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Herein, bimetallic Pt-Ir alloy nanoparticles (NPs) were successfully fabricated by ethylene glycol reduction of
HyPtClg-6H20 and IrCls through a microwave-assisted method. The Pt-Ir alloy NPs were deposited on CeO3
catalysts for toluene combustion. The Pty slr/CeOy sample exhibited better catalytic activity at low reaction
temperature, compared with monometallic catalysts. The excellent low-temperature catalytic activity was
resulted from the interaction between Pt and Ir, richer adsorbed oxygen species and low-temperature reduc-

ibility. Furthermore, the in-situ DRIFTS was used to investigate the possible reaction pathway of Pt; 5Ir/CeOs. It
showed that the broken of benzene ring on Pty 5Ir/CeO, can be accomplished at lower temperature, resulting in
enhancing the deep oxidation of toluene.

1. Introduction

Toluene, one of the typical aromatic volatile organic compounds
(VOCs), is widely used in the production of dyes, pesticides, spices and
so on [1,2]. However, the emission of toluene will cause many problems
for human health and environment. Many efforts have been done for the
elimination of toluene [3], in which catalytic oxidation has attracted
extensive attention due to its high efficiency and no secondary pollution
[4,5]. Two main types of catalysts, transition metal oxides [6,7] and
noble metal catalysts [8-14], have been applied to the catalytic com-
bustion of toluene. Comparing with the transition metal oxides, sup-
ported noble metals are well-explored catalysts because of the superior
catalytic activity [8].

Pt-based catalysts have been paid more attention in that they exhibit
good catalytic activity for oxidation of toluene. Previous studies indi-
cated that the catalytic activity of Pt-based catalysts for toluene com-
bustion was related to the content of Pt° [9], the metal-support
interaction [10], the dispersion of noble metal [11], etc. These factors
can be designed by adjusting the electronic and geometric structure of
catalysts [12]. And it can be easily achieved by adding another noble
metal with different ratios, which has an influence on the catalytic
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performance of catalysts [13-15]. Some efforts have been made to study
the Pt based alloy catalysts. Wu et al. [12] prepared the supported Au-Pt
alloy catalyst, and it exhibited better catalytic activity compared with
monometallic catalysts. Fu et al. [16] found that the synergistic effect
between Pt and Pd resulted in the improvement of the catalytic activity
for bimetallic Pt-Pd/MCM-41 catalyst. Pei et al. [17] prepared the PtRu
alloy supported on 3DOM Ceg 7Zro 30, catalysts by different methods
and found the existence of Ru was helpful to the low-temperature
reducibility and oxygen adsorption ability of catalyst. Li et al. [18]
found the interaction between bimetallic NPs and the metal-support
interaction contributed to the enhancement of catalytic activity and
stability for the supported Au-Pt alloy catalysts.

As one of platinum group elements, iridium can easily activate C-H
bond and has good dispersibility on the surface of support [19], which
has been gradually applied in the catalytic combustion of VOCs [20-22].
Sun et al. [20] investigated the influence of different electronic states on
Ir-based catalysts for the oxidation of formaldehyde. The study found
that I can contribute to the activation of Oy and the catalyst with
higher content of Ir° showed a better performance. Ohtsuka et al. [21]
found the existence of IrO, was positive for the stability of Pt/ZrO, for
the oxidation of methane. Murciano et al. [22] investigated the catalytic
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property of bimetallic Au-Ir catalysts for toluene combustion. The
electronic environment modified by iridium made a better performance
for the bimetallic catalyst. However, the catalytic oxidation of toluene
by Pt-Ir alloy catalyst has not been reported so far.

It is important to prepare the alloy NPs with well-defined structures.
The alloy NPs prepared using the conventional heating method showed
the mixed morphologies. Some studies [13,14] have reported that the
alloy NPs with homogeneous structure were successfully formed with
the microwave-assisted method. In addition, compared with the con-
ventional heating method, microwave-assisted method [15] also
showed the advantages of the fast reaction, well-distribute heating and
high repeatability.

On the other hand, CeO5 has the great oxygen storage capacity [23].
As active supporter, CeOy can not only play a role in dispersing and
stabilizing NPs but also improving the redox ability and enhancing
stability of supported noble metal catalysts, which contribute to the
catalytic combustion of toluene [10]. Herein, we successfully employed
CeO3 supported Pt-Ir alloy NPs prepared by the microwaved-assisted
ethylene glycol reduction method for toluene combustion in order to
develop novel catalyst materials with prominent low-temperature ac-
tivity and stability. It was found that the catalytic performance of alloy
catalysts was better than the monometallic Pt or Ir. The Pty 5lr/CeO4
catalysts showed an excellent performance for toluene combustion with
Tso was down to 121 °C. Additionally, the possible reaction mechanism
was revealed by the in-situ DRIFTS test. In this work, we aim to syn-
thesize the catalyst by an easy and effective strategy and provide a
platform with good promise for the catalytic oxidation of toluene.

