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ABSTRACT: The effect of size of Pt nanoparticles has an important influence
on the performance of supported Pt-based catalysts for the elimination of
toluene. Herein, uniform Pt nanoparticles with average sizes of 1.5, 2.0, 2.5, 2.9,
and 3.6 nm were obtained and supported on manganese oxide octahedral
molecular sieves (OMS-2), and their catalytic performances for toluene
oxidation were evaluated. Benefiting from the moderate interfacial interaction
between nanoparticles and manganese oxide support, Pt/OMS-2—3 with the Pt
particle size of 3.0 nm showed the best catalytic performance owing to the
highest content of Pt** species. It also facilitates the formation of more abundant
Mn®" (Mn?* and Mn**) and oxygen vacancies than that of the other sizes of the
OMS-2-supported Pt nanoparticles, which can be filled by a large amount of
adsorbed oxygen and converted into reactive oxygen species. We further showed @c
that the resulting surface synergetic oxygen vacancies (Pt**—0,—Mn®*) play a

decisive part in catalyzing the complete oxidation of toluene. The result will provide new insights for designing efficient Pt-based
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catalysts for deep purification of toluene.

B INTRODUCTION

Recently, the emissions of volatile organic compounds (VOCs)
have increased with the acceleration of industrialization and
urbanization, as well as the continuous growth of energy
consumption.”” Toluene is considered one of the typical
VOCs because it is commonly used as a solvent and additive in
petrochemical and other productive processes. Long-term
exposure to toluene poses a serious threat to human health,
causing diseases of the nervous system, respiratory tract, and
immune function.” It would lead to serious atmospheric
pollution through the formation of secondary organic aerosols
and photochemical smog. Therefore, many effective technol-
ogies have been developed for the purification and elimination
of toluene, such as adsorption, membrane separation,
biodegradation, plasma, photocatalytic removal, and catalytic
oxidation.*”® Among them, catalytic oxidation has attracted
vast attention due to its low energy consumption, high
treatment efficiency, and absence of secondary pollution.”
Therefore, the reasonable design of efficient and practical
catalysts for low-temperature toluene removal is of great
significance.

Among various catalysts, Pt-based catalysts have been widely
used in laboratory research and various complex working
conditions due to their excellent catalytic activity and
stability.”” However, in view of the high cost and limited
reserves of precious metals, how to construct a highly efficient
Pt-based catalyst at a low noble loading has been a hot topic in
VOC oxidation.'”"" Various approaches have been developed
for the precise structural regulation of Pt-based catalysts such
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as Pt particle size, surface valence state, and the strength of the
interaction between Pt and support.''~'” Among them, the
size effect of Pt has always been an important topic, which has
been shown to significantly affect the catalytic activity.'' ™"
Peng et al.'” used the Pt/CeO, as a model catalyst and
investigated the size effect of Pt nanoparticles for toluene
oxidation. They found that the catalyst Pt/CeO,-1.8 showed
the best performance owing to the equilibrium between the
concentration of oxygen vacancy on CeO, and the dispersion
of Pt. It is worth noting that the size effect is not independent,
and the regulation of Pt size and dispersity can significantly
alter the surface chemical state.'* The surface valence state of
Pt has been considered to have a crucial impact on the active
site. Although many studies are expected to clarify the effects
of metallic and oxidized Pt on toluene adsorption and oxygen
activation, the role of Pt’ and Pt** in toluene oxidation is still
not conclusive for specific catalysts.lg’19 Meanwhile, the result
suggests that the strength of strong metal—support interaction
(SMSI) is different depending on the valence state of Pt, and
the special role of SMSI in the reaction cannot be ignored,
which is worthy of further study.”
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Previously, we proved that the surface synergistic oxygen
vacancy (SSOV) (—Cu—[J-Mn—) over the CuO/Mn,0,/
AlL,O; catalyst was the key active site in the NO + CO
reaction.”’ The structure has also been confirmed on CuO-
V,04/7-ALO;, CuO,—CeO,, and Fe/CeO, catalysts.”” **
Recently, it has been reported that the SSOV structure also
exists on noble metal catalysts. Yan et al.>> obtained a Pt/
TiO,—C catalyst with a Ti’*~Vo®—Pt’" interface structure,
which accelerated the preactivation of toluene to generate a
large number of reactive intermediates for photocatalytic
reactions. In our previous work, Pt**—Vo—Mn’" species was
the major active site for the oxidation of toluene.”® Thus, the
formation of SSOV structures could facilitate catalytic
reactions.

