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A B S T R A C T   

Catalytic combustion of VOCs is one of the most promising technologies for removal of VOCs. Developing new 
and highly performance catalyst is very important for the application of this technology. Here, we report the 
fabrication of catalysts Ir/Ce/γ-Al2O3 for complete oxidation of toluene, via confining the particles size of CeO2 
additives. The catalysts are analyzed by XRD, H2-TPR, O2-TPD, TEM, HRTEM, XPS, Raman and in-situ DRIFTS. 
The catalyst Ir/Ce(A)/Al2O3 contains small CeO2 nanoparticles (<5 nm) loaded with ultrafine nanoparticles of Ir0 

(<2 nm), exhibiting higher catalytic activity for toluene oxidation than the control catalyst with large CeO2 
additives. The results from XRD, TEM, Raman and XPS show the formation of a strong interaction between the 
IrO2 and the small CeO2 nanoparticles, resulting in the enhanced catalytic activity. This novel means for syn-
thesizing the iridium-based catalyst promises the catalytic oxidation of VOCs.   

1. Introduction 

Volatile organic compounds (VOCs) are organic chemicals with sig-
nificant vapor pressures [1,2]. The VOCs not only form precursors of 
PM2.5 and O3 but also have apparent toxic property, potential carcino-
genic and teratogenic effects, which can cause serious harm to the at-
mosphere and human health [3,4]. Thus, the removal of VOCs is 
extremely important with the more and more strict environmental 
protection policy and universal development of green chemical concept 
[5]. Toluene pollutant is especially urgent to solve for its high toxicity 
and excessive emission from industries, including petroleum refining, 
synthetic resin manufacture, dyeing, printing, and coating [1,5,6]. 

With respect to the VOCs control technologies, catalytic oxidation is 
generally recognized as one of the most promising methods on account 
of the advantages of high destructive efficiency, lower operation cost 
and complete purification [2]. Although various precious metal-based 
catalysts (such as Pt [7], Pd [8], Au [9], Ru [10], etc.) have been 
employed in catalytic removal of VOCs in recent years, the reserves of 

these precious metals on the earth are ultimately limited. Thus, the 
development of new and efficient catalysts is of great importance. In the 
Pt-group metals, Ir has a strong ability to activate C-H bond (electro-
philic property when Ir species is in oxidized state), and can effectively 
improve the selectivity of ring-opening reaction [11,12]. Therefore, 
iridium-based catalyst has been applied in various fields such as syn-
thesis of aryloxy compounds [13], catalytic hydrogenation [14], pho-
tocatalytic reduction [15], catalytic hydrogen production [16,17] and 
exhaust gas purification [18,19,20], but Ir-based catalyst for the cata-
lytic oxidation of VOCs is relatively less. Sun and Li have investigated 
oxidation of formaldehyde over Ir0/Al2O3 and Ir/TiO2, fabricating the 
Ir-based catalysts that could oxidize HCHO at room temperature 
[21,22]. Lukas et al. synthesized Ir/SiO2 catalysts with a size of 5–27 nm 
by calcination at different temperatures, and explored its size-activity 
effect on short-chain alkanes (propane, ethane and methane). The 
smaller iridium particles have higher combustion activity due to its high 
metal dispersion [23]. Similar results of size effect have been reported in 
other precious metals catalysts [24]. For example, Song et al. reported 
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that Pt with size of 4 nm among the size of 1.7–7.1 nm in Pt/SBA-15 had 
the most excellent combustion activity [25]. In addition, Chen et al. 
found that Pt with size of 1.9 nm had the highest activity for the com-
plete oxidation of toluene over Pt/ZSM-5 catalysts among all catalysts 
[26]. However, the activity of Ir particles at around 1 nm has not been 
explored so far. 

The interaction between metal species and the support plays crucial 
role in the catalytic process owing to the existence of strong metal- 
support interaction (SMSI) [27]. Alumina is a common catalyst sup-
port of catalyst for its high specific surface area and stability at high 
temperature [28], but its mobility of lattice oxygen is weak [29]. CeO2 is 
a frequent additive to modify alumina for its distinctive ability of store 
and release of oxygen [30,31]. To enhance the SMSI, the particles size of 
CeO2 additive in catalysis was investigated. Ge et al. reported the 5 nm 
CeO2 nanoparticles in CuO/CeO2-Al2O3 catalyst displayed the best cat-
alytic activity within the particle size range from 3 nm to 10 nm in the 
NO + CO reaction [32]. Tan et al. also reported that smaller additive 
CeO2 nanoparticles were beneficial to the catalytic activity of Pt/CeO2- 
Al2O3 towards CO oxidation [33]. These results demonstrate that the 
SMSI was not applied in the particles size of noble metals but also the 
additives. 

Additionally, the electronic metal-support interaction (EMSI) is also 
extremely important during the catalytic process [34]. Wang et al. 
investigated the effect of Pd state on the oxidation of o-Xylene and 
concluded that metallic Pd species was much more active than Pd oxide 
species at temperature lower than 200 ◦C [35]. Therefore, in most cases, 
before testing the catalytic activity, the noble metal catalysts would be 
pretreated by hydrogen to produce metallic noble metal. However, in 
another case, the authors found that much more PdO species formed in 
Pd/Ce/Al and the catalyst showed higher catalytic activity than Pd/Al 
for oxidation of toluene at temperature lower than 200 ◦C [8]. These 
results indicate that the active species in noble metal catalysts for 
oxidation of VOCs is still controversial. 

Herein, we aimed to develop a new Ir-based catalyst whose Ir particle 
size is smaller than 2 nm for the catalytic remove of toluene. γ-Al2O3 was 
used as support, small CeO2 nanoparticles were introduced as additive 
and ultrafine iridium nanoparticles were loaded on the modified 
alumina, and hydrogen pre-treatment was employed to investigate the 
role of Ir state in the oxidation of toluene. Several characteristics were 
adopted to explore the relationship between the catalyst structure and 
catalytic performance. This finding offers a useful insight to design new 
noble metal catalyst for catalytic removal of VOCs. 