2. Experimental
2.1. Materials

Cerium nitrate hexahydrate (Ce(NO3)3-6H20) and iridium chloride
(IrCl3) were purchased from Macklin. Chloroplatinic acid hexahydrate
(H2PtCle-6H20) and polyvinyl pyrrolidone (PVP) were obtain from
Aladdin. Ethylene glycol was obtained from Alfa Aesar. All chemical
reagents were analytical grade and were used without further
purification.

2.2. Catalysts preparation

The Pt,Ir NPs were synthesized by microwaved-assisted ethylene
glycol reduction method. Pt,Ir NPs in different ratios can be obtained by
adjusting the proportions of metal salt precursors. 15 mL ethylene glycol
and 100 mg PVP were mixed and put into a 50 mL three-necked flask
which was in a CEM-MARS-5 microwave reactor. When the temperature
was stable at 150 °C, 3.0 mL mixture solution of HyPtClg-6H>0 (0.02 M)
and IrCl3 (0.02 M) and 2.4 mL NaOH (0.25 M) were added to the three-
necked flask. The reaction time was 30 min, and the solution was
continuously stirred throughout the process. After the reaction, the re-
actants were immediately subjected to an ice water bath for 30 min.
Acetone was used for centrifugation to remove the PVP, and then the
product was washed by ethanol and n-hexane. The resulting product was
dispersed and preserved in ethanol solution. Monometallic Pt and Ir
were prepared by the same method.

CeO, was obtained by calcining cerium nitrate hexahydrate in muffle
furnace at 500 °C for 5 h. The Pt,Ir NPs dispersed in ethanol solution
were dropped into CeOs dispersed in ethanol solution. After stirring for
4 h, the product was evaporated by water bath, and then dried at 110 °C
for 4 h. After grinding, the product was calcined at 200 °C for 2 h. Then it
was reduced under Hy atmosphere at 200 °C for 2 h. The obtained
sample was denoted as Pt,Ir/CeO,, and the real ratio was obtained by
XRF.
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2.3. Catalyst characterization

The real content of Pt and Ir in Pt,Ir/CeO, was detected by a
ARL9800XP + X-ray fluorescence (XRF). X-ray diffraction (XRD) was
used to study the crystalline structure of synthesized Pt,Ir NPs and Pt,Ir/
CeOo, and the results were recorded on a Philips X'Pert Pro diffrac-
tometer with Cu Ka radiation (A = 0.15418 nm). The morphology and
sizes of Pt,Ir were obtained by Transmission Electron Microscopy (TEM)
on a JEM-2100 (voltage at 200 kV). The Pt,Ir alloys dispersed in ethanol
was dripped and dried at carbon-film-supported copper grids. The
morphology of Pt,Ir/CeOy was showed by High-angle annular dark-field
scanning transmission electron microscopy (HAADF-STEM), and the
distribution of Pt and Ir of Pt,Ir/CeO, was performed by the energy
dispersive spectrometer (EDS) elemental mapping. The surface areas
and pore volumes were obtained on a Micrometrics ASAP 2020
adsorption apparatus using the Brunauer-Emmett-Teller (BET) method.
CO pulse chemisorption was used to obtain the dispersion of noble
metals using a gas chromatogram (GC-5890). All the samples were
reduced in 7 % Hy/Ny at 200 °C for 2 h before measurement. Then the
samples were heated under Ar atmosphere at 200 °C for 1 h. And when
the temperature decreased to 30 °C, 5% CO/N; with a pulse mode was
introduced until saturated adsorption. The stoichiometric ratio of CO/
noble metal was assumed to be 1. X-ray photoelectron spectroscopy
(XPS) analysis was recorded by a PHI 5000 Versa Probe system under
monochromatic Al Ko radiation (1486.6 eV). The binding energies were
determined by the adventitious carbon (C 1 s peak at 284.6 eV). The
Raman spectroscopy was recorded on a LabRAM Arami spectrometer.
And the laser excitation wavelength used was 532 nm. Temperature-
programmed reduction was performed using a Finesorb-3010 instru-
ment. The samples were first preheated under Ny atmosphere at 200 °C
for 1 h, after cooling at the room temperature, the samples were started
to be heated to 700 °C in 7.0 % Hy/Ar flow at a rate of 10 °C /min. To
study the reaction process for toluene combustion over Pt,Ir/CeOo, in-
situ Diffusion Reflectance Infrared Fourier Transform Spectra (in-situ
DRIFTS) was carried out, which was recorded on a Nicolet iS50 FT-IR
spectrometer using a mercury cadmium telluride (MCT) detector. The
samples were preheated at 200 °C for 30 min in a Ny stream (25 mL/
min), and then the background patterns at the required temperature
were collected during the cooling process. When the temperature was
cooled at the room temperature, Ny was replaced with 1000 ppm
toluene. The patterns were recorded at the required temperature in the
heating process.