On this basis, we produced a series of uniform Pt
nanoparticles with controllable size by changing the molar
ratio of NaOH to Pt in the ethylene glycol reduction
method.”” The manganese oxide with an octahedral molecular
sieve structure was selected as the support. By adjusting the Pt
size, the surface chemical state of Pt and the interfacial
interaction on Pt—MnO, were regulated to optimize the
surface synergistic oxygen vacancies and improve the
combustion performance of toluene on the Pt/OMS-2 catalyst.

B EXPERIMENTAL SECTION

Materials. Potassium permanganate (KMnO,), acetic acid,
manganese acetate tetrahydrate (MnAc,-4H,0), chloroplatinic acid
hexahydrate (H,PtCly:6H,0), poly(vinylpyrrolidone) (PVP), and
ethylene glycol were analytical grade and used without further
purification. The detailed produced companies are described in the
Supporting Information.

Preparation of Catalysts. The Pt/OMS-2 catalysts were
prepared in two steps.”® The detailed description is presented in
the Supporting Information. The particle sizes of Pt were tuned by the
molar ratio of NaOH to Pt, and the corresponding Pt sizes are
tabulated in Table 1. The obtained sample was denoted as Pt/OMS-
2-x (x represents the Pt particle size).

Table 1. Pt Particle Size and Dispersion of the Catalysts

molar ratio of Pt particle size ~ Drgy D¢o
catalyst NaOH/Pt (nm) (%) (%)

Pt/OMS-2—-1.5 12.5 1.52 + 0.02 74.0 712
Pt/OMS-2—-2 10.0 2.08 + 0.02 54.1 50.4
Pt/OMS-2-2.5 6.5 2.51 + 0.02 44.8 35.1
Pt/OMS-2—-3 S.5 292 + 0.03 38.5 29.2
Pt/OMS-2-3.5 4.8 3.64 + 0.03 30.8 22.5

Catalyst Characterizations. Physicochemical properties of the
as-prepared samples were characterized using the following
techniques, including X-ray diffraction (XRD), N, adsorption—
desorption (BET), transmission electron microscopy (TEM), CO
pulse chemisorption, X-ray photoelectron spectroscopy (XPS),
Raman spectra, hydrogen-temperature-programmed reduction (H,-
TPR), oxygen-temperature-programmed desorption (O,-TPD),
toluene-temperature-programmed desorption (toluene-TPD), and in
situ diffuse reflectance infrared Fourier transform spectroscopy (in situ
DRIFTS). The detailed procedures are described in the Supporting
Information.

Catalytic Activity Test. The catalytic performance of Pt/OMS-2-
x for toluene oxidation was tested in a continuous flow fixed-bed
microreactor with a WHSV of 30 000 mL-g™"-h™". Typically, 100 mg
of catalyst (20—40 mesh) was used, a 1000 ppm toluene balance with
air was the reactant, and the reaction products were detected and
analyzed by gas chromatography (GC) equipped with a flame
ionization detector (FID) and a thermal conductivity detector

(TCD). Three parallel tests were performed and averaged to evaluate
the performance of each catalyst. The detailed calculation methods of
toluene conversion, the turnover frequency (TOF), and the apparent
activation energy (Ea) are listed in the Supporting Information.

B RESULTS AND DISCUSSION

Morphology and Structure of Catalysts. The morphol-
ogy and particle size distribution of the catalysts were first
investigated by TEM (Figures 1 and S1 and Table 1). As
shown in Figure S1, simple OMS-2 displayed a one-
dimensional nanorod structure with a diameter of 10—20 nm
and length ranging from a few tens to hundred nanometers.*®
After the deposition of Pt nanoparticles, all Pt/OMS-2-x
catalysts still maintained uniform rod-shaped morphology with
a homogeneous distribution of Pt particles on the surface of
the support. The average particle size and distribution were
obtained based on the measurement of at least 200 Pt particles.
As shown in Table 1, the average particle size of the Pt species
increased significantly from 1.52 to 3.64 nm as the NaOH/Pt
ratio decreased, with an obvious normal distribution obtained
in the size distribution histograms of each sample. The
dispersion of Pt was calculated according to the particle size
and CO pulse chemisorption.