2. Experimental 

2.1. Materials 

Iridium trichloride hydrate (IrCl3⋅3H2O) and cerium nitrate hexa-
hydrate (Ce(NO3)3⋅6H2O) were obtained from Shanghai Macklin 
Biochemical Technology Co., Ltd (China). Aluminum oxide was pur-
chased from Shanghai Titan Scientific Co., Ltd (China). Toluene was 
purchased from Shanghai Lingfeng Chemical Reagent Co., Ltd (China). 
Acetic acid glacial was purchased from Meryer Co., Ltd (China). All 
chemical reagents were analytical grade and were used without further 
purification. 

2.2. Preparation of catalysts 

2.2.1. Preparation of Ce(A)/Al2O3 
Firstly, the commercial alumina was calcined at 750 ◦C for 4 h with a 

heating rate of 5 oC∙min− 1 to obtain γ-Al2O3. Secondly, 20 ml deionized 
water was added 1.5 g of γ-Al2O3 with thoroughly stirring. 1 ml of acetic 
acid was added into the dispersion. 78.3 mg of Ce(NO3)3⋅6H2O (2.0 wt 
%) was added with stirring for 4 h. The precursor was dried in a water 
bath at 80 ◦C, followed by the oven heating at 90 ◦C overnight. Finally, 
the sample was calcined at 550 ◦C for 4 h with a heating rate of 5 

oC∙min− 1. The final modified carrier is referred to as Ce(A)/Al2O3. The 
control sample without adding acetic acid was denoted as Ce(W)/Al2O3. 

2.2.2. Preparation of Ir/Ce/Al2O3 
Supported Ir catalysts were prepared by wet impregnation method. 

The iridium trichloride hydrate was dissolved in deionized water, fol-
lowed by the addition of a certain amount of support. The mixture was 
stirred for 2 h and the excess water was evaporated at 80 ◦C in a water 
bath. The samples were dried at 90 ◦C overnight and calcined at 550 ◦C 
for 4 h. The Ir loading for each catalyst was 2.0 wt%. Three catalysts 
were prepared and referred as Ir/Al2O3, Ir/Ce(A)/Al2O3 and Ir/Ce(W)/ 
Al2O3. 

Catalysts reduced by hydrogen 
As-prepared catalysts were reduced by pure H2 (25 ml⋅min− 1) at 

500 ◦C for 2 h, and denoted as Ir/Al2O3-H2, Ir/Ce(A)/Al2O3-H2 and Ir/ 
Ce(W)/Al2O3-H2. 

2.3. Catalyst characterization 

The X-ray diffraction analysis and Brunauer-Emmett-Teller (BET) 
surface areas measurement of the catalyst were carried out as described 
previously [32]. Raman analysis operation was described in a previous 
work [36]. X-ray photoelectron spectroscopy (XPS) analysis was per-
formed on a PHI-5000 Versa Probe (ULVACPHI, Japan) with a mono-
chromatized Al Kα excitation source (hν = 1486.6 eV). The C1s peak at 
284.6 eV was used for the calibration of binding energy values. 

Transmission electron microscopy (TEM) characterization was per-
formed on JEM-2100 instrument by an acceleration voltage of 200 kV. 
The samples were crushed and dispersed in ethanol, and the obtained 
suspension was dropped and dried on copper grids with carbon film. 
HAADF-STEM and EDS analysis were carried out as described previously 
[37,38]. 

The mean size of the Ir clusters was determined from the TEM im-
ages. The equation was as followed: 

d =

∑
inidi

∑
ini

(1)  

where ni is the particle number, di is the particles diameter. 
It is assumed that the Ir clusters are spherical or hemispherical shape, 

so the dispersion of the Ir clusters could be estimated by the following 
equation: [16] 

DIr =
600MIr

ρdsIrNA
(2)  

where MIr is the molecular weight of Ir (192.22 g∙mol− 1), ρ is the density 
of Ir (22.56 g∙cm− 3), d is the average particle diameter observed from 
the TEM images, sIr represents the surface area of Ir atom (1.25 × 10− 20 

m2∙atom− 1), and NA is the Avogadro constant (6.02 × 1023 mol− 1). 
Temperature-programmed reduction of H2 was measured on a 

Finesorb-3010 instrument (Fantai, China). The sample was preheated at 
210 ◦C in a N2 flow of 40 ml⋅min− 1 for 1 h. After cooling to 30 ◦C, 7.03% 
H2/Ar was introduced with a flow rate of 40 ml⋅min− 1, then the sample 
was heated linearly from 30 ◦C to 400 ◦ C with a heating rate of 10 ◦
C⋅min− 1. 

The redox characteristics of the samples was examined via the 
temperature-programmed desorption of O2 on a Micromeritics ASAP 
2920 instrument (Micromeritics, USA). 100 mg of sample was pre- 
treated at 300 ◦C for 1 h with a H2 flow at 30 ml⋅min− 1, then kept 
with a He flow at 40 ml⋅min− 1 for another 30 min. After cooling to the 
room temperature, 40 ml⋅min− 1 of O2 gas flow was pueged for 30 min. 
Subsequently, the sample was purged with a 40 ml⋅min− 1 of He to 
remove the physically adsorbed O2. When the baseline was stable, the 
O2-TPD profile was recorded by heating the sample from 30 ◦C to 750 ◦C 
with a rate at 10 ◦ C⋅min− 1. 

In-situ diffuse reflectance infrared Fourier transform spectra (in-situ 
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DRIFTS) were recorded on a Nicolet Nexus 5700 FTIR spectrometer with 
a spectral resolution of 4 cm− 1 (number of scans, 32) and a liquid N2 
cooled high-sensitivity MCT detector. Prior to the CO adsorption, the 
samples were pre-treated by H2 at 500 ◦C for 1 h. Background spectra 
were collected at room temperature. Flows of CO (5 vt. %) was switched 
on for approximately 30 min until the adsorption saturation at room 
temperature. Then desorption-reaction spectra were collected after the 
flow was switched to a N2 stream. Prior to the toluene adsorption, the 
samples were pre-treated by H2 at 500 ◦C for 1 h. Background spectra 
was collected at each target temperature in the process of cooling. Flows 
of toluene (1000 ppm) were switched on for approximately 30 min until 
the adsorption saturation at room temperature. Then spectra were 
collected from 20 ◦C to 320 ◦C as a function of time. 