2.4. Catalytic activity test

The as-prepared Pt,Ir/CeO; catalysts were used for the catalytic
oxidation of toluene in a fixed-bed continuous flow quartz reactor with a
space velocity of 15,000 mL g'h L. The reaction gas was formed from
1000 ppm toluene and air. The particle size of the catalyst was 20-40
mesh, and the dosage was 100 mg. The water vapor influence experi-
ment was carried out by introducing 5 vol% HO into the mixture. Re-
actants and products were detected and analyzed online using a gas
chromatography (GC-9869) with flame ionization detector (FID) and
thermal conductivity detector (TCD). Toluene conversion (Xtoluyene, %)
and the CO; selectivity (Scoz, %) were defined as follows:

Cin - Cnu

Kiotuene (%) = (Co=Cou) 1005, )

Scoa (%) = _ Cer 1002 )
7(Cin— C{Jut)

Cin and Cyy are the inlet and outlet toluene concentrations in the feed
stream, respectively. Ccoz is CO5 concentration in the outlet. Tsg and Tgg
were used to evaluate the catalytic performances of the samples, which
meant that the conversions of toluene were up to 50 and 90%,
respectively.
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The turnover frequency (TOF) was calculated as follows:

G
TOF(s ') =Xx—+————— 3
(A ) Nnablememl X Dnoblememl ( )

where X is toluene conversion at a certain temperature, Cy (mol/s) is the
initial toluene concentration per second, Npgble metal (mol) and Dyople
metal (%) represent the molar amount and dispersion of Pt, Ir and Pt,Ir,
respectively.

When the conversion of toluene was < 20%, the activation energy
(Ea) was calculated as follows:

Ea
Inr = RT + InA 4

where r (mol s71) is the reaction rate, Ea (kJ mol~!) is apparent acti-
vation energy and A is the pre-exponential factor.

3. Results and discussion
3.1. Texture and morphology properties

The molar ratios (x) of Pt/Ir were investigated by XRF test (shown in
Table 1), with the values were 3.2, 2.5, 1.2, and 0.6, respectively.

Fig. 1 shows the XRD patterns of Pt, Ir and Pt,Ir samples. In com-
parison with the standard XRD patterns of Pt (JCPDS PDF#04-0802)
and Ir (JCPDS PDF#46-1044), the Pt,Ir samples showed similar
diffraction peaks, which were assigned to (111), (200), (220) and
(311) lattice faces, indicating the face-centered cubic structures. It is
worth noting that the diffraction peaks which were assigned to the
(111) lattice plane continuously shifted to a lower value with the in-
crease of Pt content. Meanwhile, the d-spacings of (11 1) reflection can
be calculated by the Bragg equation (Table S1) and the results showed
that the lattice spacings of (111) reflection of the Pt,Ir NPs were be-
tween Pt (111) and Ir (111), suggesting the formation of Pt,Ir alloy
[24].

The microstructure of Pt,Ir samples was observed by TEM. It can be
seen in Fig. 2 that the as-prepared samples were relatively uniform NPs.
According to the statistical results of the sizes for different samples
(Table S1), the average size of Pt was 2.36 nm and the average size of Ir
was 1.31 nm. The average sizes of the as-prepared Pt,Ir alloys were
similar, with the range of 2.1-2.2 nm. Lattice spacings can be measured
from the HRTEM images. It showed that the lattice spacing of Pt and Ir
samples were 2.27 A and 2.22 A, which were assigned to the (111)

Intensity (a.u.)
f II

T T T T T ad T v T "
30 40 50 60 70 80 90
2 Theta (degree)

Fig. 1. XRD patterns of Pt, Pt3oIr, Pty slr, Pt; 5lr, Ptoglr and Ir; Insert: expan-
sion of the region contributed to the (111) lattice planes.
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lattice plane of Pt and Ir, respectively. The lattice spacings of Pt,Ir alloys
in the HRTEM images showed that the values of the lattice spacing were
between Pt and Ir (Table S1), which proved that the alloys were formed,
consistent with the XRD results.