The XRD patterns of various catalysts displayed the same
structure as the OMS-2 support (JCPDS PDF No. 44-0141)
(Figure 2),”” with no characteristic diffraction peaks of Pt
species detected, further evidencing the small size of Pt
nanoparticles. The N, adsorption—desorption isotherm and
BJH pore size distribution curves of all samples displayed a
type IV isotherm with an Hj hysteresis loop, indicating the
existence of piled mesopores in the catalysts (Figure S2). It
was found that after the deposition of different Pt sizes on the
OMS-2, the structure of catalysts remained intact with no
significant changes in the specific surface area, pore volume, or
average pore diameter (Table S1).

Surface Chemical States and Redox Properties of
Catalysts. Raman spectroscopy was carried out to investigate
the effect of Pt loading on the surface bonding and structure of
catalysts. As shown in Figure S3, the strong vibration band
near 640 cm™' was attributed to lattice symmetric stretching
vibration (Mn—O) perpendicular to the double-chain direction
of the MnOy octahedron, while the vibration peak near 350
cm™' was attributed to the planar bending vibration mode
(Mn—0-Mn).*> With the introduction of Pt, the peaks
become significantly weakened and widened, indicating the
fracture of some Mn—O bonds and the enhancement of
oxygen mobility, which could induce the formation of more
oxygen defects.”’

In order to explore the trend of surface chemical state and
interfacial interaction of supports with increasing size of Pt
nanoparticles, the samples were characterized by XPS. The Mn
2p3/, XPS results of all samples are shown in Figure 3a. The
three main peaks near 640.6—640.7, 641.9—642.3, and 643.3—
643.7 €V were attributed to Mn**, Mn**, and Mn*" species,
respectively.”” Interestingly, with the increase of Pt particle
size, the molar ratio of low-valence Mn (Mn** + Mn?*') to
Mn* ((Mn?>* + Mn*")/Mn*) first increased and then
decreased, with the maximum value obtained for the Pt/
OMS-2—3 catalyst ((Mn** + Mn>*)/Mn*" = 2.26) (Table 2).
Alternatively, the average oxidation state (AOS) of Mn was
also calculated based on the binding energy difference of Mn
1s doublets (AE,), with lower AOS values representin§ the
higher concentration of low-valence Mn (Figure 3b).”* As
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Figure 1. TEM images of the catalysts and the corresponding particle size distribution histograms of Pt: (a) Pt/OMS-2—1.5, (b) Pt/OMS-2—2, (c)

Pt/OMS-2-2.5, (d) Pt/OMS-2—3, and (e) Pt/OMS-2—3.5.
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Figure 2. XRD patterns of various Pt/OMS-2 and OMS-2 samples.

shown in Table 2, the AOS values of various catalysts followed
the sequence of Pt/OMS-2—3 < Pt/OMS-2—-2.5 < Pt/OMS-
2—-3.5 < Pt/OMS-2—2 < Pt/OMS-2—1.5, in good agreement
with the XPS analysis of the Mn 2p region.

Figure 3c shows the O 1s XPS spectra of all catalysts. Three
peaks could be observed in each sample, which were attributed
to surface lattice oxygen (ca. 529.7 eV, denoted as Oy),
surface chemisorbed oxygen (ca. 531.1 eV, denoted as O,4,),
and surface hydroxyl oxygen (ca. 532.6 €V, denoted as OH).”
The molar ratio of O,4,/ O, Was of the order of Pt/OMS-2—
3 (189%) > Pt/OMS-2-2.5 (18.1%) > Pt/OMS-2—3.5
(17.3%) > Pt/OMS-2—2 (17.0%) > Pt/OMS-2—1.5 (15.8%).

