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Developing efficient and stable non-noble metal catalysts for the catalytic oxidation of volatile organic
compounds (VOCs) has always been key for controlling air pollution. For this, cerium dioxide (CeO2) is
a potential material and its morphology has a significant impact on the catalyst performance. Herein,
three types of CeO2 with different morphologies were prepared using the hard template method and suc-
cessfully applied to toluene oxidation. The CeO2 nanoparticles catalyst (CeO2-NP) exhibited the highest
efficiency, excellent water resistance, long-term stability, and cycle regeneration. Notably, the activation
and migration of lattice oxygen can be facilitated by increasing the temperature, and the oxygen vacan-
cies on the surface of the catalyst can further promote the process. In addition, the oxidation behavior of
toluene over the CeO2-NP catalyst was comprehensively understood by in situ diffuse reflectance infrared
Fourier transform spectroscopy (In situ DRIFTS) combined with density functional theory (DFT). It was
found that the ring-opening reaction is an essential rate-controlling step. Thus, this study provides a
new strategy for exploring mono-metal catalysts with high catalytic performances for the oxidation of
VOCs and other pollutants.

� 2023 Elsevier Inc. All rights reserved.
1. Introduction

Organic solvents are the major components of products such as
paints, adhesives, automobile manufacturing, leather tanning, and
oil refining, and are widely used in many aspects of life, especially
driven by rapid industrialization [1]. However, using large amounts
of organic solvents inevitably results in the emission or leakage of
volatile organic compounds (VOCs), which causes many environ-
mental issues and threats to human health.

As one of the typical VOCs pollutants, toluene has attracted
more and more attention. Among various control technologies for
toluene (including physical adsorption, photocatalysis, thermal
decomposition, plasma, biodegradation, and catalytic oxidation,
etc.), catalytic oxidation is considered one of the most economical
and environmentally friendly control technologies because of its
lower reaction temperature, high conversion, and low energy con-
sumption [2–5]. High-performance catalysts have always been the
research focus in catalytic oxidation technology. Generally, the
performance of non-noble metal catalysts used for the catalytic
oxidation of toluene is inferior to that of noble metal-based cata-
lysts [6–10]. However, compared to noble metal-based catalysts,
non-noble metal-based catalysts have many advantages, such as
low cost, promising activity, sintering resistance, good stability,
and high resistance to poisons [11–14]. Therefore, there is an
urgent need to develop non-noble metal-based catalysts with high
performances to substitute noble metal-based catalysts for the oxi-
dation of toluene at low temperatures.

However, it is still challenging to use a mono-metal catalyst for
the effective catalytic oxidation of toluene at low temperatures, it
has been found that the active components, element valence, crys-
tal structure, oxygen vacancy, and morphology are closely related
to the catalytic performance of the catalysts [15–17]. CeO2 is one
of the best choices among non-noble metal components because
of its excellent oxygen storage-release ability and preferability
for the formation of oxygen vacancies [18–20]. The morphology
of CeO2 has a great effect on the oxidation of toluene and it has
been extensively studied by many researchers. For example, Mi
et al. [21] studied CeO2 with different morphologies and believed
that CeO2 nanopolyhedra had the advantage of more surface lattice
oxygen, which was more conducive to catalytic oxidation of
toluene. However, Ismail et al.[22] pointed out that the CeO2 with
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shuttle morphology has a large specific surface area and surface
oxygen vacancy may be the main reason for promoting the oxida-
tion of toluene. In fact, rational regulation of oxygen vacancies and
active sites in cerium-based materials has been a research hotspot.
Earlier, López et al. [23] explored the influence of modification of
synthetic route on the physicochemical properties of nanostruc-
tured ceria, and found that the concentration of surface defects
and the exposed crystal surface planes are the main reason for
the improvement of catalytic activity for toluene oxidation. How-
ever, the catalytic activity of CeO2 still needs to be further
improved at lower temperatures (<200 ℃) to meet the needs of
industrial applications. In addition, Heredia et al. [24] considered
that the (111) crystal plane of CeO2 is the more active CeO2 surface
in the catalytic oxidation of toluene by FTIR and DFT studies.
Therefore, if the active crystal plane (111) of CeO2 can be improved
and the oxygen vacancy concentration on the catalyst surface can
be increased by regulating the catalyst morphology (such as PMMA
template method), the low-temperature catalytic performance of
the catalyst will be greatly promoted.

