 5.0 vol% water
vapor was added to the reaction system. This demonstrates that the 0.46PdPt2.10/V2O5-
TiO2 sample possesses good water resistance. That is to say, toluene was more strongly
adsorbed on the catalyst surface than water vapor, resulting in the catalytic activity not
being affected significantly.

CO2 is one of the products in toluene oxidation, and it can also influence the stability
of a catalyst. For instance, Fu et al. [35] introduced 5.0 vol% CO2 to the toluene com-
bustion system over the 0.37Pt-0.16MnOx/meso-CeO2 catalyst and observed that toluene
conversion decreased slightly and such a partial deactivation was reversible. To explore
the effect of CO2 on catalytic activity, we introduced 5.0 vol% CO2 to pass through the
0.46PdPt2.10/V2O5-TiO2 sample at 245 ◦C and SV = 40,000 mL/(g h) and measured the
resulting activities, as shown in Figure 4B. Obviously, the catalytic activity of toluene
oxidation over 0.46PdPt2.10/V2O5-TiO2 was not decreased significantly, which might be
due to the fact that the alkalinity of the TiO2 support is weaker [36], and the adsorption of
CO2 on TiO2 and/or PdPt2.10 NPs is also weaker. That is to say, the 0.46PdPt2.10/V2O5-TiO2
sample exhibited good CO2 resistance.

In some cases, there is the presence of a small amount of SO2 in VOCs, which can
poison the catalysts, thus resulting in an irreversible deactivation of the catalysts. After
having monitored the changes in the activity of Pt/3DOM Mn2O3 for toluene combustion
after introducing 40 ppm sulfur dioxide to the reaction system, Pei et al. [37] found that
toluene conversion decreased significantly, which was due to the formation of the sulfate
species that occupied the active sites. In other words, SO2 addition induced an irreversible
deactivation of the catalyst. One of the main aims of the present work is to prepare a support
with good SO2 resistance so that the sulfur resistance of the catalyst could be improved
by competition for the adsorption of SO2 with the active noble metal sites. As shown in
Figure 4C–E, toluene oxidation experiments were conducted over V2O5-TiO2, 0.47Pt/V2O5-
TiO2, and 0.46PdPt2.10/V2O5-TiO2 in the presence of 50 ppm SO2 at SV = 40,000 mL/(g h).
Obviously, toluene conversions first dropped slightly and then increased slightly over the
V2O5-TiO2 support after the introduction of 50 ppm SO2. After 50 ppm SO2 was introduced,
toluene conversion over 0.47Pt/V2O5-TiO2 decreased rapidly, which was associated with
the fact that SO2 is adsorbed at the active Pt site, thus resulting in a decrease in active
site amount for the adsorption of toluene and/or O2. That is to say, SO2 competed for
the adsorption with reactants (toluene and oxygen). After about 4 h of reaction, the
competitive adsorption of SO2 and reactants at the active Pt site reached equilibrium,
and toluene conversion decreased to 45%. When 50 ppm SO2 was removed from the
reaction system, toluene conversion was recovered to 90%. Over the 0.46PdPt2.10/V2O5-
TiO2 sample, however, a toluene conversion of 90% was still maintained after 50 ppm SO2
was introduced, and the activity was restored to its initial conversion level when SO2 was
cut off. This result indicates that the support plays an important role in the sulfur resistance
of a catalyst. The catalytic activity of 0.46PdPt2.10/V2O5-TiO2 decreased slightly within 8 h
of on-stream toluene oxidation at 245 ◦C after the addition of 50 ppm SO2 and could return
to its initial activity level after SO2 provision was cut off. Therefore, we conclude that the
use of the acidic V2O5-TiO2 support as the main site of sulfur dioxide species adsorption
can effectively improve the sulfur dioxide resistance of 0.46PdPt2.10/V2O5-TiO2.
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Figure 4. Cont.
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Figure 4. Effects of (A) 5.0 vol% H2O and (B) 5.0 vol% CO2 on catalytic activity of 0.46PdPt2.10/V2O5-
TiO2; effect of 50 ppm SO2 on catalytic activity of (C) V2O5-TiO2, (D) 0.47Pt/V2O5-TiO2, and
(E) 0.46PdPt2.10/V2O5-TiO2; and catalytic activity versus on-stream reaction time in the (F) ab-
sence or (G) presence of 50 ppm SO2 over 0.46PdPt2.10/V2O5-TiO2 for toluene oxidation at an SV of
40,000 mL/(g h).