This trend was well consistent with the order of concentration
of low-valence Mn, as lower oxidation states of Mn induce
decreased coordination of O to Mn, which promotes the
formation of O vacancies.” In general, the replenishment and
activation of oxygen vacancies by adsorbed oxygen was proven
to be a necessary condition for the oxidation reaction.”
Therefore, the high content of low-valence Mn and O, in Pt/
OMS-2—3 might be conducive to catalytic combustion of
toluene, similar results were reported by Yang et al. and Wang
ot al 3637

In this work, the surface chemical state of Pt and interfacial
interaction were also regulated by changing the Pt size. As
shown in Figure 3d, the Pt 4f XPS spectra of the catalysts were
divided into three doublets with Pt 4f;,, binding energies at
71.6, 72.5, and 74.3 eV, which were assigned to Pt°, Pt**, and
Pt*, respectively.”® In general, smaller Pt nanoparticles
contained a higher percentage of surface Pt atoms that are at
the interface of OMS-2 and Pt nanoparticles, resulting in
stronger interaction between metal and support and thereby
higher content of Pt*.*?*" As expected, the surface
concentration of Pt* increased, and Pt° decreased with the
shrinking Pt particle size, indicating that the chemical state of
Pt was indeed affected by the dimension of Pt nanoclusters.
Besides the strong (Pt**) and weak (Pt’) metal—support
interactions, a media strength of metal—support interaction
existed on the surface of Pt/OMS-2, which is Pt** species.12 It
was worth noting that the concentration of Pt** also showed a
volcano-shaped relationship with Pt particle size, with the
maximum Pt** percentage obtained on Pt/OMS-2-3,
indicating that it had the most Pt species with a media
strength of metal—support interaction due to the proper size.
On the basis of the aforementioned XPS results that Pt/ OMS-
2—3 had the highest concentration of low-valence Mn species
(Mn** and Mn®*, denoted as Mn®*), oxygen vacancies (O,),
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Figure 3. (a) Mn 2p;,,, (b) Mn 3s, (c) O 1s, and (d) Pt 4f XPS spectra for the as-prepared Pt-based samples.

Table 2. XPS Results of the Catalysts

catalyst (Mn** + Mn>*)/Mn** AOS“
Pt/OMS-2—-1.5 1.72 3.48
Pt/OMS-2—2 1.92 341
Pt/OMS-2-2.5 2.0 3.29
Pt/OMS-2—3 2.26 3.16
Pt/OMS-2-3.5 1.96 3.36

“AOS = 8.956 — 1.126 AE, (eV).

Oads/ototal (%)

15.8
17.0
18.1
18.9
17.3

Pt/ Pt (%) PP /Pty (%) PE*/ Pty (%)

29.0 222 48.8
30.1 23.1 46.8
38.6 25.7 35.7
41.6 30.5 27.9
S1.4 23.8 24.8

and Pt** species, it is reasonable to propose that Pt/OMS-2—3
contained more Pt**—O,—Mn’" surface synergetic oxygen
vacancies (SSOVs) at the interface than other catalysts.”"*’
An H,-TPR experiment was then performed to further
investigate the relationship between the size of Pt clusters and
the strength of strong metal—support interaction (SMSI) at
the interface of the catalysts. As shown in Figure 4a, all samples
showed three peaks in the range of 50—450 °C, which was
divided into regions I and II. The reduction peaks of 100—220
°C in region I were attributed to the reduction of surface Pt
species (Pt—O) and surface Mn®* or Mn*" with strong
interactions with Pt (Pt—O—Mn), while the reduction peak in
region II was attributed to the multistep reduction of Mn*" —
Mn** — Mn?**' As the Pt size increases, the reduction
temperature of the peak decreases first and then increases, with
Pt/OMS-2—3 showing the lowest reduction temperature at
102 °C, suggesting a strong dependence of reduction