The XRD patterns of Pt/CeO,, Ir/CeO, and Pt,Ir/CeO, samples are
shown in Fig. S1. Compared with the standard pattern of lattice planes,
the samples showed the same structure as cubic cerium dioxide. How-
ever, the diffraction peaks related to Pt or Ir were not observed in the
XRD patterns, indicating the formation of the highly dispersed noble
metal NPs. Fig. S2 showed that Pt/CeO,, Ir/CeO2 and Pt,Ir/CeO, sam-
ples all displayed type IV isotherms with H3 hysteresis loops, and the
surface areas were concluded in Table 1. After loading the noble metals,
the surface areas of Pt/CeO,, Ir/CeOy and Pt,Ir/CeO, samples were
slightly lower, with the values were in the range of 47.0-59.1 m?%/g.

In order to further study the dispersion state of Pt,Ir alloys on CeO,
HAADF-STEM technique of Pt/CeO,, Pt,Ir/CeO5 and Ir/CeO, samples
was carried out, as shown in Fig. S3. The average particle sizes of Pt,Ir
alloys on CeO; were in the range of 2.4-2.6 nm (Table 1). It was found
that the sizes of Pt,Ir alloys with different ratios showed no significant
difference. It can be seen that Pt,Ir alloys had a good dispersibility on the
surface of CeO,. The distribution of Pt and Ir elements in Pty 5Ir/CeO-
samples were studied by the EDS mapping, as shown in Fig. 3. The fig-
ures showed that Pt (red color) and Ir (yellow color) were uniformly
dispersed and mixed on CeO2 (green color), which further proved the
formation of the alloys [25].

3.2. Catalytic activity

Fig. 4 (a) shows the catalytic combustion curves of Pt/CeOs, Pt,lIr/
CeO; and Ir/CeO, samples for toluene conversion. In order to show the
catalytic activities of the samples readily, Tsg and Tgy were compared
(Table 2). Comparing with Ir/CeO, sample, when Pt metal was added,
the catalytic activity was significantly improved and the catalytic ac-
tivity of toluene oxidation increased at first and then decreased with
increase of the Pt content. The Pt 5Ir/CeO, sample exhibited the highest
catalytic activity for toluene combustion, with Tsg = 121 °C and Tyy =
139 °C, which were lower than those of the monometallic Pt/CeO; (T5¢
=131 °Cand Tgo = 148 °C) and Ir/CeO, (Tso = 188 °C and Tgg = 217 °C)
samples. Fig. S4 (a) shows the CO4 selectivity of the Pt/CeO, Pt,Ir/CeOq
and Ir/CeO, samples. And it showed that the selectivity of CO2 was
increased with the temperature and reached 100% at about 160 °C,
indicating that toluene was uncompleted oxidation at low temperature.
Furtherly, the Pty 5Ir/CeO5 sample exhibited the best selectivity of COo,
which was consistent with the result of toluene conversion. Figure S4 (b)
shows the Arrhenius plots for the oxidation of toluene over Pt,Ir/CeOs,
Pt/CeOs, and Ir/CeO,, and the results (Table 2) showed that Pty slr/
CeO3 had a lowest activation energy value, suggesting that toluene was
easier oxidized on the Pty 5lr/CeO2 [9]. In order to study the intrinsic
activity of Pt/CeOs, Pt,Ir/CeO2 and Ir/CeO, samples, the reaction rate
and turnover frequencies (TOFs) of toluene combustion at 110 °C were
determined for toluene combustion, shown in Table 2. The values were
in order of Pty sIr/CeOy > Pt olr/CeOy > Pt3slr/CeOy > Pt/CeOqy >
Pty glr/CeOy > Ir/CeO,. It is evident that the Ptpslr/CeO, sample
exhibited the highest reaction rate (11.27 pmol/ (gcat s)) and the highest
TOF value (5.02 x 10 3s 1) at 110 °C. Compared with other studies for
the catalytic oxidation of toluene summarized in Table S2, Pty 5Ir/CeO,
showed an excellent low-temperature activity, indicating a good
applying potential.

The stability of catalyst also plays an important role for evaluating
the practical application as well as the toluene conversion. Therefore,
the water resistance and stability tests for Pty 5Ir/CeO4, Pt/CeO5 and Ir/
CeO, samples were carried out at 160 °C with 1000 ppm toluene and a
certain SV of 15000 mL g~*h~!. As shown in Fig. 4(b), after the intro-
duction of HpO into the reaction system, the toluene conversion of
Pty 5Ir/CeOo, Pt/CeO4 and Ir/CeO, samples showed no obvious change,
suggesting that the addition of H>O had limited impact on the catalytic
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Fig. 2. TEM images of (a) Pt (b) Pt lr (c) Pty sIr (d) Pty oIr (e) Ptoglr (f) Ir; Insets: HRTEM images and size distribution histograms.