We also investigated the thermal stability and sulfur dioxide resistance of the 0.46PdPt2.10/
V2O5-TiO2 sample, and the results are shown in Figure 4F,G. Obviously, no significant
drops in toluene conversion were observed within 25 h of on-stream reaction at 245 ◦C over
0.46PdPt2.10/V2O5-TiO2, indicating that the 0.46PdPt2.10/V2O5-TiO2 sample was stable
under the dry and wet conditions. The TGA technique was used to analyze weight losses
of the 0.46PdPt2.10/V2O5-TiO2 and 0.47Pt/V2O5-TiO2 samples before and after 25 h of
toluene oxidation in the presence of 50 ppm SO2 at SV = 40,000 mL/(g h), and their TGA
curves are shown in Figure S4. It can be seen that there was a gradual weight loss of ca.
0.7 wt% in the range of RT-600 ◦C for the fresh and used 0.46PdPt2.10/V2O5-TiO2 samples,
which was due to the removal of the adsorbed reactants and CO2 and H2O; no weight
loss due to the removal of the strongly adsorbed SO2 on the sample surface was detected,
demonstrating that the 0.46PdPt2.10/V2O5-TiO2 sample possessed a good resistance to SO2.
For the 0.47Pt/V2O5-TiO2 sample after the sulfur dioxide treatment, however, a weight
loss of ca. 0.7 wt% was observed in the range of 300–470 ◦C, which was owing to the
decomposition of the strongly adsorbed SO2 or the formed sulfite species, indicating that
the 0.47Pt/V2O5-TiO2 sample tended to be poisoned by SO2.

To gain information on the physicochemical property change of the 0.46PdPt2.10/V2O5-
TiO2 sample before and after 25 h of toluene oxidation in the presence of 50 ppm SO2 at
an SV of 40,000 mL/(g h), we measured the sample’s XRD patterns, as shown in Figure
S5. It can be seen that the crystal phase structure of the 0.46PdPt2.10/V2O5-TiO2 sample
was not altered before and after 25 h of toluene oxidation in the presence of 50 ppm
SO2, which was in consistency with its stable catalytic performance. That is to say, the
0.46PdPt2.10/V2O5-TiO2 sample was durable under the adopted reaction conditions.

2.4. Surface Property

V 2p, Ti 2p, O 1s, S 2p, and Pt 4f XPS spectra of the fresh and SO2-treated 0.47Pt/V2O5-
TiO2 and 0.46PdPt2.10/V2O5-TiO2 samples are shown in Figure 5, and their surface ele-
mental compositions are listed in Table 3. The V 2p XPS spectrum of each sample was
deconvoluted into three components at binding energy (BE) = 517.2, 515.9, and 515.4 eV
(Figure 5A), which belonged to the surface V5+, V4+, and V3+ species [38–40], respectively.
After SO2 treatment, the V5+/Vγ+ molar ratio decreased on 0.46PdPt2.10/V2O5-TiO2 and
0.47Pt/V2O5-TiO2; i.e., there were greater amounts of V3+ and V4+ species on both SO2-
treated samples. As shown in Table 3, the S6+/S4+ molar ratio (1.95) on the SO2-treated
0.46PdPt2.10/V2O5-TiO2 sample was much higher than that (1.06) on the SO2-treated
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0.47Pt/V2O5-TiO2 sample, indicating that there was a greater amount of sulfate species on
the former than on the latter. The results suggest that electrons can be transferred from V to
S (i.e., V5+ + S4+ ⇔ Vγ+ + S6+), indicating that after SO2 treatment, vanadium could adsorb
SO2 to form vanadium sulfite and/or sulfate, thus protecting the active noble metal site
to a certain extent. The Ti 2p XPS spectrum of each sample was divided into two compo-
nents at BE = 458.4 and 464.1 eV (Figure 5B), which were assignable to the characteristic
signal of the Ti4+ species [41]. Each of the O 1s XPS spectra could be decomposed into
three components at BE = 529.7, 531.3, and 533.0 eV (Figure 5C), ascribable to the surface
lattice oxygen (Olatt), adsorbed oxygen (Oads), and adsorbed molecular water or carbonate
species [42–44], respectively. As shown in Figure 5D, the two components at BE = 168.5
and 169.7 eV were attributable to the surface S6+ and S4+ species [45], respectively. After
making the quantitative analysis, we can see that the 0.47Pt/V2O5-TiO2 sample after SO2
treatment shows a greater amount of sulfite and a lesser amount of sulfate, whereas the
amounts of sulfite and sulfate on the 0.46PdPt2.10/V2O5-TiO2 sample after SO2 treatment
are just the opposite.

Figure 5. (A) V 2p, (B) Ti 2p, (C) O 1s, (D) S 2p, (E) Pt 4f, and (F) Pd 3d XPS spectra of (a) fresh
0.46PdPt2.10/V2O5-TiO2, (b) 0.46PdPt2.10/V2O5-TiO2 after SO2 treatment, (c) fresh 0.47Pt/V2O5-TiO2,
and (d) 0.47Pt/V2O5-TiO2 after SO2 treatment.
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Table 3. Surface element compositions and H2 consumption of the fresh and SO2-treated samples.