13623

temperature on particle size. The hydrogen consumptions of
the peak in region I on Pt/OMS-2—1.5, =2, —2.5, =3, and
—3.5 catalysts were quantitatively determined to be 8.07, 7.64,
7.15, 6.83, and 6.45 mmol-g_l, respectively. Combined with
the XPS results, for smaller-sized Pt nanoparticles supported
on OMS-2, larger hydrogen consumption manifested higher
Pt*" content in the catalyst and stronger SMSI at the Pt—
MnO, interface.”” However, excessively strong interaction at
the interface might stabilize lattice oxygen and hinder the
migration of oxygen species, making it more difficult to be
reduced by H,, and thus showing a higher reduction
temperature.42 In addition, it was noted that Pt/OMS-2—3.5
had the lowest hydrogen consumption, indicating that this
weak interaction resulted in relatively less formation of Pt—O—
Mn structures, and Pt species were less reactive and could not
be easily reduced. The low-temperature reducibility of samples
could be evaluated using the initial H, consumption rate
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Figure 5. (a) O,-TPD and (b) toluene-TPD profiles of the Pt/OMS-2 samples.

(where less than 25% oxygen for the first reduction peak of the
sample is removed).”’ Figure 4b shows that the initial
hydrogen consumption rate followed the order of Pt/OMS-
2-3 > Pt/OMS-2—-2.5 > Pt/OMS-2—3.5 > Pt/OMS-2—-2 >
Pt/OMS-2—1.5, which was in good agreement with the
content of Mn®*, O,4, and Pt** obtained from XPS analysis.
These results indicated that the strength of SMSI could be
regulated by controlling the size of Pt nanoparticles, with the
moderate SMSI on Pt/OMS-2—3 generating more Pt**—O,—
Mn® structures than other materials.

O,-TPD characterization was conducted to investigate the
effect of the size of Pt nanoparticles on the oxygen species in
the Pt/OMS-2 catalyst. As shown in Figure Sa, the desorption
peak of 100—200 °C was attributed to surface-adsorbed
oxygen species (O,4,), which could quickly participate in the
combustion of toluene due to its weak binding with the
surface.”® The desorption peak at 250—400 °C was assigned to
surface lattice oxygen species (Oy,), which resulted from the
breaking of Mn—O and Pt—O—Mn bonds, and the desorption
peak at 500—750 °C was assigned to bulk lattice oxygen
species.”* A closer examination of the profile within the range
of 100—200 °C showed that Pt/OMS-2—3 possessed more
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O,4s species, a lower desorption temperature of surface lattice
oxygen, and a higher peak intensity. Furthermore, the peak
corresponding to the breaking of bulk lattice oxygen also
shifted toward a lower temperature.”” The above observations
indicated that the mobility of surface lattice oxygen was
significantly enhanced after loading 3 nm of Pt, resulting in
more SSOV structures of Pt**—O,—Mn’" and improved
migration of abundant oxygen from the bulk phase to the
surface or subsurface than other samples.

In order to explore the adsorption and activation ability of
Pt/OMS-2 samples to toluene, a toluene-TPD experiment was
carried out. Figure 5b shows that two peaks could be observed
on all catalysts, and one peak near 100 °C was attributed to the
physical adsorption of toluene on the catalyst, which could be
desorbed at low temperatures.”® The desorption peak at 197—
263 °C was attributed to the desorption of CO,, indicating that
toluene was further oxidized to CO, by the active site due to
the stronger interaction between the chemisorbed toluene and
the catalyst.*® It was a remarkable fact that Pt/OMS-2—3 had
the lowest desorption temperature, which indicated that Pt/
OMS-2-3 could adsorb toluene quickly and enhance the deep
activation of toluene at lower temperatures. In addition, with
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Figure 6. (a) Conversion of toluene and (b) Arrhenius plots for the oxidation of toluene over different Pt/OMS-2 catalysts. (c) Stability of the Pt/
OMS-2—3 catalyst at 150 °C. (d) Effect of water vapor on toluene conversion at 150 °C over the Pt/OMS-2—3 catalyst.