In this study, three CeO2 materials with different morphologies
were successfully prepared and used for the oxidation of toluene.
The structure–activity relationship of the catalyst was systemati-
cally studied using various characterization methods (Raman,
EPR, XPS, H2-TPD, and O2-TPD). In addition, the effects of water
vapor, O2 content, toluene concentration, and selective catalytic
reduction (SCR) atmosphere on the toluene oxidation were investi-
gated. The effect of temperature on the oxygen species on the
CeO2-NP surface during the catalytic reaction was studied by
XPS. Furthermore, the reaction mechanism of CeO2-NP was inves-
tigated using in situ DRIFTS and DFT. Finally, the stability of the
toluene oxidation and the recycling of the catalysts were systemat-
ically investigated.
2. Experimental section

2.1. Reagents and chemicals

Methyl methacrylate, lauryl sodium sulfate, potassium peroxy-
disulfate, cerium nitrate hexahydrate, toluene, ethanol, and poly-
ethylene glycol (11 000) were all analytical grade (>99%) and
purchased from Sinopharm Chemical Reagent Co., Ltd. All gases
(O2, N2, NO, and NH3) were of high purity (99.999%) and purchased
from Changsha Rizhen Gas Co., Ltd. Deionized water was produced
using water purification system.

2.2. Materials

2.2.1. Preparation of PMMA
PMMAwith different morphologies was prepared using a previ-

ously reported method with some modifications [25]. For detailed
preparation methods, please refer to the Supplementary Material.

2.2.2. Preparation of CeO2-NP
In this study, 20 mmol Ce(NO3)3�6H2O and 20 mmol polyethy-

lene glycol (11 000) were mixed in 10 mL ethanol (40 wt%) and
magnetically stirred for 2 h to form a transparent homogeneous
mixture solution. The PMMA-UO (5.0 g) was impregnated in the
above transparent solution for 6 h before the excess solution was
removed via vacuum filtration. The obtained powder was collected
and dried at 50 �C for 48 h. The sample was then heated from 50 to
300 �C at a rate of 1 �C�min�1, kept for 3 h in pure N2, and allowed
to cool naturally. Finally, to ensure that the PMMA hard template
was completely removed, the sample was heated to 500 �C at a rate
of 1 �C�min�1 and maintained for 3 h in air. The obtained sample
with a nanoparticle (NP) structure was denoted as CeO2-NP.
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2.2.3. Preparation of CeO2-3DOM
Ce(NO3)3�6H2O (20 mmol) was dissolved in 10 mL of a mixed

solution of methanol and ethylene glycol (ratio 3:1) and magneti-
cally stirred for 2 h to form a transparent homogeneous mixture
solution. The PMMA-O (5.0 g) was impregnated in the above trans-
parent solution for 6 h before the excess solution was removed by
vacuum filtration. The obtained powder was collected and dried at
50 �C for 48 h. The sample was then heated from 50 to 300 �C at a
rate of 1 �C�min�1, kept for 3 h in pure N2, and allowed to cool nat-
urally. Finally, to ensure that the PMMA hard template was com-
pletely removed, the sample was heated to 500 �C at a rate of
1 �C�min�1 and maintained for 3 h in air. The obtained sample with
a three-dimensional ordered macroporous structure was denoted
as CeO2-3DOM.

2.2.4. Preparation of CeO2-Bulk
For comparison, CeO2-Bulk was prepared. 20 mmol of Ce(NO3)3-

�6H2O and polyethylene glycol (11 000) were mixed in 10 mL etha-
nol (40 wt%) and magnetically stirred for 2 h to form a transparent
homogeneous mixture solution, then dried at 50 �C for 48 h.
Finally, the sample was heated to 500 �C at a rate of 1 �C�min�1

and maintained for 3 h in air. The obtained sample was denoted
as CeO2-Bulk.

2.3. Material characterizations

The prepared CeO2-3DOM, CeO2-NP, and CeO2-Bulk samples
were characterized by nitrogen absorption–desorption, X-ray
diffraction (XRD), scanning electron microscopy (SEM), transmis-
sion electron microscopy (TEM), hydrogen temperature-
programmed reduction (H2-TPR), oxygen temperature-
programmed desorption (O2-TPD), X-ray photoelectron spec-
troscopy (XPS), Raman spectroscopy (Raman), electron paramag-
netic resonance (EPR), in situ diffuse reflectance infrared Fourier
transform spectroscopy (in situ DRIFTS), and density functional
theory (DFT). The detailed characterization methods are provided
in the Supplementary Material.

2.4. The activity evaluation

The catalytic performance of the catalysts was tested in a fixed
bed reactor, while the concentration of toluene was detected by
gas chromatography (Shimadzu GC-2014, Japan). The catalyst
(0.1 g) was placed in a quartz tube (U = 6 mm), and 100 mL�min�1

simulated feed gas consisting of 1000 ppm toluene, 21 vol% O2, and
N2 (as balance), with a weight hourly space velocity (WHSV) of 60
000 mL∙g�1∙h�1. SCR atmosphere (NO = NH3 = 500 ppm). The sche-
matic of the experimental device used for the toluene catalytic oxi-
dation is shown in Figure S1.