Table 1
The actual metal contents, noble metal particle sizes, and BET data for samples.
Sample  Actual Pt Actual Ir Real Noble BET Pore
content® content® Pt/Ir metal surface volume®
(Wt%) (Wt%) molar particle area“ (em®/g)
ratio® size® (m%/g)
(mol/ (nm)
mol)
Pt/ 0.41 - - 2.66 59.1 0.211
CeOy
Pt oIt/ 0.32 0.10 3.2 2.41 51.3 0.200
CeOy
Pty st/ 0.35 0.14 2.5 2.60 47.0 0.185
CeOy
Pty oIt/ 0.24 0.20 1.2 2.58 54.7 0.200
CeOy
Pty eIt/ 0.16 0.27 0.6 2.38 51.2 0.191
CeOy
Ir/ - 0.41 - 1.48 51.2 0.196
CeOy
CeOy - - - - 64.7 0.220

a Data were determined by the XRF test.

b Data were measured according to the HAADF-STEM images of Pt/CeO,, Pt,Ir/
Ce0, and Ir/CeO,.

c Data were obtained according to the BET method.

performance of Pty 5Ir/CeOg, Pt/CeO; and Ir/CeOs. Fig. 4(c) showed the
catalytic performance of Pt sIr/CeO,, Pt/CeO and Ir/CeO, samples in
reaction flow for 30 h at 160 °C. All catalysts remained good catalytic
activity in reaction flow for 30 h, indicating an excellent catalytic
stability.

3.3. Surface oxygen vacancy/adsorbed oxygen species

To connect the catalytic performance with the Pt/Ir ratios, a series of
characterization methods have been done to investigate the properties
of the catalysts. It is generally believed that the increase of surface ox-
ygen vacancy concentration is beneficial to the adsorption and activa-
tion of oxygen, which is conducive to the catalytic oxidation of toluene
[26,27]. Therefore, in order to investigate the surface oxygen vacancies

and adsorbed oxygen species of the samples with different Pt/Ir ratios,
Raman spectra were first measured, as shown in Fig. 5 (a). The peak of
CeO,, at 464 cm ™! was attributed to the Fag mode peak of CeO; [28]. The
peak at 595 cm~! was attributed to the defect (D) mode of CeO5 which
was related to the oxygen vacancy or anion defect in the CeO, fluorite
structure [29], and the peak at 833 cm~! was attributed to the surface
adsorption 02 vibration which was related to the existence of oxygen
vacancy [30]. After loading noble metals, the peak at 595 cm ! showed
a blue shift and the peak continuously shifted to a higher value with the
increase of Ir content, indicating the interaction between noble metals
and CeO, [31]. The relative concentration of surface oxygen vacancies
could be represented by Ip/Irag (Table 3). It would reveal that the
relative concentration of surface oxygen vacancies increased signifi-
cantly after the deposition of Pt, Ir or Pt,Ir alloy particles, indicating that
the noble metals can help to increase the concentration of surface oxy-
gen vacancies on CeOgq-supported catalysts. The highest relative con-
centration of surface oxygen vacancy on Pty 5Ir/CeO; could be one of the
main reasons for its superior toluene oxidation activity. In addition, the
peaks of Ir/CeO, sample at 550 cm ™! and 728 cm™! belonged to Ir-O
[32]. However, the peak at 550 em ! gradually shifted to lower wave-
number [4,33] and the peak at 728 cm ™! decreased gradually with the
increase of Pt content. These phenomena indicated that there was an
interaction between Pt and Ir.

It has been reported that the formation of Ce>* was always related to
the generation of oxygen vacancies [26] and then the Ce 3d XPS spectra
were discussed. As to the Ce 3d spectra (Fig. 5 (b)), the binding energy
(BE) = 900.7, 903.0, 907.4 and 916.5 eV were assigned to the Ce 3ds, 2
orbital, and the BE = 882.2, 885.0, 888.8, and 898.2 eV were associated
with the Ce 3ds,, orbital [34]. The BE = 885.0 and 903.0 eV were
assigned to the surface cedt species, and the BE = 882.2, 888.8, 898.2,
900.7, 907.4 and 916.5 eV were attributed to the surface Ce** species
[28-35]. Therefore, all samples contained Ce>* and Ce** and the Ce3*
contents were in the order of Pty 5Ir/CeO4 > Pt; 5Ir/CeO4 > Pt gIr/CeOo
> Ir/CeOy > Pt3slr/CeO, > Pt/Ce0,. The results showed that Pt,Ir/
CeO-, exhibited more surface oxygen vacancies compared with Pt/CeOs,
which agreed with Raman. The O 1 s spectra are shown in Fig. 5 (c). The
BE = 529.1, 531.6 and 533.1 eV are assigned to the surface lattice ox-
ygen (Ojar), surface adsorbed oxygen (O,qs) and carbonate or adsorbed
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Fig. 3. (a) HAADF-STEM image of Pt; sIr/CeO5 (b-d) EDS elemental mapping images of Pt; sIr/CeOs.

molecular water (O.oy) [36], respectively. The content of the O,qs spe-
cies was in the order of Pty 5Ir/CeO5 > Pty 5Ir/CeO4 > Pty glr/CeOq > Ir/
CeO3 > Pt3 5Ir/Ce0y > Pt/Ce04, which corresponded to the results of Ce
3d. It indicated that Pt,Ir/CeO; had stronger ability to activate oxygen
[37] when Ir was added.