the decrease of the Pt size, the desorption peak of toluene
moved toward a higher temperature, and the peak strength
increased obviously, which was due to the strong adsorption of
toluene by high-valence Pt. However, such a strong adsorption
might lead to excessive accumulation of toluene on the catalyst
surface and covering the active site, which was not conducive
to further oxidation of toluene.*”** Combining the results of
XPS and O,-TPD, more surface synergetic oxygen vacancies
could promote the generation of more reactive oxygen species
and the desorption and further activation of toluene.
Catalytic Activity. The catalytic combustion curves of all
Pt/OMS-2 samples shown in Figure 6a suggest that the
catalytic activity exhibits an obvious dependence on the size of
Pt nanoparticles. As the Pt particle size increased, the
conversion temperature first decreased and then increased.
Pt/OMS-2—3 showed the best catalytic oxidation activity for
toluene, achieving a high conversion rate of over 90% for
toluene oxidation at 150 °C. The reaction kinetics of various
catalysts were evaluated in terms of the turnover frequency
(TOF) of Pt. The order of the TOF, value was as follows: Pt/
OMS-2-3 > Pt/OMS-2—-2.5 > Pt/OMS-2—-3.5 > Pt/OMS-2—
2 > Pt/OMS-2—1.5. Figure 6b shows the apparent activation
energies (E,) of various catalysts measured under low toluene
conversion according to the Arrhenius equation. The sequence
of E, values was Pt/OMS-2—3 (19.79 kJ-mol™') < Pt/OMS-2—
2.5 (26.22 kJ-mol™!) < Pt/OMS-2—3.5 (34.61 kJ-mol™") < Pt/
OMS-2—2 (37.66 kJ'mol™) < Pt/OMS-2—1.5 (49.22 kJ-
mol™!). The lowest E, value of Pt/OMS-2—3 indicated that the
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oxidation reaction of toluene was the most easily activated,
which was consistent with the activity results.

The thermal stability of the most active Pt/OMS-2—3 was
then tested at the reaction temperature of 150 °C. As shown in
Figure 6c, the Pt/OMS-2—3 catalyst displayed excellent
stability and maintained a high toluene conversion rate for
30 h. In addition, in the actual industrial environment, the
presence of water vapor usually could not be ignored. In this
study, the water-resistant cyclic toluene oxidation experiment
of Pt/OMS-2—3 was conducted for 30 h by alternately
switching on/off 5 vol % water vapor at 150 °C. As shown in
Figure 6d, the catalytic activity decreased slightly after the
introduction of water vapor, but gradually recovered after
water vapor was turned off.”” The excellent catalytic activity,
long-term thermal stability, and water resistance toward
toluene removal endowed the Pt/OMS-2—3 catalyst with
good application prospects. To investigate the change of the
catalyst during the reaction, the TEM and XPS spectra of Pt/
OMS-2—3 after the reaction were characterized and compared
with the fresh sample. As shown in Figure S4, the average size
of Pt nanoparticles (2.87 nm) was close to that of the fresh
sample (2.92 nm). From Figure SS and Table S2, it could be
found that the proportion of each state of Mn, O, and Pt
species varied, such as a decrease in the lower-valence Mn
(Mn**/Mn*") and Pt**, while an increase in adsorbed oxygen
and Pt° and Pt", suggesting that the interface species Pt*"—
0O,—Mn’* involved toluene oxidation.
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Reaction Mechanism. In order to further understand the
reaction pathway of toluene oxidation, the intermediates of the
reaction process were studied by in situ DRIFTS experiments.
As shown in Figure 7, the vibration peaks at 3500—4000 cm ™"
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Figure 7. (a, b) In situ DRIFTS of toluene oxidation on a Pt/OMS-
2—3 catalyst under different temperatures.

were attributed to separated or polymerized hydroxyl groups or
adsorbed water molecules v(O—H). The vibration peaks of the
CO, gas phase were near 2341 and 2360 cm™".>" The bands at
1743 and 1733 cm ™" were assigned to the (C=0) stretching
vibrations of benzaldehyde, while 1698 cm™" was short-chain
aldehydes (such as acetaldehyde).”’ For the bands of 1671,