The toluene conversion (Xtoluene), CO2 selectivity, and NO con-
version were calculated by the following equations:

Xtoluene ¼ Cin � Cout

Cin
� 100% ð1Þ

CO2 selectiv ity %ð Þ ¼ CO2out

7� ðCin � CoutÞ � 100 % ð2Þ

NOx conversion ¼ NOx in � NOx out

NOx in
� 100% ð3Þ

where Xtoluene is the oxidation rate of toluene (%) and Cin and Cout

represent the toluene concentrations (ppm) at the inlet and outlet
of the reactor, respectively. CO2out represents the CO2 concentration
(ppm) at the reactor outlet. NOxin and NOxout represent the NOx con-
centrations (ppm) at the inlet and outlet of the reactor, respectively.
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The apparent activation energy was calculated by the following
equations:
rtoluene ¼ Ftoluene � Xtoluene

mcat
ð4Þ
rtoluene ¼ �kc ¼ ½�A exp � Ea

RT

� �
�c ð5Þ
where rtoluene, Ftoluene, mcat, k, A, Ea, R, and T are the reaction rate
(mol�g�1�s�1), gas flow rate (mmol�s�1), catalyst weight (g), rate
constant (s�1), pre-exponential factor, apparent activation energy
(kJ�mol�1), universal gas constant (J�mol�1�K�1), and reactor tem-
perature (K), respectively. To ensure the reliability of the data, each
experimental point was tested three times, and the average value
was used for plotting.

The turnover frequency (TOFCe, s�1) is the number of toluene
molecules converted per surface-active Ce site per second [26–
29], and is defined as follows:
TOFCeðs�1Þ ¼ Xtoluene � F ðmmol � s�1Þ � C0

mcatðgÞ � N ðmmol � g�1Þ ð6Þ
where N represents the number of active sites (mmol�g�1), and the
H2 consumption of first main peak (200–500 ℃) was used to esti-
mate the number of surface active sites [30].
Fig. 1. (A) Catalytic performance of toluene oxidation. (B) Arrhenius plots of tolu
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3. Results and discussion

3.1. The catalytic performance of the catalysts

The toluene conversions over the CeO2-NP, CeO2-3DOM, and
CeO2-Bulk exhibited typical S-shaped curves (Fig. 1A). The toluene
conversion increased as the temperature increased from 100 to
300 �C, whereas it increased rapidly when the temperature
exceeded 180 �C. Moreover, all the samples displayed good CO2

yields. The apparent activation energy (Ea) was calculated from
the Arrhenius plots (Fig. 1B). The Ea values of CeO2-NP, CeO2-
3DOM, and CeO2-Bulk (listed in Table 1) were 52, 73, and 93 kJ/mol,
respectively, which is consistent with the activity of the samples.
The reaction rate of the samples can be read directly from Fig. 1B
and its values are listed in Table S1. Among them, CeO2-NP exhib-
ited the highest reaction rate for toluene oxidation, demonstrating
that toluene oxidation occurred more easily on the CeO2-NP than
on the CeO2-3DOM and CeO2-Bulk catalysts. Besides, the TOF of
CeO2-NP, CeO2-Bulk, and CeO2-3DOM were calculated at 140 �C
(Table 2) and compared with other metal-based catalysts reported
previously (Table S1). The comparison results showed that CeO2-
NP exhibts a good low-temperature catalytic activity and a high
TOFCe value (6.4 � 10-4 s�1).

The NOx conversion of the three samples improved by varying
degrees with increasing temperature (Fig. 1C). Among them,
CeO2-NP exhibted the best catalytic performance (69%) at 220 ℃.

The reaction between VOCs and NOx is widely believed to be an
essential cause of secondary pollution [31]. Therefore, it is neces-
sary to investigate the effect of the SCR atmosphere on the catalytic
oxidation performance of toluene. Compared with catalytic toluene
ene oxidation. (C) NOx conversion. (D) Toluene oxidation in SCR atmosphere.



Table 1
Textural parameters, crystallite size, apparent activation energies (Ea), and the I593/I461 ratios from Raman of the samples.

Samples BET
(m2�g�1)

BJH pore size
(nm)

Pore volume
(cm3�g�1)

Crystallite sizea

(nm)
Ea
(kJ�mol�1)

I593/I461
%

CeO2-Bulk 90 14 0.30 8.5 98 1.7
CeO2-3DOM 49 12 0.27 7.0 73 1.8
CeO2-NP 169 7.7 0.28 5.8 52 2.2

a Calculated the crystallite size by the Scherrer equation.

Table 2
The results of XPS, H2 consumption, and TOFCe values of the samples.