2.4. Catalytic activity test 

The catalytic oxidation of toluene was carried out in a continuous 
flow fixed-bed micro-reactor. 100 mg of catalyst (20–40 mesh) was 
loaded into a quartz tube affording GHSV of 15,000 ml∙g− 1∙h− 1. Prior to 
reaction experiment, the catalyst was reduced by pure H2 (25 ml⋅min− 1) 
at 500 ◦C for 2 h. After cooling to 150 ◦C, 1000 ppm toluene was 
introduced to a pure air flow (N2/O2 = 4:1, flow rate = 25 ml⋅min− 1) 
through a microprocessor-controlled infusion pump. The reaction 
products were analyzed by flame ionization detector (FID) and thermal 
conductivity detector (TCD) after the reaction for 30 min (3 times) and 
the average value was calculated. For the test of fresh samples, all steps 
are the same but without the H2 reduction. The toluene conversion 
(Xtoluene, %) was calculated by following formula: 

XToluene(%) =
Cin − Cout

Cin
× 100% (3)  

where Cin and Cout are the concentration of toluene for inlet and outlet 
gas, respectively. 

The CO2 yield (YCO2, %) was calculated by the following equation: 

YCO2(%) =
CCO2

7∙Cin
× 100% (4)  

where CCO2 represents the CO2 concentration in the outlet gas. 
The turnover frequency was calculated by the following equation: 

TOFIr
(
S− 1) = XToluene∙VToluene∙

MIr

mcatXIrDIr
(5)  

where XToluene represents the toluene conversion at certain temperature; 
VToluene is the toluene flow rate in unit of mol∙s− 1; mCat is the catalyst 
amount; XIr is the weight fraction of Ir in the catalyst. TOFIr is the 
turnover frequency based on Ir dispersion. 

Activation energy was calculated at temperatures (160–170 ◦C) for 
toluene conversions lower than 10%, which was calculated by the 
Arrhenius equation: 

lnr = −
Ea

RT
+ lnA (6)  

where r is the reaction rate (mol∙s− 1); A is the pre-exponential factor; 
and Ea is apparent activation energy (kJ∙mol− 1). 

2.5. Stability and H2O resistance test 

The stability of catalyst (Ir/Ce(A)/Al2O3-H2) with the best perfor-
mance was tested under same conditions of toluene oxidation for 50 h at 
310 ◦C and 190 ◦C. In addition, fresh samples were tested for 30 h at 
370 ◦C. 

The effect of water vapor to the catalytic reaction was investigated 
under the humid condition of 5 % volume water, which was achieved by 
bubbling the water using a dry air flow at 50 ◦C [19]. 

3. Results and discussion 

3.1. Structure and morphology of catalysts 

Fig. S1 shows the XRD patterns of the various carriers, the γ-alumina 
(JCPDS-47–1308) features appeared in all samples. After the cerium 
loading, two new characteristic peaks at 28.6◦ and 56.4◦ were observed 
for the Ce(W)/Al2O3 (solely water as solvent), corresponding to (111) 
and (311) of the face-centered cubic CeO2 (JCPDS-34–0394) [32,37]. 
Whereas for the Ce(A)/Al2O3 (water and acetic acid as solvent), no new 
characteristic peak was detected. Previously, our study showed that the 
particle size of CeO2 was significantly reduced after the acetic acid 
modification, with characteristic peaks disappeared in XRD pattern 
[32]. Thus, it implies that the particles dimensions of CeO2 for Ce(A)/ 
Al2O3 was smaller than that for Ce(W)/Al2O3, owing to the acetic acid 
modification. 

The XRD results of the Ir/Ce/Al2O3 catalysts are shown in Fig. 1 and 
Fig. S2. Three new characteristic peaks at 27.8◦, 34.5◦ and 53.9◦

appeared for all samples besides the peaks of carrier γ-Al2O3 (Fig. 1a), 
contributing to the crystal planes (110), (101) and (211) of tetragonal 
IrO2 (JCPDS-43–1019) [39]. To further analyze the characteristic peak 
of IrO2 at 27.8◦ (Fig. S2a), it can be clearly seen that the half-width 
varies in the order of Ir/Ce(A)/Al2O3 > Ir/Ce(W)/Al2O3 > Ir/Al2O3. 
According to the Scherer’s formula [40], the size of IrO2 particles loaded 
increased in the order of Ir/Ce(A)/Al2O3 < Ir/Ce(W)/Al2O3 < Ir/Al2O3. 
In Fig. 1b, the characteristic peaks of IrO2 for all samples disappeared 
after hydrogen reduction, and new characteristic peaks of metallic Ir 
(JCPDS-46–1044) appeared at 40.5◦, 47.2◦ and 69.0◦, corresponding to 
the crystal plane (111), (200) and (220) of face-centered cubic Ir0, 
respectively [41]. The result indicates that IrO2 was reduced to metallic 
Ir and the catalyst structure of carrier was stable during the hydrogen 
treatment. In Fig. S2b, the intensity of three characteristic peaks of Ir0 

for the Ir/Ce(A)/Al2O3-H2 sample was the weakest among all samples, 
and the Ir0 peak [41] at 83.4◦ corresponding to the plane (310) nearly 

Fig. 1. XRD patterns of various Ir/Ce/Al2O3 catalysts: (a) fresh samples, (b) H2 
reduction samples. 
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disappeared, suggesting the metallic Ir0 was smaller in particle size and 
homogeneously dispersed within the Ce(A)/Al2O3 support in compari-
son to the other two carriers. 