1649, 1635, and 1620 cm™, they were attributed to the
v(COO) stretching vibrations of benzoic acid, which was the
main intermediate of toluene oxidation.””>> Apparently, the
skeleton vibration mode of v(C=C) was detected at 1595 and
1489 cm™!, indicating the presence of aromatic ring.”’ The
bands around 1520—1558, 1396, 1362, and 1340 cm™! were
attributed to asymmetric and symmetric (COO) stretching
vibrations of carboxylate and carbonate species.’® It was
noteworthy that the peaks at 1506 and 1434 cm ™" were derived
from the key intermediates of the fracture of the aromatic ring,
called short-chain maleic anhydrides.”> The vibration peak at
1068 cm™! was ascribed to the v(C—0) stretching vibration
mode of benzyl alcohol species.”*

Figures 7 and S6 show the temperature-dependent in situ
DRIFTS experiments of toluene oxidation over Pt/OMS-2—3
and Pt/OMS-2—2 catalysts, and significant differences between
the two samples could be observed. First, the vibration peaks
of the CO, gas phase and benzoate species had been detected
on Pt/OMS-2—3 samples, indicating that the toluene could be
partially oxidized at lower temperatures. At the same time, the
vibration band intensities of benzoate and CO, (2341 and
2360 cm™"') increased with the increase in temperature. During
this process, toluene was still not completely oxidized, and
reactive oxygen species participated in the catalytic reaction. It
was noteworthy that the vibration bands of the maleic
anhydride species, an important intermediate of aromatic
ring fracture, were clearly observed at 140 °C. The vibration
peak at 1375 cm™' attributed to acetone was also detected,
indicating that the benzene ring was destroyed and further
oxidized to the short-chain aldehyde/ketone species.’
However, for Pt/OMS-2—2, significant changes in the
characteristic vibration peaks of CO, were observed at higher
temperatures, and the intensity of the peaks was also lower
than that of Pt/OMS-2—3, and the open-ring of toluene was
not observed until 160 °C. Compared with Pt/OMS-2—2, Pt/
OMS-2—3 with a Pt particle size of 3 nm had significant
advantages in the open-ring step. The results showed that the
Pt/OMS-2—3 sample was more able to catalyze the
combustion of toluene and achieve the complete elimination
of toluene. As shown in Figure 8, by adjusting the size of Pt,
the Pt/OMS-2—3 catalyst produced the most Pt**, and the
presence of Mn®" implied the generation of more oxygen
vacancies, resulting in the formation of the SSOV structure
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(Pt**—0,—Mn®*), on the Pt—MnO, interface, which played a
decisive role in the reaction. Based on the results of in situ
DRIFTS experiments of toluene, it could be concluded that the
deep oxidation of toluene on Pt/OMS-2 followed the Mars—
van Krevelen (MvK) mechanism.’” Toluene was first adsorbed
on the surface of the catalyst, and Pt** and Pt** were the main
adsorption sites. Pt** could better promote the desorption, and
intermediates, such as benzoate, were formed. More gaseous
oxygen was filled in the surface synergetic oxygen vacancies
and converted into activated oxygen species, thus triggering the
open-ring step in the toluene oxidation process; finally, toluene
was completely oxidized into CO, and H,O.

B CONCLUSIONS

In this work, 1.5—3.5 nm sized controllable uniform Pt
nanoparticles with controllable sizes from 1.5 to 3.5 nm were
obtained by adjusting the molar ratio of NaOH to Pt by using
an ethylene glycol (EG) reduction method. Systematic
characterizations have demonstrated that the regulation of Pt
size would affect the surface chemical valence of Pt and a
strong metal—support interaction. The presence of the most
Pt> on the Pt/OMS-2—3 catalyst of 3 nm indicated the
generation of moderate interfacial interaction, which also led to
the formation of the most surface synergetic oxygen vacancies
(SSOV, Pt**—0,—Mn’*). Pt/OMS-2—3 showed excellent
catalytic activity toward oxidation toluene, as well as long-
term thermal stability and water vapor resistance. The results
of toluene-TPD and in situ DRIFTS experiments further
confirmed that more reactive oxygen species produced by
SSOV could promote the deep oxidation of toluene. The result
of this study provided a new perspective for the controlled
adjustment of Pt size on Pt-based catalysts and the design of
highly eflicient catalysts for the deep purification of toluene.
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