Samples The relative surface element content (%) H2 consumption
(mmol�g�1)

Nc

(mmol�g�1)
TOFCe
(�10-4 s�1)

Ce3+/(Ce3++Ce4+) Oa/Otot
b Ob/Otot Oc/Otot

CeO2-Bulk 16 82 18 – 0.61 0.21 0.85
CeO2-3DOM 18 71 16 13 0.66 0.19 2.9
CeO2-NP 19 79 21 – 0.78 0.23 6.4
CeO2-NP-used 16 76 14 10 – – –

b represents Otot = (Oa + Ob + Oc), c represents the number of active sites (Ce), calculated from the hydrogen consumption of the first main peak (200–500 ℃) in the H2-TPR.
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alone (Fig. 1A), the conversion of toluene was promoted to a cer-
tain extent over the entire temperature range (120 to 260 ℃) after
adding 500 ppm of SCR atmosphere (Fig. 1D). This may be related
to the high activity of NO2, which could promote the reaction with
toluene [32].

In addition, the mass transport and heat transfer were calcu-
lated using the Weisz-Prater Criterion as described in the Supple-
mentary Material. The Weisz-Prater parameter (NW-P) value
was<3, indicating negligible heat transfer or mass transport limita-
tions [33,34].

3.2. Morphological and physical structure analysis

SEM images of the two PMMA templates are shown in Figure S2,
while SEM images of CeO2-NP, CeO2-3DOM, and CeO2-Bulk are
shown in Fig. 2. CeO2-Bulk showed an irregular large block mor-
phology, and the structure of its surface was relatively dense
(Fig. 2A), with a specific surface area of 90 m2�g�1. CeO2-3DOM pre-
sented a three-dimensional ordered macroporous structure (U =
70–80 nm) (Fig. 2D), giving it a small specific surface area of
49 m2�g�1. However, the CeO2-NP catalyst presented a uniform
morphology with nanoparticles (U = �100 nm) and many pores
between the particles (Fig. 2G), which contributed to a larger speci-
fic surface area (169 m2�g�1) and provided more active sites for the
catalytic reaction of toluene. The SEM images of the CeO2-Bulk-
used (Fig. 2B), CeO2-3DOM-used (Fig. 2E), and CeO2-NP-used
(Fig. 2H) exhibited similar morphologies to those of the fresh sam-
ples, indicating that the cerium-based catalyst has good structural
stability even after it has been used.

The morphologies of the CeO2-Bulk, CeO2-3DOM, and CeO2-NP
catalysts were more clearly depicted with the aid of HRTEM
images, and the results are presented in Fig. 2 C, F, and I. All sam-
ples showed clear lattice fringes with an interplanar spacing of
0.32 nm. Meanwhile, the obvious lattice fringe distortions (green
rectangles) and crystal defects (red ovals) can be observed
[35,36]. Among them, CeO2-NP presented the highest number of
oxygen vacancies.

The N2 adsorption–desorption isotherm curves are shown in
Fig. 3A. CeO2-NP, CeO2-3DOM, and CeO2-Bulk showed IV isotherms
with typical H3-type hysteresis loops at 0.1 � 1.0, indicating the
mesoporous structures existed in the samples. The pore size distri-
butions of the samples were calculated from the desorption iso-
therms of the Barrett-Joyner-Halenda (BJH) method (Fig. 3B). In
addition, the information on the BET, average pore sizes, and pore
volumes are summarized in Table 1. Among them, CeO2-NP
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showed the largest surface area (169 m2�g�1), which conducive
to expose more active sites for the oxidation of toluene [37].

Fig. 3C shows the XRD patterns of the CeO2-NP, CeO2-3DOM,
and CeO2-Bulk. Three samples exhibited similar diffraction pat-
terns, and the diffraction peaks located at 28.6�, 33.1�, 47.5�,
56.4�, 59.2�, 69.5�, and 76.8� corresponded to the typical cubic
fluorite-like structure of CeO2 [36,38]. The diffraction peaks of
CeO2-NP were weaker than those of CeO2-3DOM and CeO2-Bulk,
indicating that the crystallite size of CeO2-NP was smaller than
those of CeO2-3DOM and CeO2-Bulk [17]. The calculation of crys-
tallite sizes (Table 1) further supports this assumption. The crystal-
lite size was in the order of CeO2-Bulk (8.5 nm) > CeO2-3DOM
(7 nm) > CeO2-NP (5.8 nm).