BET measurements were carried out and showed in Table S1 and 
Fig. S3. All catalysts have the specific surface area close to 135 m2∙g− 1, 
and the type VI N2 adsorption–desorption isotherms with a H1 hysteresis 
loop, suggesting the existence of piled mesopores. The BJH pore distri-
bution curves reveal the average pore diameter is around 20 nm. The 
catalysts show no obvious change before and the hydrogen pretreatment 
based on the aforementioned results. 

To investigate the morphology of the catalysts, high-resolution TEM 
was performed for fresh samples as shown in Fig. 2, and the average 
particle sizes of Ir species are listed in Table 1. The yellow circles 
highlight the IrO2 species, the red circles represent the CeO2 species, and 
the green circles display the contact between the Ir and the Ceria. IrO2 
species were uniformly dispersed on the surface of all three carriers 
(Fig. 2a-2c). The lattice fringes of Al2O3 (d = 0.200 nm) were observed 
in Fig. 2d [32]. In the meantime, the lattice fringes of 0.258 nm and 
0.318 nm, corresponding to the (101) and (110) planes of IrO2 species 
[39] were observed, in consistent with the XRD results. In Fig. 2e and 2f, 
the CeO2 (111) plane with a d spacing value of 0.312 nm was observed, 
demonstrating a successful introduction of CeO2 additive into the 
alumina carrier [37]. The particle size of CeO2 in Ir/Ce(A)/Al2O3 
(Fig. 2c, red circles) was smaller than that in Ir/Ce(W)/Al2O3 (Fig. 2b, 
red circles), in agreement with the XRD result. Interestingly, small IrO2 
clusters were spotted in adjacent to the CeO2 species (Fig. 2f), indicating 
that IrO2 could contact with CeO2 more closely. In addition, the mean 
particle sizes of IrO2 on Ir/Al2O3, Ir/Ce(W)/Al2O3 and Ir/Ce(A)/Al2O3 
were 0.92 nm, 0.81 nm and 0.73 nm, respectively. This trend confirms 
the small CeO2 particles are beneficial to the IrO2 dispersion. 

In terms of the catalyst morphology after hydrogen reduction, there 
is a slight agglomeration of the metallic Ir compared with the fresh 
sample (Fig. S4). For better observation, HAADF-STEM characterization 
was performed, which is shown in Fig. 3. The small white particles 
represent Ir clusters, and the mean particle sizes of Ir species for Ir/ 
Al2O3-H2, Ir/Ce(W)/Al2O3-H2 and Ir/Ce(A)/Al2O3-H2 catalysts are 1.08 
nm, 1.06 nm and 0.88 nm, respectively. Compared with the fresh 

samples, the particle size of Ir increased, indicating that the reduction of 
hydrogen caused the Ir species to agglomerate. However, the Ir species 
remained a uniformly dispersed state, demonstrating that the ultrafine Ir 
clusters (<2 nm) were successfully prepared. Furthermore, it is worth 
noting that although the particle size of Ir species for the Ir/Ce(A)/Al2O3 
catalyst was agglomerated after hydrogen reduction, it remained at 
about 0.88 nm, which may be due to more direct contact between Ir and 
CeO2 species. Therefore, it exhibits certain anti-agglomeration property, 
which is of vital importance during the catalytic process [42]. As shown 
in Fig. S5, for Ir/Ce(A)/Al2O3-H2, the direct contact between Ir and Ce 
species was clearly observed in the red area. Fig. S6 was the EDS 
spectrum of the Ir/Ce(A)/Al2O3-H2, the result proves that Ir and Ce are 
indeed present on the support after hydrogen reduction. Based on the 
strong interaction between Ir and Ce species, electron transfer happened 
more easily, which had a direct promotional effect on the activity of the 
catalyst [43]. 

In addition, EDS-mapping characterization of the Ir/Ce(A)/Al2O3-H2 
sample is shown in Fig. 4. The purple-red color in Fig. 4b represents Al 
element, the cyan in Fig. 4c represents O atoms, the yellow in Fig. 4d 
represents Ce atoms, and the green in Fig. 4e represents Ir atoms. In 
general, the dispersion of various elements is fine, Ir and Ce can be 
clearly distinguished. Based on the literature [44], the denser the same 
color is, the greater the probability that the element exists here. 
Therefore, Ir and Ce in the white circle in Fig. 4f appear relatively dense, 
indicating that Ir and Ce had direct contact here, which is consistent 
with HAADF-STEM result. 

3.2. Surface chemical properties and redox ability 

The surface chemical bonds of the catalysts were investigated by 
Raman spectroscopy and the results are shown in Fig. 5. First, a peak at 
484 cm− 1 was detected for all catalysts, corresponding to the Al-O bond 
in the Al2O3 carrier. Two peaks centered at 550 and 738 cm− 1 were 
detected in the fresh samples (Fig. 5a). According to the literature [45], 
peaks at 145, 561,752 and 728 cm− 1 corresponding to the phonon 
modes of B1g, Eg, A1g, B2g of pure IrO2 and among them, A1g (752 cm− 1) 
and Eg (561 cm− 1) show stronger intensity. Combined with XRD result, 