Sample
Surface Element Composition a (mol/mol) H2 Consumption at

150–400 ◦C c

(mmol/gcat)
Pd0/Pd2+

Molar Ratio
Pt2+/Pt4+

Molar Ratio
Oads/Olatt

Molar Ratio
V5+/Vγ+

Molar Ratio b
S6+/S4+

Molar Ratio

0.39Pd/
V2O5-TiO2

0.80 - 0.10 4.21 - 1.20

0.47Pt/
V2O5-TiO2

- 0.30 0.22 6.66 0.00 1.08

0.49PdPt0.44/
V2O5-TiO2

0.72 0.37 0.23 4.00 - 1.43

0.41PdPt0.85/
V2O5-TiO2

0.65 0.35 0.27 5.00 - 1.70

0.46PdPt2.10/
V2O5-TiO2

0.25 0.23 0.46 8.33 0.00 1.90

0.47Pt/
V2O5-TiO2

(used)
- 0.38 0.15 5.00 1.06 0.52

0.46PdPt2.10/
V2O5-TiO2

(used)
0.43 0.24 0.44 5.26 1.95 1.80

a Data were obtained by quantitatively analyzing the peaks in XPS spectra of the samples; b Vγ+ = V3+ + V4+;
c data were estimated by quantitatively analyzing the reduction peaks in the H2-TPR profiles.

After curve fitting the Pt 4f spectrum of each sample, we can see three components at
BE = 74.9, 75.8, and 78.2 eV (Figure 5E), among which the one at BE = 75.8 eV was ascribed
to the surface oxidized Pt (Pt2+) species, while the ones at BE = 74.9 and 78.2 eV were
classified as the surface oxidized Pt (Pt4+) species [46–49]. According to the quantitatively
analyzed data listed in Table 3, we can see that the Oads/Olatt molar ratio on the SO2-
treated 0.46PdPt2.10/V2O5-TiO2 sample decreased only slightly, and the Pt2+/Pt4+ molar
ratio increased slightly but the Pd0/Pd2+ molar ratio increased remarkably from 0.25 to
0.43; however, the Oads/Olatt molar ratio on the SO2-treated 0.47Pt/V2O5-TiO2 sample
decreased considerably, and the Pt2+/Pt4+ molar ratio increased markedly. The change
in Oads/Olatt, Pd0/Pd2+, or Pt2+/Pt4+ molar ratio on the samples after SO2 treatment
might be associated with the adsorbed SO2 species. Similarly, the Pd 3d spectrum of
each Pd-containing sample was divided into four components: the two components at
BE = 334.9 and 340.4 eV (Figure 5F) were assigned to the surface metallic Pd (Pd0) species,
whereas the other two components at BE = 337.5 and 342.7 eV were attributed to the surface
oxidized Pd (Pd2+) species [50,51]. The Pd0/Pd2+ molar ratio increased because the sulfur
dioxide could react with the surface lattice oxygen of PdO to form sulfur trioxide, which
further consumed the lattice oxygen on the PdO surface [52]. In other words, the reaction of
SO2 with the Olatt on the PdO surface could promote the local reduction of PdO, resulting
in an increase in the amount of the Pd0 species on the sample surface.

The V 2p, Ti 2p, Pt 4f, Pd 3d, and O 1s XPS spectra of the 0.39Pd/V2O5-TiO2,
0.49PdPt0.44/V2O5-TiO2, and 0.41PdPt0.85/V2O5-TiO2 samples are shown in Figure S6,
and their surface elemental compositions are listed in Table 3. We notice that the Oads/Olatt
molar ratios on the PdPty-loaded samples were higher than that on the Pd- or Pt-loaded
sample, with the 0.46PdPt2.10/V2O5-TiO2 sample exhibiting the highest Oads/Olatt molar
ratio (Table 3). That is to say, the 0.46PdPt2.10/V2O5-TiO2 sample possessed the strongest
oxygen activation ability. In a sulfur-containing atmosphere, vanadium can compete with
precious metals to adsorb SO2 and protect the active Pt site from being poisoned by SO2.
It is hence understandable that the 0.46PdPt2.10/V2O5-TiO2 sample showed the highest
activity in catalyzing the oxidation of toluene.



Catalysts 2022, 12, 1302 12 of 21

2.5. Reducibility and Oxygen Mobility

It is well known that the activity of a catalyst is associated with its low-temperature
reducibility. Shown in Figure 6A are H2-TPR profiles of the V2O5-TiO2, 0.39Pd/V2O5-TiO2,
0.47Pt/V2O5-TiO2, 0.49PdPt0.44/V2O5-TiO2, 0.41PdPt0.85/V2O5-TiO2, and 0.46PdPt2.10/V2O5-
TiO2 samples. Two reduction peaks were detected at 529 and 650 ◦C for the V2O5-TiO2
support: the former was attributed to the reduction of the surface V5+ and Ti4+ to the V4+

and Ti3+ species, while the latter was ascribable to the reduction of the bulk V2O5 and TiO2
species [53–55]. With the loading of Pt, Pd, or PdPty NPs, the position of the reduction
peak was shifted to a lower temperature, which was owing to the reduction of the oxidized
noble metal in the supported sample. These results indicate that there is a strong interaction
between Pt, Pd, or PdPty NPs and V2O5-TiO2. According to the quantitative analysis data
(Table 3), we can realize that the loading of Pt, Pd, or PdPty NPs on V2O5-TiO2 causes the
H2 consumption of the sample to increase significantly. The reduction temperature of the
0.46PdPt2.10/V2O5-TiO2 sample was the lowest, indicating that this sample possessed the best
low-temperature reducibility.