Raman spectroscopy was used to explore the oxygen vacancies
on the sample surface (Fig. 3D). The F2g mode observed
at � 461 cm�1 is the characteristic of the cubic ceria structure of
Fm3m fluorite. Besides, a weak peak located at � 593 cm�1 belongs
to the defect-induced band (‘‘D” band) of the samples. The strength
of the ‘‘D’’ band can be used to measure the deformation of the
anionic lattice, which could cause punctual defects and oxygen
vacancies [39,40]. The I593/I461 of CeO2-NP was higher than those
that of CeO2-Bulk and CeO2-3DOM (Table 1), indicating that
CeO2-NP had a higher oxygen vacancy concentration than CeO2-
Bulk and CeO2-3DOM. This is consistent with the HRTEM results.

3.3. Redox behavior, surface metal chemical state, and oxygen species
analysis

The H2-TPR curves of the samples are displayed in Fig. 4A. For
CeO2-3DOM, there are three distinct reduction peaks located at
390, 487, and above 800 �C, corresponding to surface oxygen spe-
cies, subsurface oxygen species, and bulk oxygen species, respec-
tively [36,41]. The reduction peaks of CeO2-Bulk were similar to
those of CeO2-3DOM, which can be observed at 364, 472, and
713 �C. However, the reduction peaks of CeO2-NP were detected
at 123, 360, 440, and 695 �C, respectively. Notably, one more peak
was detected at 123 �C, with a lower temperature shift of the
reduction peaks than CeO2-Bulk and CeO2-3DOM. Moreover,
CeO2-NP exhibited the highest H2 consumption (0.78 mmol�g�1,
Table 2), indicating that CeO2-NP possessed more reactive oxygen
species and better redox properties.

Subsequently, the reactive oxygen species of the three samples
were further determined using O2-TPD. The peaks in the O2-TPD
curves were classified into three categories: physically adsorbed
oxygen (Oads) (<200 �C), chemically adsorbed oxygen (O2– or O2

–)



Fig. 2. The SEM image of (A,B) CeO2-Bulk and CeO2-Bulk-used, (D,E) CeO2-3DOM and CeO2-3DOM-used, (G,H) CeO2-NP and CeO2-NP-used. The HRTEM image of (C) CeO2-
Bulk, (F) CeO2-3DOM, and (I) CeO2-NP.
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(200–400 �C), surface lattice oxygen (Oa) (400–600 �C), and bulk
lattice oxygen (>600 �C) [42–45]. Four peaks were observed at
135, 242, 322, and 609 �C over the CeO2-Bulk (Fig. 4B), which were
attributed to Oads, O2

– or O-, and Oa, respectively. Three peaks
located at 119, 261, and 422 �C over the CeO2-3DOM catalyst and
were attributed to Oads, O2

– or O-, and Oa, respectively. Notably, five
desorption peaks with larger intensities were observed for the
CeO2-NP. Two more strong peaks at 211 and 707 �C may have been
attributed to chemically adsorbed oxygen species and lattice oxy-
gen species, indicating more active oxygen species within CeO2-
NP (O2, O2

–, O2–, and Oa) than within CeO2-Bulk and CeO2-3DOM.
Combined with the above results and previous reports, we can
speculate that the type and quantity of active oxygen led to excel-
lent toluene oxidation performance over the CeO2-NP catalyst.

The XPS measurements were conducted to analyze the surface
metal chemical compositions, valence states, and oxygen species
of the samples (CeO2-Bulk, CeO2-3DOM, CeO2-NP, and CeO2-NP-
used). Fig. 4C shows the typical Ce 3d XPS spectrum, and in which
eight peaks were fitted. The peaks of v0 and u0 were assigned to
Ce3+, whereas the others (v, v00, v000, u, u00, and u000) were ascribed
to Ce4+. The relative surface contents of Ce3+ listed in Table 2,
and the contents of Ce3+/(Ce3++Ce4+) were 16%, 18%, and 17 % for
CeO2-Bulk, CeO2-3DOM, and CeO2-NP, respectively. It has been
reported that to maintain electrical neutrality, the higher the
Ce3+ content, the more oxygen vacancies are formed [5,46]. Oxygen
vacancies can generate adsorbed oxygen species to enhance the
catalytic performance at lower temperatures [47]. Noteworthy,
the relative content of Ce3+ within CeO2-NP-used decreased to
16%, which may have been caused by breaking the cycle between
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Ce3+ and Ce4+ after the termination of the reaction (especially cut-
ting off the oxygen supply).