Fig. 2. TEM and HRTEM results of (a) and (d) Ir/Al2O3, (b) and (e) Ir/Ce(W)/Al2O3, (c) and (f) Ir/Ce(A)/Al2O3, and the bar chart is the corresponding particle size 
distribution of Ir. 
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the two peaks at 550 and 738 cm− 1 were attributed to Eg and A1g 
symmetries of Ir-O-Ir bonds, although the red shift happened. For the red 
shift of the two peaks, two factors resulted in it. On the one hand, IrO2 
interacted with the support compared with the pure IrO2 crystal. In Ir/ 
SiO2 sample, Lukas et al. [23] have observed a red shift of Ir-O-Ir bond 
for the interaction between Ir species and support. On the other hand, 
the particle size of IrO2 decreased. In the literature [29,38,46], the 
growth of PdO particles and surface encapsulation made the vibration of 
Pd-O bond shifted to higher wavenumber due to the compressive strain 
of PdO. Hence, the red shift of the Ir-O bond vibration was attributed to 
the dispersed IrO2 that interacted with the support and particle size 
decreased here. More specifically, the interaction between IrO2 and 
smaller particle size CeO2 in Ir/Ce(A)/Al2O3 is stronger than that in Ir/ 
Ce(W)/Al2O3. Interestingly, Raman spectra saw remarkedly changes 
after the hydrogen reduction. As shown in Fig. 5b, only one peak of 
Al2O3 was detected in in Ir/Al2O3-H2. Two obvious peaks at 542 and 
713 cm− 1 were detected in Ir/Ce(A)/Al2O3-H2, whereas two very weak 
peaks were observed in Ir/Ce(W)/Al2O3-H2. This indicated that IrO2 
species were reduced to metallic Ir in the Ir/Al2O3-H2 and Ir/Ce(W)/ 
Al2O3-H2 catalysts, while part of Ir species kept positive state in Ir/Ce 
(A)/Al2O3-H2. Notably, compared with Ir/Ce/Al2O3-H2 and Ir/Ce(W)/ 
Al2O3-H2, the peaks corresponding to Ir-O bond were strong and shifted 
to lower Raman shift about 6 cm− 1 in the Ir/Ce(A)/Al2O3-H2. It indi-
cated that the Ir-O bond in Ir/Ce(A)/Al2O3-H2 was different from those 
of Ir/Ce/Al2O3-H2 and Ir/Ce(W)/Al2O3-H2. From the literatures, 

Nguyen et al [47] assigned the peak at 670 cm− 1 to Ir-O-Ce in Ir/CeO2 
catalyst and Tan et al [33] attributed the bands at 557 cm− 1 and 658 
cm− 1 to Pt-O-Ce linkages in Pt/CeAl samples. In our case, it can be 
concluded that the peak at 542 and 713 cm− 1 were assigned to Ir-O-Ce 
bond which is caused by strong interaction between Ir species and CeO2. 
Thus, more Ir-O-Ce species formed in the Ir/Ce(A)/Al2O3-H2 during the 
hydrogen pretreating due to the higher contact probability of IrO2 and 
smaller CeO2. In the Ir/Ce(W)/Al2O3-H2, the intensities of Eg and A1g are 
very weak, indicating smaller amount of Ir-O-Ce species formed. This 
result is consistent with the TEM result. 

Fig. 6 shows the Ir 4f spectra of XPS of all catalysts. According to the 
literature [21], the binding energy of Ir 4f orbital is assigned as follows: 
the 61.9 eV peak denotes Irδ+ species and the peak at 60.6 eV is 
attributed to Ir0 species. The contents of Ir0 species and Irδ+ species of 
the catalysts are listed in Table 1. In Fig. 6a, the binding energies of Irδ+

4f5/2 for Ir/Al2O3, Ir/Ce(W)/Al2O3 and Ir/Ce(A)/Al2O3 are at 61.8 eV, 
61.9 eV and 62.1 eV, respectively, suggesting that the Ir species in the 
fresh samples are all in oxidized state. Apparently, the binding energy 
shifted to higher position, it implies a stronger interaction between IrO2 
and CeO2 species in Ir/Ce(A)/Al2O3, which is consistent with the XRD 
and Raman results. The Ir 4f spectra of hydrogen reduced catalysts were 
broadened. The XPS profiles were deconvoluted and shown in Fig. 6b. It 
can be seen that both metallic Ir and positive Ir were detected in the 
three catalysts, although the XRD results indicate that metallic Ir species 
were reduced, Ir0 species contents on the surface of Ir/Al2O3-H2, Ir/Ce 

Table 1 
Properties, reaction and XPS results of the catalysts.  

Catalyst Ir particle size (nm) DCO (%) TOFIr (s− 1) T90 (oC) Binding energy(eV) Ir0/(Ir0 + Irδ+) Oads/Ototal 

Ir 4f5/2 Ir 4f7/2 

Ir0 Irδ+ Ir0 Irδ+

Ir/Al2O3  0.92  74.4 8.97 × 10− 2 —  —  64.7  —  61.8 0  0.067 
Ir/Ce(W)/Al2O3  0.81  84.5 8.26 × 10− 2 —  —  64.9  —  61.9 0  0.081 
Ir/Ce(A)/Al2O3  0.73  93.8 1.09 × 10− 1 —  —  64.7  —  61.8 0  0.067 
Ir/Al2O3-H2  1.08  63.4 5.34 × 10− 2 318  63.4  64.7  60.6  61.9 0.74  0.039 
Ir/Ce(W)/Al2O3-H2  1.06  64.6 1.64 × 10− 1 306  63.4  64.5  60.6  61.9 0.65  0.051 
Ir/Ce(A)/Al2O3-H2  0.88  77.8 1.48 × 10− 1 290  63.4  64.5  60.6  61.7 0.23  0.089  
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Fig. 3. HAADF-STEM images and the corresponding particle size distribution of Ir: (a) Ir/Al2O3-H2 (b) Ir/Ce(W)/Al2O3-H2 and (c) Ir/Ce(A)/Al2O3-H2.  
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(W)/Al2O3-H2 and Ir/Ce(A)/Al2O3-H2 catalysts are 0.74, 0.65 and 0.25, 
respectively (Table 1). Most of the iridium species on the surface of the 
Ir/Al2O3-H2 catalyst are reduced to Ir0, but most of the iridium species 
on the Ir/Ce(A)/Al2O3-H2 catalyst still maintain the oxidation state. The 
result manifests that iridium clusters are very sensitive to oxidation even 
after hydrogen reduction, possibly owing to the strong interaction be-
tween Ir and Ce species. More importantly, the binding energy of Irδ+

4f5/2 for Ir/Al2O3-H2, Ir/Ce(W)/Al2O3-H2 and Ir/Ce(A)/Al2O3-H2 are at 
61.9 eV, 61.9 eV and 61.7 eV, the shift order is completely opposite to 
the fresh samples. Therefore, the interaction between Ir and smaller 
CeO2 species induces the formation of the Ir-O-Ce bond, weakening the 
reduction of Irδ+. 