Figure 6. (A) H2-TPR profiles and (B) O2-TPD profiles of (a) 0.46PdPt2.10/V2O5-TiO2,
(b) 0.41PdPt0.85/V2O5-TiO2, (c) 0.49PdPt0.44/V2O5-TiO2, (d) 0.47Pt/V2O5-TiO2, (e) 0.39Pd/V2O5-
TiO2, and (f) V2O5-TiO2.

Oxygen desorption behaviors of the samples were measured using the O2-TPD tech-
nique, and their profiles are illustrated in Figure 6B and Figure S7. The peak in the
low-temperature (<300 ◦C) region was considered as desorption of the chemically adsorbed
Oads (O2

−, O2
2−, or O−) species and decomposition of the PtOx, PdOx, and PtPdOx species;

the one in the range of 300–600 ◦C was classified as desorption of the surface Olatt species
on V2O5-TiO2; and the one above 600 ◦C was regarded as desorption of the bulk Olatt
species in V2O5-TiO2 [56]. Catalytic oxidation of toluene usually occurs below 600 ◦C.
Hence, the main active oxygen species are the Oads species and the Olatt species in noble
metal oxides that were desorbed at lower temperatures. Of course, it cannot be ruled out
that the surface Olatt species on V2O5-TiO2 can participate in the oxidation of toluene at
higher temperatures. Additionally, it should be noticed that the temperatures of oxygen
desorption from the supported noble metal samples were shifted to lower temperatures as
compared with those of the V2O5-TiO2 support.

2.6. Toluene and Sulfur Dioxide Adsorption Behaviors

The adsorption of toluene on the catalyst is an important factor affecting its catalytic
performance. The toluene-TPD experiments of the 0.47Pt/V2O5-TiO2 and 0.46PdPt2.10/V2O5-
TiO2 samples were carried out, and their desorption profiles are shown in Figure 7A. For
each sample, there was one toluene desorption peak with weak chemisorption at 90 ◦C. The
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0.46PdPt2.10/V2O5-TiO2 sample possessed the largest toluene desorption, suggesting that the
sample can adsorb the largest amount of toluene, which is beneficial for the improvement
in catalytic toluene oxidation activity. Figure 7B,C show MS spectra of carbon dioxide and
water. It can be seen that when toluene is adsorbed on the sample surface, two different types
of oxygen participate in the reaction. The peak at 90–300 ◦C was due to the reaction of the
surface adsorbed oxygen species with toluene, while the one at 600–700 ◦C was owing to the
reaction of the surface lattice oxygen species with toluene. The results were consistent with
those of O2-TPD characterization.

Figure 7. (A) Toluene, (B) CO2, (C) water desorption in the toluene-TPD profiles, and (D) SO2

desorption in (C7H8 + SO2)-TPD profiles of 0.47Pt/V2O5-TiO2 and 0.46PdPt2.10/V2O5-TiO2.

(C7H8 + SO2)-TPD was used to investigate the thermal decomposition of the sulfate
species on the sample surface after reaction, and their profiles are presented in Figure 7D.
The V2O5-TiO2, 0.47Pt/V2O5-TiO2, and 0.46PdPt2.10/V2O5-TiO2 samples exhibited three
desorption peaks. The desorption peak at 386 ◦C was due to the decomposition of the
V2(SO4)3 species, the one at 436 ◦C was assigned to the decomposition of the VOSO4
species, and the one at 588 ◦C was ascribed to the decomposition of the TiOSO4 species [57].
It is well known that the desorption peak below 400 ◦C is due to the decomposition of
the weakly chemisorbed SO2 and sulfite species, and the desorption peak above 400 ◦C is
attributable to the decomposition of the strongly adsorbed sulfate species [58]. As revealed
by the XPS characterization, the sulfate or sulfite species were formed on the surface of
the sample after SO2 treatment. The loading of precious metal NPs can make SO2 be
readily oxidized to SO3. Additionally, vanadium competes with precious metals to adsorb
sulfur oxide species, which can protect the active noble metal site from being poisoned
by SO2 or SO3 to a certain extent. This means that the sulfate species produced at the
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vanadium site are increased. From the (C7H8 + SO2)-TPD results, we can see that the
0.47Pt/V2O5-TiO2 sample possessed the largest amount of sulfur species desorption below
400 ◦C, which might be mainly due to the weak chemical adsorption of SO2 on the Pt
site, thus causing the sample to show a lower catalytic activity. Due to the enhanced
Pt–Pd interaction, it was difficult for SO2 to be adsorbed at the precious metal sites in the
0.46PdPt2.10/V2O5-TiO2 sample, thus protecting the active noble metal sites. In addition,
we notice that the 0.46PdPt2.10/V2O5-TiO2 sample strongly adsorbs sulfur species to form
vanadium sulfite or sulfate, and its desorption amount was larger as compared with that
above 400 ◦C of the 0.47Pt/V2O5-TiO2 sample, giving rise to a slight drop in catalytic
activity. The desorption peak of the 0.46PdPt2.10/V2O5-TiO2 or 0.47Pt/V2O5-TiO2 sample
at about 370 ◦C significantly increased in intensity as compared with that of the V2O5-TiO2
support. It is speculated that the catalyst may catalyze the oxidation of toluene in the
sulfur-containing atmosphere, and vanadium is the main adsorption site of the sulfur
species. Therefore, toluene conversion over the 0.47Pt/V2O5-TiO2 sample was recovered to
90% after cutting off sulfur dioxide, while the activity of 0.46PdPt2.10/V2O5-TiO2 remained
basically unchanged in the sulfur-containing atmosphere.