From the results described above, it can be seen that Ptj 5Ir/CeO4
sample had the highest oxygen vacancies among all samples, which
might contribute to the excellent activity. However, the order of the
surface oxygen vacancies or O,4s were inconsistent with that of catalytic
activity, shown in Fig. S5. It suggests that the surface oxygen vacancies
contribute to the catalytic activity, but it was not the decisive factor for
toluene combustion. Zhang et al [38] reported that the pt® species also
plays an important role besides surface oxygen vacancies for toluene
combustion over Pt catalysts. Therefore, other factors need to be
analyzed for comprehensive consideration besides surface oxygen
vacancies.

3.4. The interaction between Pt and Ir and the low-temperature
reducibility properties

In order to study the interaction between Pt and Ir, Ir4f and Pt4f XPS
spectra were discussed. Fig. 6 (a) shows the Ir 4f spectra, which are
composed of Ir 4f; /5 and Ir 4f5 2 [39,40]. There were two species in the
spectra: the BE = 60.6 (4f7,2) and 63.6 eV (4f5,) were assigned to I,
and the BE = 61.4 (4f;,2) and 64.5 eV (4f5,5) were assigned to It [41].
Comparing with Ir/CeO, sample, the binding energy of Pt,Ir/CeOy
samples shifted towards lower BE’s, suggesting that the electrons
transferred from Pt to Ir [42,43]. The result indicated that there was an
interaction between Pt and Ir, which agreed with the Raman spectra. It is
generally believed that Ir® species is helpful to the activation of O due to
it can donate electrons to the antibonding n* orbital of Oy [23,44].
Therefore, the state of Ir in the catalysts is also important. We can see
from the Table 3, it was apparent that the molar ratio of Ir° increased by
adding Pt as comparing with the Ir/CeO, sample, which could be
attributed to the electrons gained by Ir from Pt. And the molar ratio of Ir°
showed the same order with the O,qs, as shown in Fig. S5. Therefore, the
alloying of Pt and Ir promotes the increase of Ir® species which facilitates
the activation of oxygen in the catalytic oxidation of toluene.

Fig. 6 (b) shows the Pt 4f spectra. Three types of species are observed
in the spectra: the ones at BE = 70.6 eV (4f;,3) and 73.9 eV (4f5,5) were
assigned to the surface metallic Pt ) species; the ones at BE = 71.7 eV
(4f7,9) and 75.3 eV (4f5,3) were attributed to the surface P2t species;
and the ones at BE = 73.6 eV (4f;,3) and 77.3 eV (4fs5,5) were ascribed to
the surface Pt*" species [45-47]. It was observed that the Pt 4f peaks of
the Pt,Ir/CeO5 samples shifted to higher BE’s with the increase of Ir,
which was consistent with Ir 4f spectra. In addition, Pt® is often
considered as an active specie in the catalytic oxidation of toluene
[48,49] and some studies have shown that pt° species is helpful for the
adsorption of toluene [9,50]. It was found that the Pt 5Ir/CeO; sample
contained the highest content of Pt® (Table 3) and the order was
consistent with the catalytic activity (Fig. S5), which indicated that the
catalytic activity of the samples was related to the molar ratio of Pt°.
Therefore, adjusting the ratio of Pt and Ir can change the interaction
between Pt and Ir of catalysts, and influence the adsorption of toluene
and oxygen activation, which contribute to the catalytic oxidation of
toluene.