Fig. S7 is the O1s spectra of the catalysts. The contents of the 
adsorbed oxygen in the Ir/Al2O3, Ir/Ce(W)/Al2O3 and Ir/Ce(A)/Al2O3 
catalysts are 0.067, 0.081 and 0.097, respectively. The contents of the 
adsorbed oxygen in Ir/Al2O3-H2, Ir/Ce(W)/Al2O3-H2 and Ir/Ce(A)/ 
Al2O3-H2 are 0.039, 0.051 and 0.089, respectively. Adsorbed oxygen is 
an important active species in the process of oxidation of toluene, so the 
high content of adsorbed oxygen species in Ir/Ce(A)/Al2O3 and Ir/Ce 
(A)/Al2O3-H2 could be benefit for the catalytic activity [8,48]. In addi-
tion, Fig. S8 shows the Ce 3d spectra of XPS. The peaks U, U“, U’”, V, V“ 
and V’” are attributed to Ce4+, while U0, U’, V0 and V’ are characteristic 
of Ce3+ [49,50]. The content of Ce3+ was calculated by formula: Ce3+

(%) = (SU
0 + SU

’+SV
0 + SV

’)/
∑

(SU + SV) *100. Fig. S8a shows the 
contents of Ce3+ in Ir/Ce(W)/Al2O3 and Ir/Ce(A)/Al2O3 are 37.9% and 
64.3%, respectively. Generally speaking, more content of Ce3+ is 
conducive to the formation of more oxygen vacancies [37], so the 
content of oxygen vacancies on Ir/Ce(A)/Al2O3 was much higher than 
that on Ir/Ce(W)/Al2O3. It is well known that the oxygen vacancies on 
the surface of catalyst play a critical role in oxidation reaction by acti-
vating the gaseous oxygens and migrating the active oxygen species 
[50,51]. Similarly, more Ce3+ species in Ir/Ce(A)/Al2O3-H2 were 
observed after hydrogen reduction (Fig. S8b). This result suggests that 
smaller particles size CeO2 is beneficial for producing oxygen vacancies 
whatever in fresh or reduced catalysts. 

(a) )c()b(

(d) (e) (f)
Al K

Ce L Ir L

O K

Fig. 4. HAADF-STEM image (a) and EDS mapping (b ~ f) of the Ir/Ce(A)/Al2O3-H2 catalyst.  

Fig. 5. Raman spectra of (a) fresh catalysts and (b) H2 reduction catalysts.  
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H2-TPR profiles are shown in Fig. S9 and Fig. 7a. Generally, the 
reduction peaks of iridium species can be roughly divided into three 
parts [23,52,53]. The TPR peak at 100–125 ◦C is attributed to the easily 
reduced IrO2 species, which is the main active species in the catalytic 

oxidation reaction. The reduction peak at 190–230 ◦C is attributed to the 
crystalline peak of IrO2, and the reduction peak at ca. 330 ◦C is IrO2 
species that has excessively strong interaction with the support. Ac-
cording to the literature [23], this part of iridium species scarcely con-
tributes to the catalytic oxidation. Based on the results in Fig. S9, the 
fresh samples had obvious reduction peaks at 220–230 ◦C that belong to 
the crystalline IrO2 species, which is consistent with the XRD, Raman 
and XPS results. This part of the iridium species could hardly participate 
in the redox reaction at low reaction temperature. In addition, Ir/Al2O3 
had a small reduction peak at 325 ◦C, indicating that IrO2 may have an 
excessively strong interaction with the alumina. It can be seen in Fig. 7a 
that IrO2 reduction peaks of Ir/Ce(A)/Al2O3-H2, Ir/Ce(W)/Al2O3-H2 and 
Ir/Al2O3-H2 are at 109 ◦C, 113 ◦C and 124 ◦C, respectively. Besides, the 
order of the peak area decreased as Ir/Ce(A)/Al2O3-H2 > Ir/Ce(W)/ 
Al2O3-H2 > Ir/Al2O3-H2. It is worth noting that the Ir/Ce(A)/Al2O3-H2 
catalyst not only had a low reduction peak temperature, but also had a 
large reduction peak area. Combined the Raman and XPS results, the 
reduction peak at about 110 ◦C could be attributed to the reduction of 
the Ir-O-Ce bond in Ir/Ce/Al2O3-H2 catalysts and active Ir-O-Ir bond in 
Ir/Al2O3-H2. Furthermore, it can be concluded that Ir/Ce(A)/Al2O3-H2 
had more active Ir species on account of the interaction between IrO2 
and smaller CeO2. 

O2-TPD results are shown in Fig. 7b. Generally, oxygen species are 
classified into four categories [54]: the desorption peak at around 50 ◦C 
belongs to the physical adsorption of O2; The desorption peak at 
120–220 ◦C is assigned to the chemically adsorbed oxygen molecule O2

– 

and 400–430 ◦C is the oxygen atom O- which is classified as chemical 
adsorption, the above two are all adsorbed oxygen species on the sur-
face. The desorption peak at 510–580 ◦C is attributed to the lattice ox-
ygen O2–. Fig. 7b shows that the desorption peak positions of Ir/Al2O3- 
H2, Ir/Ce(W)/Al2O3-H2 and Ir/Ce/Al2O3-H2 are 220 ◦C, 209 ◦C and 
197 ◦C, respectively, which were assigned to the chemically adsorbed 
oxygen molecule O2–. Thus, compared with the pure Ir/Al2O3-H2 cata-
lyst, the chemically adsorbed oxygen peak position of Ir/Ce(W)/Al2O3- 
H2 and Ir/Ce/Al2O3-H2 moved towards the lower temperature, indi-
cating that the oxygen mobility of IrO2 has been significantly improved 
by adding CeO2 additives [54]. In addition, there are much more 
chemically adsorbed oxygen species on the Ir/Ce(A)/Al2O3-H2 catalyst 
(1.12 mmol∙g− 1) than that on the Ir/Al2O3-H2 catalyst (1.01 mmol∙g− 1). 
In a word, more easily mobile oxygen species formed in Ir/Ce(A)/Al2O3- 
H2 catalyst, which plays a vitally important role in the catalytic oxida-
tion of toluene [5]. 