2.7. Adsorption Mechanisms of Toluene and Sulfur Dioxide

In order to determine whether the sulfate species are produced on the surface of the sam-
ple, we collected FT-IR spectra of the 0.47Pt/V2O5-TiO2 (Figure 8A) and 0.46PdPt2.10/V2O5-
TiO2 (Figure 8B) samples before and after toluene oxidation in the presence of 50 ppm SO2
at SV = 40,000 mL/(g h) for 8 h. According to the assignments of absorption bands reported
in the literature, we ascribe the band at 1115 cm−1 to the stretching vibration of the sulfite
species [59]. There was a weak characteristic band assignable to the sulfite species at the
noble metal sites in the SO2-treated 0.46PdPt2.10/V2O5-TiO2 sample, which explains why the
catalytic activity of this sample is not significantly altered. However, there was an obvious
band at 1115 cm−1 attributable to the sulfite species at the noble metal site in the SO2-treated
0.47Pt/V2O5-TiO2 sample, and its catalytic activity was remarkably decreased as a result. In
addition, the characteristic band at 1400 cm−1 increased in intensity, which was ascribable
to the vibration mode of VOSO4 after the sample was treated in the presence of SO2. The
vibration band intensity of the 0.46PdPt2.10/V2O5-TiO2 sample was stronger than that of
the 0.47Pt/V2O5-TiO2 sample, indicating that a greater amount of VOSO4 was generated
on the former sample, which protects the active noble metal site from being poisoned by
SO2 [60]. Therefore, the 0.46PdPt2.10/V2O5-TiO2 sample possessed a better sulfur dioxide–
resistance ability.

Figure 8. FT-IR spectra of the (A) 0.47Pt/V2O5-TiO2 and (B) 0.46PdPt2.10/V2O5-TiO2 samples in the
presence and absence of 50 ppm SO2.



Catalysts 2022, 12, 1302 15 of 21

In situ DRIFTS experiments were conducted to elucidate the formation and changes of
the surface species on the 0.47Pt/V2O5-TiO2 and 0.46PdPt2.10/V2O5-TiO2 samples during
the toluene oxidation process at different temperatures or reaction times. The adsorption
process was undertaken in a (1000 ppm toluene + 20 vol% O2 + N2 (balance)) mixture flow
at different temperatures, and the as-obtained in situ DRIFTS spectra of the 0.47Pt/V2O5-
TiO2 and 0.46PdPt2.10/V2O5-TiO2 samples are shown in Figure 9A,C, respectively. The
characteristic absorption band at 3040 cm−1 was attributed to the C–H bond stretching
vibration of the aromatic ring in toluene, and the one at 2935 cm−1 was assigned to
the asymmetric stretching vibration of the C–H bond of methyl in toluene [61]. The
characteristic absorption band at 1498 cm−1 was caused by the planar skeleton vibration
of the benzene ring [62]. It can be seen from Figure 9A,C that the characteristic band
gradually disappeared with the rise in temperature. This result indicates that toluene
is completely oxidized. According to the assignment of the characteristic absorption
bands [63–65], we detected signals of the surface adsorbed C=O (at 1642 cm−1), anhydride
(at 1850 cm−1), COO– (at 1545 cm−1), carboxylic acid (at 1380 cm−1), H2O (at 3653 and
3836 cm−1), chemisorbed oxygen (at 1050 cm−1), and other minor species during the
toluene oxidation process. These results demonstrate that p-methylbenzoquinone is formed
during the toluene oxidation process, and anhydride, benzoic acid, and benzaldehyde are
further generated with the extension of the reaction. Finally, CO2 and H2O were produced
with the rise in temperature.