The reduction properties of Pt,Ir/CeO;, samples with different Pt/Ir
ratios were determined by Hy-TPR, as shown in Fig. 6 (c¢) The reduction
peaks of the CeO5 were at 208 °C and 452 °C, which were attributed to
the reduction of surface oxygen and subsurface oxygen [51,52],
respectively. Compared with CeO,, the reduction temperature of surface
oxygen on Pt,Ir/CeO, sample was reduced to 117 ~ 155 °C, indicating
noble metals affected the reduction of surface oxygen of CeO,, Besides,
new reduction peaks below 110 °C appeared when Pt, Ir or Pt,Ir were
loaded on CeO,, which was associated to the reduction of PtOy or IrO,
species [53,54]. Compared with Pt/CeOy and Ir/CeO2 samples, the
reduction peaks of Pt,Ir/CeO, samples shifted and showed reduction
peaks at different temperature locations with different Pt content in
alloys, suggesting there was an interaction between Pt and Ir. Among
them, Pty slr/CeO, sample had the lowest reduction temperature. The
results indicated a certain value of Pt/Ir contributed to improving the
reducibility of catalyst. To sum up, it was reasonable to suggest that the
Pty 5Ir/CeO4 sample exhibited the high catalytic activity in connection
with the good low temperature reduction ability [34].
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3.5. Proposed reaction mechanism
Table 2

Catalytic performances for Pt/CeOs, Ir/CeO; and Pt,Ir/CeO,.

For the purpose of studying the catalytic oxidation mechanism of

Samples  Catalytic Metal Specific TOFNoble Ea toluene on Pty slr/CeO, sample, in-situ DRIFTS test was carried out
activity gl/sf ersion :ialc 1t100ncr ate T;‘Sl a Ct Sf(‘)ll/) under different temperatures (Fig. 7 (a)). At 40 °C, the bands detected at
0
Tso Too (umol/ (gear 10735 3080 and 3026 cm ™! were assigned to v(C-H) of the aromatic ring [55],
o 0 ) 1602 and 1494 cm™! belonged to skeleton vibrations of the aromatic
Pt/CeO, 131 148 540 4.20 1.56 67.9 ring [56]. The baflds at 1177 a.nd 1926 .crn’1 were respec.tivel}.l attliib-
Pty oIt/ 132 155  46.8 6.99 2.90 74.7 uted to asymmetric C-C stretching vibration and C-H bending vibration
CeO, of aromatic ring [57,58]. These bands implied that toluene was adsor-
Ptaslr/ 121 139 43.6 11.27 5.02 54.4 bed on the surface of the catalyst. The bands at 2924 and 2878 cm?
CeO, . . . . . .
Pty oIt/ 128 145 452 816 3.45 570 were assigned to symmetric and as;il?metrlc stretching v1brat1.ons c?f
methylene s an cm elonged to C-O stretching vi-
Ce0, thylene [59], 1192 and 1081 belonged to C-O stretching
Pto.glr/ 145 164  70.7 1.61 0.43 85.3 bration of alkoxide species, which indicated the adsorbed toluene was
CeO» partially oxidized to benzyl alcohol (CeHs-CH20-) species [60,61]. In
Ir/CeO, 188 217  8l.4 - - 115.4

addition, the weak bands detected at 1668 and 1698 em ! [62,63] were
attributed to the asymmetrical stretching of C = O, 1557 and 1541 cm ™!
[64] belonged to the asymmetric v(COO) stretching vibrations. These
weak bands suggested that benzaldehyde and benzoate were also
formed. When the temperature increased, the benzoate was
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Table 3

The Raman and XPS data of Pt/CeQ,, Pt,Ir/CeO, and Ir/CeO,.

catalyst Ip/lag surface element composition
Ce®*/(Ce> +Ce*h) Qads/(Qads + Qtar) Pto/(Pt® + P2 4Pt*) PE2H/(Pt° + P2 4Pt*) Pt/ + P 4Pt /MO + ')
(%) (%) (%) (%) (%) (%)
Pt/CeO, 0.0187 23.7 12.5 63.8 26.3 9.9 -
Pts oIt/ 0.0187 24.2 15.6 61.8 24.4 13.8 27.5
CeOy
Pty slr/ 0.0220 25.8 17.9 66.6 18.3 15.1 44.8
CeOz
Pty oIr/ 0.0216 25.3 17.4 64.4 19.1 16.5 42.2
CeOy
Pty elr/ 0.0188 24.9 17.2 56.0 22.9 21.1 38.6
CeOy
Ir/CeOy 0.0187 24.8 17.0 - - - 14.5
CeO, 0.0160 - - - - - -

accumulated on the surface of the catalysts. At 120 °C, the characteristic
bands of toluene disappeared and several bands at 1359, 1371, 1394,
1441, 1507 and 1733 cm™! peaks were observed. Among them, the