Fig. 6. XPS spectra of Ir 4f for (a) fresh catalysts and (b) H2 reduction catalysts.  

Fig. 7. H2 reduction catalyst profiles of (a) H2-TPR and (b) O2-TPD.  
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3.3. Catalytic activity 

The results of catalyst activities are shown in Fig. 8 and Fig. S10. Ir/ 
Ce(A)/Al2O3-H2 and Ir/Al2O3-H2 could completely oxidize toluene at 
310 ◦C and 370 ◦C, respectively, while the toluene conversion of Ce(A)/ 
Al2O3-H2 only reaches 96% at 460 ◦C (Fig. 8a). The results show that Ir is 
the main active species, and CeO2 can improve the activity of Ir/Al2O3 as 
an additive. For fresh catalysts (Fig. 8b), at 330 ◦C toluene conversion of 
Ir/Ce(A)/Al2O3, Ir/Ce(W)/Al2O3 and Ir/Al2O3 catalysts were 94 %, 73 
% and 58 %, respectively, with an order of Ir/Ce(A)/Al2O3 > Ir/Ce(W)/ 
Al2O3 > Ir/Al2O3. At a lower temperature (<280 ◦C), the catalyst ac-
tivity was lower than 30%. But after hydrogen reduction, in the low 
temperature range (<280 ◦C) the order of catalyst activity was Ir/Ce 
(W)/Al2O3-H2 > Ir/Ce(A)/Al2O3-H2 > Ir/Al2O3-H2. However, in the 
high temperature range (>280 ◦C), the activity of the Ir/Ce(A)/Al2O3-H2 
catalyst increased very significantly. As shown in Table 1, the T90 of the 
Ir/Ce(A)/Al2O3-H2, Ir/Ce(W)/Al2O3-H2 and Ir/Al2O3-H2 catalysts were 
290 ◦C, 306 ◦C and 318 ◦C, respectively. The overall activity is in the 
order of Ir/Ce(A)/Al2O3-H2 > Ir/Ce(W)/Al2O3-H2 > Ir/Al2O3-H2. As 
shown in Fig. S10, similar results were obtained when measuring the 
CO2 yield. Combining the results of XPS and H2-TPR, it could be 
concluded that the main active species are different at both low tem-
perature and high temperature, leading to a different activity trend. 

The Arrhenius plots for toluene oxidation over these catalysts were 
obtained at low conversion (<10%). As shown in Fig. 9, excellent linear 

relationships (the correlation coefficients were rather close to 1) of ln r 
versus 1000/T for hydrogen-reduction catalysts were obtained (160 ◦C 
~ 170 ◦C). The activation energy (Ea) values follow the order of Ir/Ce 
(W)/Al2O3-H2 (20.6 kJ∙mol− 1) < Ir/Ce(A)/Al2O3-H2 (41.3 kJ∙mol− 1) <
Ir/Al2O3-H2 (188.9 kJ∙mol− 1). The lower Ea values suggest easier 
oxidation of toluene and the higher activity. In consistent with the 
catalytic performance, the results of kinetic investigation confirm that 
Ir/Ce(W)/Al2O3-H2 exhibits the best catalytic performance at the low 
temperature (<280 ◦C) among all catalysts. In summary, the fresh cat-
alysts are all Irδ+ species, so the activity in the low temperature regime is 
low, but the activity in the high temperature regime increases rapidly. 
From the results of TEM, XPS and Raman, on the one hand, the reduction 
of hydrogen augments the interaction between Ir and CeO2 species, 
resulting in the formation of Ir-O-Ce bonds and enhancing the catalytic 
activity; On the other hand, it reduces Irδ+ to Ir0, thus the activity of the 
catalyst is greatly improved in the low temperature regime. Because the 
content of Ir0 species on Ir/Ce(W)/Al2O3-H2 is high, the activity at the 
low temperature stage is high. However, in the high temperature 
regime, Irδ+ is the main active species, the activity of the Ir/Ce(A)/ 
Al2O3-H2 was higher than that of Ir/Ce(W)/Al2O3-H2. In addition, ac-
cording to the XPS results of Ir 4f after toluene oxidation reaction 
(Fig. S11 and Table S2). It can be clearly seen that iridium was 
completely in Irδ+ state on the surface of the Ir/Al2O3-H2 catalyst after 
the reaction. The result confirms that Ir is surface-sensitive and easily 
oxidized during the toluene oxidation reaction. However, for Ir/Ce(A)/ 
Al2O3-H2 and Ir/Ce(W)/Al2O3-H2, the contents of Ir0 were 0.19 and 
0.50, whose values changed little after the reaction. It means that CeO2 
additives stabled Ir0 species during the reaction although oxygen was 
excess. Therefore, at 230–250 ◦C, the Ir/Al2O3-H2 catalyst would be 
deactivated due to the oxidation of Ir. However, in the high temperature 
regime, Irδ+ is the main active species, so the catalyst maintained high 
activity. 