In order to investigate the difference of adsorbed species on the sample surface dur-
ing the toluene oxidation process in the presence of 50 ppm SO2, we first activated the
0.47Pt/V2O5-TiO2 or 0.46PdPt2.10/V2O5-TiO2 sample in an oxygen flow at 250 ◦C for 1 h,
and we then recorded in situ DRIFTS spectra of the adsorbed species at different times
and 270 ◦C. As shown in Figure 9B,D, the absorption band at 1160 cm−1 was attributed
to the vibration of SO4

2−, whereas the one at 970 cm−1 was assigned to the vibration of
SO3

2− [66]. As shown in Figure 9C, the intensity of the absorption band at 970 cm−1 of
0.47Pt/V2O5-TiO2 was significantly higher than that of 0.46PdPt2.10/V2O5-TiO2, indicating
that SO2 is adsorbed on the active Pt site in the sample to form the sulfite species. With
the progress of the reaction, we can also see that the characteristic bands (at 2935 and
3040 cm−1) owing to toluene are significantly enhanced, indicating that the introduction of
SO2 competes the adsorption with toluene at the active site, and the oxidation of toluene
was decreased. However, there was no obvious change in the characteristic band of toluene
(Figure 9D), indicating that the toluene oxidation activity of the 0.46PdPt2.10/V2O5-TiO2
sample was not affected by the introduction of SO2. As revealed in the XPS and (C7H8 +
SO2)-TPD characterization, SO2 was mainly adsorbed at the vanadium site to form sulfate
on the 0.46PdPt2.10/V2O5-TiO2 sample after SO2 treatment. In addition, the doping of
Pt with Pd could also protect the active Pt site from being poisoned by SO2, making the
0.46PdPt2.10/V2O5-TiO2 sample show better sulfur dioxide resistance.
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Figure 9. In situ DRIFTS spectra of (A,B) 0.47Pt/V2O5-TiO2 and (C,D) 0.46PdPt2.10/V2O5-TiO2 for
(A,C) C7H8 at different temperatures and (B,D) (C7H8 + SO2) oxidation at different times (after
activation treatment in an O2 flow at 250 ◦C).

3. Materials and Methods
3.1. Catalyst Preparation
3.1.1. Preparation of the V2O5-TiO2 Support

The V2O5-TiO2 composite support was prepared using the hydrothermal method. In
a typical preparation, 2.5 g of V2O5 powder was added to 5.0 g of oxalic acid dissolved
in 40 mL of deionized (DI) water, and the as-obtained suspension was then stirred at
85 ◦C for 4 h. After being cooled to room temperature (RT), the resulting blue aqueous
solution was added dropwise to 30 mL of an isopropanol solution under stirring for 2 h.
The above mixture was poured into an autoclave for thermal treatment at 180 ◦C for 20 h.
After the thermally treated mixture was washed with 48 mL of DI water and ethanol (DI
water/ethanol volumetric ratio = 5:1), centrifuged, and dried in an oven at 80 ◦C for 8 h, the
as-obtained dried solid was calcined in a muffle furnace at a ramp of 3 ◦C/min from RT to
350 ◦C and kept at this temperature for 2 h, and thus the V2O5 was obtained. Then, 0.6 g of
the as-obtained V2O5 was dissolved in 50 mL of ethanol under stirring for 30 min, followed
by the addition of 0.1 g of hydroxypropyl cellulose (HPC) under stirring for 30 min. Five
milliliters of tetrabutyl titanate (TBOT) was dissolved in 30 mL of ethanol under stirring
for 30 min. After that, the TBOT-containing ethanol solution was added to the above
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V2O5-HPC-containing ethanol solution under stirring for 1 h. The resulting solution was
washed with 35 mL of DI water, centrifuged, and dried in an oven at 80 ◦C for 8 h. The
obtained solid was thermally treated in a muffle furnace at a ramp of 3 ◦C/min from RT to
350 ◦C and kept at 350 ◦C for 2 h; hence, obtaining the V2O5-TiO2 composite support.

3.1.2. Preparation of xPt/V2O5-TiO2, xPd/V2O5-TiO2, and xPdPty/V2O5-TiO2

1.42 mL of PdCl2 or 2.58 mL of H2PtCl6 aqueous solution (Pd or Pt/PVA mass ratio
= 1.5:1.0 mg/mg) was added to 2.0 mL of polyvinyl alcohol (PVA) aqueous solution
(2.0 g/L) in an ice–water bath and protected from being illuminated by light. After being
magnetically stirred for 30 min, 1.60 or 2.93 mL of NaBH4 aqueous solution (2.0 g/L; Pd
or Pt/NaBH4 molar ratio = 1.0:5.0 mol/mol) was rapidly added to the above precursor
aqueous solution under stirring, and a Pd or Pt sol was obtained after stirring for 30 min.
At this time, the solution turned brown black. A desired amount of V2O5-TiO2 was added
to the above-obtained Pd or Pt sol. After that, the mixture was stirred for 8 h, and the
precipitate was filtered with a funnel, washed with 2.0 L of DI water and 1.0 L of ethanol to
remove the Cl− and Na+ ions as well as the PVA adsorbed on the catalyst surface, and dried
at 80 ◦C for 12 h. The dried solid was calcined in a muffle furnace at a ramp of 3 ◦C/min
from RT to 550 ◦C and maintained at 550 ◦C for 6 h, and thus obtaining the supported Pd
or Pt nanocatalyst. According to the results of the characterization by inductively coupled
plasma atomic emission spectroscopy (ICP-AES), we can know that the actual loadings (x)
of Pt and Pd in the supported samples were 0.43 and 0.49 wt%, and the obtained samples
were denoted as 0.47 Pt/V2O5-TiO2 and 0.39 Pd/V2O5-TiO2, respectively.