As shown in Fig. 4D, the O 1 s spectra were identified as hydro-
xyl (OH–) or absorbed molecular water (Oc, 532.5 eV), surface-
adsorbed oxygen (Ob, 531.3 � 531.5 eV), and lattice oxygen (Oa,
528.9 � 529.3 eV) [35,48]. The relative contents of the oxygen spe-
cies are summarized in Table 2. The content of Oa/Otot was 82%,
71%, 79%, and 76% for the CeO2-Bulk, CeO2-3DOM, CeO2-NP, and
CeO2-NP-used, respectively. The molar ratio of Ob/Otot, however,
showed the opposite trend in the order CeO2-NP (21%) > CeO2-
Bulk (18%) > CeO2-3DOM (16%) > CeO2-NP-used (14%). CeO2-NP-
fresh had the highest Ob/Otot ratio, which is consistent with the
Ce3+ content and catalytic activity of the sample. Furthermore,
the Oa peak of CeO2-NP moved to a higher binding energy than
those of CeO2-Bulk and CeO2-3DOM, thereby indicating lower elec-
tronic density. This is significant in facilitating the migration of lat-
tice oxygen species [47]. The activation and migration of lattice
oxygen are closely related to oxygen-rich vacancies on the catalyst
[26,49]. Thus, oxygen vacancies may play a key role in toluene oxi-
dation over CeO2-NP at lower temperatures [50–52]. Subsequently,
the oxygen vacancy density of the samples was further verified by
EPR spectroscopy (Fig. 4E). Compared to CeO2-Bulk and CeO2-
3DOM, a symmetrical EPR signal (g = 2.003) was observed for
CeO2-NP, which might have been caused by unpaired electrons in
the oxygen vacancy sites [53,54]. However, no obvious signal
was observed for CeO2-Bulk and CeO2-3DOM samples, implying
that there are more oxygen vacancies in CeO2-NP, which is consis-
tent with the Raman and XPS results. The abundance of oxygen
vacancies on the CeO2-NP catalyst is favorable for the activation



Fig. 3. (A) N2 adsorption–desorption isotherms, (B) pore size distribution curves, (C) XRD patterns, and (D) Raman spectra.
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and migration of lattice oxygen, which is essential for improving
the catalytic performance [47,55].

The reaction temperature had a significant influence on the
activity of the catalysts. Therefore, it is necessary to study the
change in the chemical valence state of surface elements with tem-
perature. CeO2-NP was selected as the research object and XPS
characterization (Figure S3) was performed under the condition
of oxygen isolation. The relative surface elemental contents of
Oa, Ob, and Ce3+ are listed in Table S3. Fig. 4F shows that when
the temperature increased from 100 to 260 ℃, the content of Oa
decreased from 79% to 62%, while the relative contents of Ob and
Ce3+ showed an increasing trend from 21% to 38% and from 15%
to 21%, respectively. This may be due to the activation and conver-
sion of Oa into Ob during the heating process, and the increase in
Ce3+ content also contributes to the formation of more Ob, which
is consistent with the increasing trend of Ob content. The migration
and activation of lattice oxygen are closely related to the oxygen
vacancies on the surface of the catalyst and could contribute to
toluene oxidation. This implies that Oa and Ob are essential reac-
tive oxygen species in the catalytic reactions [29].

3.4. The investigation of O2 content, toluene concentration, water
vapor, durability, and reusability

The effect of O2 content on the catalytic performance of CeO2-
Bulk, CeO2-3DOM, and CeO2-NP is presented in Fig. 5A. The lowest
toluene conversion (<15%) was observed in the absence of oxygen,
indicating that oxygen is essential for replenishing oxygen species
during catalytic reactions. After 5 vol% O2 was introduced, the
toluene conversions of CeO2-NP, CeO2-3DOM, and CeO2-Bulk
increased to 96%, 92%, and 62%, respectively. When the O2 content
increased from 10 vol% to 21 vol%, and the toluene conversion effi-
ciencies of CeO2-NP, CeO2-3DOM and CeO2-Bulk were stable at
156
63%, 91%, and 97% respectively, indicating that the presence of
5 vol% O2 was sufficient and could provide a sufficient oxygen con-
centration during the reaction to maintain an efficient and stable
oxidation of toluene. The oxygen transient response experiment
results (Figure S4) indicated that gaseous oxygen is essential for
toluene oxidation and could rapidly replenish the oxygen species
consumed during toluene oxidation [47,56].

The effect of the toluene concentration (500–2000 ppm) on the
catalytic activity of CeO2-NP, CeO2-3DOM, and CeO2-Bulk showed
that the catalyst had a wide ability to treat toluene (Fig. 5B). In par-
ticular, the conversion of CeO2-NP for toluene has been maintained
above 97%.