3.4. Reaction mechanism 

To further understand the toluene oxidation pathways, in-situ 
DRIFTS study was employed over catalysts. Fig. S12 illustrates in-situ 
DRIFTS of CO adsorption on Ir/Ce(W)/Al2O3-H2 and Ir/Ce(A)/Al2O3- 
H2 catalysts after 30 min at room temperature. Band at 2072 cm− 1 is 
ascribed to Ir0-CO, and bands at 2358 cm− 1 and 2335 cm− 1 are identi-
fied as CO2 species [53]. Ir/Ce(W)/Al2O3-H2 and Ir/Ce(A)/Al2O3-H2 
both have peaks at 2072 cm− 1, 2358 cm− 1 and 2335 cm− 1, indicating 
that Ir0 is the main active species at room temperature and converts CO 
to CO2 (Fig. S12). Comparing the adsorption peak intensity, Ir/Ce(W)/ 
Al2O3-H2 is significantly higher than Ir/Ce(A)/Al2O3-H2. Combined with 
XPS results, it further proves that Ir0 is the main active species at the low 

Fig. 8. (a) Conversion of toluene over different catalysts; (b) Conversion of 
toluene over different catalysts and carrier. Catalyst amount: 100 mg; Toluene 
concentration: 1000 ppm; WHSV: 15,000 ml∙g− 1∙h− 1. 

Fig. 9. Arrhenius plots for the oxidation of toluene over H2 reduced catalysts.  
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temperature stage. 
Fig. 10 illustrates the in-situ DRIFTS of toluene adsorption on Ir/Ce 

(A)/Al2O3-H2 catalyst under different temperatures. Broad band around 
3395 cm− 1 is identified as ν (O–H) of isolated/polymerized –OH groups 
or adsorbed water [6,55]. When the temperature is 20–170 ◦C, the 1643 
cm− 1 peak can be attributed to benzaldehyde [56,57]. As the tempera-
ture gradually increased, the peak of benzaldehyde gradually dis-
appeared. When the temperature raised to 270 ◦C, the peaks at 1568 
cm− 1, 1540 cm− 1 and 1506 cm− 1 can be attributed to aromatic ring 
vibration peaks, and a vibration peak of COO– is observed at 1497 cm− 1 

[56,58]. Combining the aforementioned results, a catalytic mechanism 
was proposed as shown in the Fig. 11. At low reaction temperature 
regime, Ir0 is the main active species on the Ir/Ce(A)/Al2O3-H2 catalyst, 
which oxidizes toluene to benzaldehyde, benzoic acid and H2O incom-
pletely (these products recorded as α0); At high reaction temperature 
regime, Irδ+ is the main active species and the toluene passes through the 
intermediate benzene, formaldehyde, benzoate and so on (these prod-
ucts recorded as α1 and α2), then completely oxidizes to CO2 and H2O. 
Combined with XPS results, one can be confirmed that the charge 
transfer between Ir and Ce species improved through Ir-O-Ce bond, 
leading to complete oxidation of toluene. Two main reaction pathways 
are suggested as follow: 

At low reaction temperature regime, Ir0 promote the incomplete 
oxidation, and the Oactive reacted with toluene. 

Toluene + Oactive ̅̅̅̅̅̅̅→
Ir0 α0 (i)  

Oads + Ov→Oactive (ii) 

At high reaction temperature regime, Irδ+ directly oxidize the 
toluene. (iii)-(iv) Firstly, toluene was incompletely oxidized into inter-
mediate products α1 and α2. (Ⅴ) Oactive was supplemented by Oads 
through Ov. (Ⅵ) Then Irδ+ and Oactive completely oxidized the inter-
mediate products α1 and α2 into CO2 and H2O. In the meanwhile, Irδ+

was reduced to Ir0. (Ⅶ) The charge transfer happened between Ir0 and 
Ce4+ through Ir-O-Ce bond. (viii) Next, Ce3+ was oxidized by Oads, and 
Ov was formed. Thus, the complete oxidation of toluene can happen 
continuously. 

Toluene + Irδ+→α1 + Ir0 (iii)  

Toluene + Oactive→α2 (iv)  

Oads + Ov→Oactive (v)  

Irδ+ + Oactive + α1 + α2→CO2 + H2O + Ir0 (vi)  

Ce4+ + Ir0→Ce3+ + Irδ+ (vii)  

Ce3+ + Oads→Ce4+ + Ov (vii)  

3.5. Stability and H2O resistance test 

The stability of the catalysts for toluene oxidation has been investi-
gated as illustrated in Fig. 12a and Fig. S13. The fresh catalysts main-
tained a relatively good stability at 310 ◦C for 30 h. Yet in actual 
operating conditions, the working temperature is turbulent for the 
catalyst [59]. Thus, a temperature-variable test was performed for the 
Ir/Ce(A)/Al2O3-H2 catalyst (Fig. 12a). After 50 h reaction time-on- 
stream, the catalytic activity remained high with little drop in toluene 
conversion, indicating the high stability and high tolerance towards the 
temperature changes of iridium-based catalyst. 

To analyze the influence of water vapour to the catalytic perfor-
mance, cyclic toluene oxidation experiments were conducted for both 
Ir/Ce(A)/Al2O3-H2 and Ir/Al2O3-H2 catalyst with 5 vol% water vapour 
switching on/off alternatively at 310 ◦C. As shown in Fig. 12b, the ac-
tivities of Ir/Al2O3-H2 and Ir/Ce(A)/Al2O3-H2 remained relatively sta-
ble. All in all, both catalysts maintained good activity after two cycles. 
This shows that the iridium-based catalyst has high water resistance, 
which is of great significance for future practical applications. 

4. Conclusion 

The alumina support was modified by CeO2 additives with varied 
particle sizes, followed by the Ir loading. The resulting catalyst with 
smaller CeO2 particles enhanced the dispersion of IrO2 and formed a Ir- 
O-Ce species on account of the high contact probability. Moreover, the 
smaller CeO2 particles within the catalyst can stabilize the Irδ+ species 
during the hydrogen pre-treatment process, meanwhile it can also sta-
bilize the Ir0 species during the oxidation of toluene through the charge 
transfer on Ir-O-Ce. Thus, an optimized Ir0/Irδ+ ratio was achieved via 
the interaction between the Ir and CeO2 species, resulting in superb 
catalytic performance. The in-situ toluene DRIFTS results show Ir0 is the 
main active species in the low temperature regime, and the toluene is 
oxidized incompletely, while in the high temperature regime, Irδ+ is the 
main active species that oxidizes the toluene to CO2 and H2O 
completely. 
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