The preparation procedures for xPdPty/V2O5-TiO2 (x and y are the PdPty loading and
Pt/Pd molar ratio, respectively) were similar to those of the above-mentioned 0.43Pt/V2O5-
TiO2 or 0.49Pd/V2O5-TiO2 sample. Typically, 1.20, 0.90, or 0.62 mL of H2PtCl6 and 0.52,
0.90, or 1.43 mL of PdCl2 aqueous solution (Pt and Pd/PVA mass ratio = 1.0:1.5 mg/mg;
theoretical Pt/Pd molar ratio = 7:3, 1:1, and 3:7) were added to 2 mL of the PVA aqueous
solution (2.0 g/L) in an ice–water bath, which was protected from being illuminated by
light. After being magnetically stirred for 30 min, 1.4, 2.1, or 2.3 mL of NaBH4 aqueous
solution (2.0 g/L; PdPty/NaBH4 molar ratio = 1.0:5.0 mol/mol) was rapidly added to
the above precursor aqueous solution under stirring. The other preparation steps were
the same as those for the preparation of 0.47Pt/V2O5-TiO2 or 0.39Pd/V2O5-TiO2. The
ICP-AES results reveal that the actual loadings (x) of PdPty in xPdPty/V2O5-TiO2 are
0.46, 0.41, and 0.49 wt%, and the actual Pt/Pd molar ratios (y) are 2.10, 0.85, and 0.44,
respectively. Therefore, the as-obtained catalysts were denoted as 0.46PdPt2.10/V2O5-TiO2,
0.41PdPt0.85/V2O5-TiO2, and 0.49PdPt0.44/V2O5-TiO2, respectively. It should be noted
that during the process of loading noble metal NPs on V2O5-TiO2, the washing treatment
could lead to the loss of some precious metals, thus resulting in the difference between the
nominal and actual metal loadings.

3.2. Catalyst Characterization

Physical and chemical properties of the samples were determined by means of tech-
niques such as ICP-AES (Thermo Electron IRIS Intrepid ER/S spectrometer, Waltham,
MA, USA); metal dispersion measurements; X-ray diffraction (XRD, Bruker/AXS D8 Ad-
vance diffractometer, with Cu Kα radiation and nickel filter (λ = 0.15406 nm), Berlin,
Germany); transmission electron microscopy (TEM, JEOL JEM-2010, Tokyo, Japan); high-
angle annular dark-field scanning transmission electron microscopy (HAADF-STEM, FEI
G280-200/Chemi-STEM, Potsdam, Germany); nitrogen adsorption–desorption (BET, Mi-
cromeritics ASAP 2020 analyzer, Norcross, GA, USA); thermogravimetric analysis (TGA,
Setaram Labsys evo, Caluire, France); X-ray photoelectron spectroscopy (XPS, Thermo
Fisher Scientific ESCALAB 250 Xi spectrometer, Waltham, MA, USA); toluene, (sulfur
dioxide + toluene), and oxygen temperature-programmed desorption (toluene-, (SO2 +
C7H8)-, and O2-TPD (Autochem II 2920, Micromeritics, Norcross, GA, USA), respectively);
hydrogen temperature-programmed reduction (H2-TPR, AutoChem II 2920, Micromeritics,
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Norcross, GA, USA); Fourier transform infrared spectroscopy (ATR-FTIR, TENSOR II,
Bruker, Berlin, Germany) and in situ diffuse reflectance infrared Fourier transform spec-
troscopy (in situ DRIFTS, Nicolet 6700 FT-IR spectrometer with a liquid-nitrogen-cooled
MCT detector, Bruker, Berlin, Germany). The detailed characterization procedures are
stated in the Supplementary Materials.

3.3. Catalytic Evaluation

Catalytic activities of the samples were measured in a continuous flow fixed-bed
quartz tubular microreactor (i.d. = 6.0 mm) at atmospheric pressure. A Shimadzu gas
chromatograph (GC-2014C) was used for online analysis of the concentrations of the
gases in the outlet of the microreactor. We loaded 25 mg of the sample well mixed with
125 mg of quartz sand (particle size: 40–60 mesh) in the microreactor. An O2 flow of
20 mL/min was introduced into the microreactor, and the sample was pretreated at 250 ◦C
for 1 h. The reactant gas mixture was composed of (1000 ppm toluene + 20 vol% O2 +
N2 (balance)), and the space velocity (SV) was 40,000 mL/(g h). In the water, carbon
dioxide, or sulfur dioxide resistance test, 5.0 vol% water vapor, 5.0 vol% CO2, or 50 ppm
SO2 (N2 as the balance gas) was introduced to the reaction system over the typical sample
at 245 ◦C. We adopted the temperatures at toluene conversions of 50% and 90% (T50% and
T90%, respectively) to evaluate the catalytic activity of each sample. The specific reaction
rate and turnover frequencies (TOFPd, TOFPt, or TOFNoble metal) at a given temperature
were also calculated. The detailed procedures for activity evaluation are described in the
Supplementary Materials.