As the critical parameters, the durability and reusability of the
catalyst are of great significance to its application potential for
toluene oxidation, which will affect the operation cost in the actual
industrialization process. Therefore, long-term durability and sta-
bility tests were performed for toluene oxidation over the most
promising CeO2-NP catalyst. Fig. 5C shows the long-term uninter-
rupted reaction experiment of toluene oxidation under a simulated
atmosphere at 210 �C. The oxidation activity of CeO2-NP to toluene
remained unchanged (>99%) during the entire running time of
48 h. In addition, the environment where VOCs exist often contain
water vapor at comparably higher concentrations than VOCs.
Therefore, the durability of the toluene catalytic oxidation with dif-
ferent water vapors (0, 5, 10, 15, and 20 vol%) over the CeO2-NP
catalysts was investigated. A concentration of 5 vol% H2O caused
a slight decrease in toluene oxidation, while further increasing
H2O content to 10, 15, and 20 vol%, the conversion decreased to
91%, 84%, and 78%, respectively. This implies that water vapor
could inhibit the oxidation of toluene, which may be due to the
competitive adsorption between toluene and H2O molecules on
the surface of the catalysts [57]. The competitive adsorption could
be eliminated after water vapor was removed at the 32nd hour,



Fig. 4. The H2-TPR profiles (A) and O2-TPD profiles (B) of CeO2-Bulk, CeO2-3DOM, and CeO2-NP. (C) Ce 3d XPS spectra, (D) O1s XPS spectra, (E) The EPR spectra, and (F) Effect
of temperature on the chemical valence states of surface elements for CeO2-NP.
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indicating that the competitive adsorption between water vapor
and toluene had only a temporary inhibitory effect on the toluene
oxidation. These results show that CeO2-NP exhibits excellent
water resistance.

Subsequently, the reusability of the CeO2-NP catalyst was inves-
tigated (Fig. 5D), and the toluene oxidation curves were obtained
after six consecutive cycles from 140 to 300 �C. As the temperature
exceeded 200 �C, the toluene conversion of the CeO2-NP in each
cycle process was higher than 90% and tended to be stable upon
increasing temperature. Importantly, its low-temperature activity
did not decrease with increasing cycle time, demonstrating that
CeO2-NP had excellent stability for toluene oxidation, making it
possible to eliminate toluene in practice. In addition, the experi-
ment of increasing and decreasing reaction temperatures (Fig-
157
ure S5) further showed that the CeO2-NP catalyst has good
stability.
3.5. The exploration of toluene oxidation mechanism over the CeO2-NP

It is essential to fully understand the intermediate species pro-
duced during the oxidation of toluene to further explore the
toluene oxidation pathway [27]. Therefore, the in situ DRIFTS
experiments on toluene oxidation were performed under N2 and
O2 atmosphere over the CeO2-NP catalyst.

Fig. 6A and A1 show the in situ DRIFTS spectra of toluene
adsorption at different time intervals over the CeO2-NP catalyst
at 220 �C. The bands at 3027 and 3065 cm�1 were assigned to
the stretching vibration of C–H bonds in aromatic rings [58]. The



Fig. 5. (A) Effect of O2 content on toluene oxidation over the samples at 210 �C. (B) Effect of toluene concentration on toluene oxidation over the samples at 210 �C. (C)
Durability of CeO2-NP catalysts for toluene oxidation at 210 �C. (D) Reusability of CeO2-NP catalysts for toluene oxidation.
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bands located at 2845 and 2933 cm�1 belong to the stretching
vibration of C–H bonds in the alkyl group [26]. The peaks at
1497 and 1589 cm�1 were ascribed to the skeleton vibration of
C=C in the aromatic ring [57,59]. This indicates that toluene was
adsorbed on the surface of the CeO2-NP. The bands obtained at
1024, 1068, 1157, and 1177 cm�1 were corresponded to C-O in
benzyl alcohol [60,61]. The characteristic band of benzaldehyde
species was observed at 1679 cm�1 [62]. The carboxylate groups
were detected at 1397, 1428, 1543, and 1559 cm�1, indicating
the formation of benzoate species [62,63]. These results suggest
that the adsorbed toluene could be oxidized into benzyl alcohol,
benzaldehyde, and benzoic acid over CeO2-NP. In addition, the
weak bands found around 1246, 1308, 1814, 1919, and
1959 cm�1 corresponded to maleic anhydride [64,65], implying
that the aromatic ring was opened. Meanwhile, acetate species
were observed at 1360 cm�1 [66]. The peak intensity gradually
became stronger with the extension of reaction time, indicating
that more intermediate species were formed and continuously
accumulated on the CeO2-NP catalyst. The accumulation of inter-
mediate products might be related to the excellent storage and
release oxygen function of the CeO2-NP catalyst, which could pro-
vide partial oxygen species for toluene oxidation. This is consistent
with the results of the oxygen transient response experiments (Fig-
ure S4). As shown in Fig. 6B, the band intensity of intermediate
species gradually increased as the temperature increased from
160 to 240 �C, suggesting that higher temperatures were beneficial
for the formation of intermediate products. This may be related to
the fact that higher temperatures are conducive to the activation of
Oa and the formation of more reactive oxygen species. However, no
apparent peaks corresponding to CO2 and H2O were detected
under the condition of N2 + 1000 ppm toluene, which might be
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due to the incomplete oxidation of toluene in the absence of oxy-
gen, which that cannot (or rarely can) produce the final products
CO2 and H2O.