bands at 1733 cm ™! were attributed to the asymmetric C = O stretching
vibrations, indicating the existence of ketone or aldehyde without aro-
matic conjugation [65], and the bands at 1394 and 1359 cm ™! belonged
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to formate (HCOO™) or monodentate carbonate species and symmetric v
(COO) stretching [57], respectively. The bands at 1441 and 1507 cm !
were assigned to maleates [66]. In addition, the bands at 1367 cm™*
belonged to the symmetrical deformation vibration of methyl, suggest-
ing the existence of acetone [67]. These results showed that benzoate
was further oxidized and the benzene ring was broken. When the tem-
perature increased, these intermediate products were accumulated and
CO, (2360 cm ™}, 2324 cm™!) was detected [59]. Therefore, the possible
mechanism of toluene on Pty 5lr/CeO4 sample was as follows: Firstly,
toluene was adsorbed on the active site Pt, then toluene was rapidly
oxidized to benzyl alcohol, benzoate and benzaldehyde by the active
oxygen species which were related to the surface oxygen vacancies and
Ir° species. At 120 °C, the benzene ring was broken, benzoic acid was
further oxidized to maleates, formate and acetone. Finally, these inter-
mediate products were oxidized to CO, and H30.

In order to make a comparison, we also carried out in-situ DRIFTS of
Pt/CeO; and Ir/CeO, samples at different temperatures. Fig. 7 (b) shows
the in-situ DRIFTS spectra of Pt/CeOy sample. The typical peaks of
toluene at 1599, 1498 cm™! were detected, suggesting toluene was
absorbed on the catalyst [56]. The bands detected at 1184, 1081, 1024

em™! could be attributed to the existence of benzyl alcohol species,
1559, 1541 cm~! could be attributed to the existence of benzoate
[60,64] and the bands at 1698 cm ™! belonged to the peaks of benzal-
dehyde [62]. It was worth noting that the bands at 1357, 1371, 1394,
1444, 1506 cm ! were detected at 140 °C, suggesting the benzene ring
was broken and formate, maleate and acetone [57,66] were formed at
higher temperature compared with Pty 5Ir/CeO», which indicated that
the catalytic oxidation ability of Pt/CeO2 was weaker than that of
Pty 5Ir/Ce0,, consistent with the XPS and Raman results. When tem-
perature increased, CO, (2360 cm’l, 2324 cm’l) was detected.

The in-situ DRIFTS spectra of Ir/CeO5 sample are shown in Fig. 7 (c).
The bands at 1600 cm™* and 1496 cm™! could be attributed to the
absorbed toluene on the catalyst. The bands detected at 1025, 1068,
1196, 1540, 1560, 1697 cm ™' suggested that toluene was partially
oxidized to benzyl alcohol, benzoic acid and benzaldehyde. And the
characteristic peaks of formate (1394 cm_l, 1359 cm_l), maleate (1507
cm_l, 1445 crn_l) and acetone (1370 cm_l) appeared at 160 °C, which
could be detected at lower temperature on the Pt 5Ir/CeO;. When the
temperature increased, these intermediate products were accumulated,
and CO, (2360 cm ™!, 2324 cm™!) was detected.
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Combined with the results mentioned above, the pathway of toluene
oxidation on the Pt/CeO5 and Ir/CeO, showed a similar route with
Pt; 5Ir/CeO,. The possible pathway can be concluded as follow: toluene
— benzyl alcohol — benzaldehyde — benzoic acid — formate, maleate
and acetone — CO; and Hy0, shown in Fig. 8. It was worth noting that
the benzene ring oping process was the important process [68].
Compared with Pt/CeO, (140 °C) and Ir/CeO5 (160 °C), the benzene

CCe @O @C C HLUPL@® Ir

J Oy

Fig. 8. The reaction pathway of toluene oxidation over Pt,Ir/CeO catalyst.

ring was broken at lower temperature on the Pty slr/CeOy (120 °C),
which could be attributed to the active oxygen produced by more Ir°
species and surface oxygen vacancies. Therefore, with stronger ability to
adsorb toluene and activate oxygen, Pty 5Ir/CeO3 exhibited high cata-
lytic oxidation activity of toluene.

4. Conclusion

A series of Pt,Ir nano-alloys supported on CeOy were successfully
prepared by microwave-assisted ethylene glycol reduction method. Pt,Ir
alloys were uniformly dispersed on CeOs. The supported Pt,Ir/CeO5
catalysts exhibited high catalytic activity for toluene oxidation
compared with Pt/CeO; and Ir/CeO; catalysts. It demonstrated that the
interaction between Pt and Ir can be adjusted by change the proportions
of Pt and Ir, which can affect the catalytic performance for toluene
combustion. The excellent low-temperature catalytic activity over
Pt 5Ir/CeO, can be attributed to the most of Pt° species, i° species,
surface oxygen vacancies and the low-temperature reducibility, as
revealed by Raman, XPS and H,-TPR analysis. In-situ DRIFTS in-
vestigations showed that the benzene ring of toluene can be broken over
Pty 5Ir/CeO5 at lower temperature compared with monometallic cata-
lysts, promoting the reaction at lower temperature. This finding has
significant merit in practice for the efficient removal of VOCs.
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