4. Conclusions

The V2O5-TiO2 composite support was first prepared via a hydrothermal route, and the
0.39Pd/V2O5-TiO2, 0.47Pt/V2O5-TiO2, 0.46PdPt2.10/V2O5-TiO2, 0.41PdPt0.85/V2O5-TiO2, and
0.49PdPt0.44/V2O5-TiO2 samples were then obtained using the PVA-protecting NaBH4 reduc-
tion method. Among all of the as-obtained samples, 0.46PdPt2.10/V2O5-TiO2 showed the best
catalytic activity: T50% = 220 ◦C and T90% = 245 ◦C at SV = 40,000 mL/(g h), Ea = 45 kJ/mol,
TOFPt at 230 ◦C = 68.7× 10−3 s−1, and specific reaction rate at 230 ◦C = 98.6 µmol/(gPt s). The
good catalytic performance of 0.46PdPt2.10/V2O5-TiO2 was associated with its well-dispersed
PdPt2.10 NPs, high adsorbed oxygen species concentration, good redox ability, large toluene
adsorption capacity, and strong interaction between PdPty and V2O5-TiO2. Furthermore,
the 0.46PdPt2.10/V2O5-TiO2 sample showed excellent thermal stability, water resistance, and
CO2 resistance. When 50 ppm SO2 was added to the feedstock, toluene conversions over
V2O5-TiO2, 0.47Pt/V2O5-TiO2, and 0.46PdPt2.10/V2O5-TiO2 decreased from 95% to 76%, 45%,
and 90%, respectively; when 50 ppm SO2 was cut off, however, catalytic activities over the
three samples were basically recovered. It is concluded that in the preparation of the sulfur
dioxide-resistant V2O5-TiO2 composite support, vanadium played a role as the main site
for SO2 adsorption, thus protecting the active Pt site in 0.46PdPt2.10/V2O5-TiO2 from being
poisoned by SO2.

Supplementary Materials: Supplementary data associated with this article can be found at https:
//https://www.mdpi.com/article/10.3390/catal12111302/s1, Catalyst characterization procedures.
Catalytic activity evaluation procedures. Figure S1: SEM images of the V2O5-TiO2 support. Figure S2:
(A) Nitrogen adsorption–desorption isotherms and (B) pore-size distributions of (a) V2O5-TiO2,
(b) 0.39Pd/V2O5-TiO2, (c) 0.47Pt/V2O5-TiO2, (d) 0.49PdPt0.44/V2O5-TiO2, (e) 0.41PtPt0.85/V2O5-
TiO2, and (f) 0.46PdPt2.10/V2O5-TiO2. Figure S3: Gas chromatogram curves of toluene oxida-
tion at (A) RT, (B) 170 ◦C, (C) 220 ◦C, and (D) 245 ◦C over the 0.46PdPt2.10/V2O5-TiO2 sample
at SV = 40,000 mL/(g h). Figure S4: TGA curves of the fresh and used 0.46PdPt2.10/V2O5-TiO2
and 0.47Pt/V2O5-TiO2 samples before and after 25 h of reaction in the presence of 50 ppm SO2
at SV = 40,000 mL/(g h). Figure S5: XRD patterns of (a) the fresh 0.46PdPt2.10/V2O5-TiO2 sam-
ple, (b) the used 0.46PdPt2.10/V2O5-TiO2 sample after 25 h of toluene oxidation in the absence of
50 ppm SO2, and (c) the used 0.46PdPt2.10/V2O5-TiO2 sample after 25 h of toluene oxidation in
the presence of 50 ppm SO2 at an SV of 40,000 mL/(g h). Figure S6: (A) V 2p, (B) Ti 2p, (C) O 1s,

https://https://www.mdpi.com/article/10.3390/catal12111302/s1
https://https://www.mdpi.com/article/10.3390/catal12111302/s1
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(D) Pt 4f, and (E) Pd 3d XPS spectra of (a) 0.41PdPt0.85/V2O5-TiO2, (b) 0.49PdPt0.44/V2O5-TiO2, and
(c) 0.39Pd/V2O5-TiO2. Figure S7: Partially enlarged O2-TPD profiles of (a) 0.46PdPt2.10/V2O5-TiO2,
(b) 0.41PdPt0.85/V2O5-TiO2, (c) 0.49PdPt0.44/V2O5-TiO2, (d) 0.47Pt/V2O5-TiO2, (e) 0.39Pd/V2O5-
TiO2, and (f) V2O5-TiO2. Table S1: Comparison of catalytic activities for toluene combustion of the
0.46PdPt2.10/V2O5-TiO2 catalyst obtained in the present work and the various catalysts reported in
the literature. References [27–31] are cited in the supplementary materials.
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