Fig. 6C and D show the change in band intensity with reaction
time or temperature in the presence of 21 vol% O2. The intermedi-
ate products detected in the reaction were similar to those
observed in the N2 atmosphere. However, the peak intensity was
significantly higher than that in N2 atmosphere, indicating that
more intermediate species were generated and accumulated on
the surface of CeO2-NP. This indicated that the CeO2-NP catalyst
could supply sufficient oxygen species for the oxidation of toluene
in the presence of 21 vol% O2 and accelerated the catalytic degra-
dation of toluene. Compared with Fig. 6B, Fig. 6D highlights that
oxygen and high temperature are beneficial for the catalytic oxida-
tion of toluene. When the temperature exceeded 200 �C, the peak
intensity remained almost constant, suggesting that the catalytic
reaction of toluene almost reached complete conversion at approx-
imately 200 �C, which is in good agreement with the result show-
ing in Fig. 1A for the catalytic performance of toluene oxidation. In
addition, absorption peaks corresponding H2O and CO2 were found
at 1635 and 2316 cm�1, respectively [51,67], indicating that
toluene has been indeed oxidized to CO2 and H2O.

To obtain a comprehensive understanding of the adsorption
process of toluene, DFT + U calculations were combined with
in situ DRIFTS. As shown in Fig. S6A, the adsorption energy of
toluene over the CeO2-NP catalyst was �0.51 eV, which means that
toluene is more likely to react when its aromatic ring is parallel to
the (111) crystal plane. Moreover, the charge difference density
indicated that the electron transfer was more intensified in the
methyl group than in the aromatic ring, indicating that the effec-
tive activation of the methyl group enhanced charge transfer



Fig. 6. In situ DRIFTS experiment of toluene oxidation over the CeO2-NP. (A, A1) N2 + 1000 ppm toluene at 220 �C. (B, B1) N2 + 1000 ppm toluene at 160� 240 �C. (C, C1) 21 vol
% O2 + 1000 ppm toluene at 220 �C. (D, D1) 21 vol% O2 + 1000 ppm toluene at 160–240 �C.
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(Fig. S6B). This indicates that the methyl group was more likely to
decompose on the CeO2-NP catalyst than on the benzene ring.
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The toluene oxidation mechanism over CeO2-NP is illustrated in
Fig. 7. Toluene was preferentially adsorbed onto the catalyst in the
form of an aromatic ring parallel to the reaction plane. The



Fig. 7. The toluene oxidation mechanism over CeO2-NP.
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adsorbed toluene was then oxidized successively into benzyl alco-
hol, benzaldehyde, and benzoic acid with the participation of reac-
tive oxygen species (Oa and Ob). Notably, the presence of oxygen
vacancies, a higher temperature was more conducive to activating
lattice oxygen and generating sufficient reactive oxygen species to
participate in the oxidation reaction of toluene. This plays a crucial
role in the catalytic reaction of toluene. Compared to toluene, ben-
zyl alcohol, and benzaldehyde, the aromatic ring-opening process
is more likely to occur in benzoic acid because it has the lowest
energy barrier [68]. However, the intermediates of small molecules
could hardly be detected (except maleic anhydride) after the aro-
matic ring was opened. This may be because small intermediate
species could be oxidized rapidly and barely accumulate on the
surface of the CeO2-NP catalyst. Therefore, it can be inferred that
the opening of the aromatic ring is a crucial rate controlling step
for the oxidation of toluene [26,60]. Once the aromatic ring was
opened, the reaction entered a fast step until the intermediate
products were completely oxidized to CO2 and H2O. Finally, the
gaseous oxygen replenished the active oxygen consumed in the
reaction process and entered the next cycle.
4. Conclusions

In summary, the different morphologies of CeO2 were regulated
by template method and successfully applied to the oxidation of
toluene at lower temperature. Among them, CeO2-NP with more
oxygen vacancies exhibited the highest efficiency, effectively
improving the toluene oxidation performance and broadened the
low temperature reaction window. Increasing the temperature is
conducive to the activation of Oa, and its conversion into Ob. The
fracture of the benzene ring is key to the oxidation of toluene,
which is of great significance for guiding the subsequent design
of high-performance catalysts. In addition, the remarkable stability
and reusability regarding toluene oxidation can effectively reduce
the cost of catalysts, making it more possible for CeO2-NP to elim-
inate toluene in practice. This work provides a promising strategy
for developing a mono-metal catalyst with ideal performance by
adjusting the morphology of the catalysts for toluene oxidation
at lower temperatures.
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