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catalytic oxidation of o-xylene†
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BTX (benzene, toluene, and xylene) in atmosphere, mainly emitted from various industrial processes and

transportation activities, are of particular concern due to their potentially highly toxic effects on human

health. Catalytic oxidation of o-xylene was investigated on nanosized CeO2 particles, cubes, and rods,

among which rods show the highest activity, which is comparable with those of traditional noble-metal

catalysts. CeO2 nanorods also exhibit long durability for o-xylene oxidation, without deactivation dur-

ing a 50 h time-on stream test. Over the CeO2 rods and particles, the presence of water vapor slightly

decreased o-xylene conversion, while water vapor enhanced o-xylene oxidation on the CeO2 cubes.

High-resolution transmission electron microscopy, X-ray photoelectron spectroscopy, positron annihi-

lation spectroscopy, and O2 temperature-programmed desorption measurements revealed that ceria

rods enclosed by (111) and (100) facets exhibit the highest concentration of oxygen vacancy clusters

(VCs), the presence of which promoted the adsorption of molecular oxygen. The lower the tempera-

ture for desorption of chemisorbed O2 species is, the higher is the activity for o-xylene oxidation,

identifying the key role of VCs in this reaction via the activation of molecular oxygen over nanoceria.

The finding may also be fundamental for designing ceria-based catalysts with better performance for

catalytic oxidation of volatile organic compounds.

Introduction

Volatile organic compounds (VOCs), mainly emitted from var-
ious industrial processes and transportation activities, are
classified as hazardous air pollutants either because of their
toxic nature and/or their being precursors of ozone and
photochemical smog.1–3 Among them, BTX (benzene, toluene,
and xylene) have attracted much attention because of their
highly toxic potential. To date, many techniques have been
developed to remove BTX from polluted air, such as adsorp-
tion, thermal oxidation, photocatalytic oxidation and catalytic
oxidation, among which catalytic oxidation is one of the most

environmentally friendly techniques due to its easy applica-
tion, high efficiency and low cost.4–8 Over the past few de-
cades, complete catalytic oxidation of BTX has been widely
studied over either supported noble metal or metal oxide
catalysts.9–20 Generally, noble metal catalysts exhibit higher
activity than other metal oxide catalysts, and the former are
more expensive than the latter. Therefore, it would be highly
desirable to create noble-metal-free catalysts with high
activity.

Ceria (CeO2) has been extensively investigated in heteroge-
neous catalytic reactions such as automotive exhaust purifica-
tion, water-gas shift reactions, CO oxidation, and production
and purification of hydrogen. This largely originates from the
remarkable ability of ceria to store and release oxygen
depending on the formation of oxygen vacancies.21–24 More
recently, CeO2-based catalysts have also been employed in
BTX removal.13–18,25,26 A variety of metal oxides (MxOy, M =
Al, Ce, Mg, Mn, La, Ti) was used as supports for preparation
of Pt catalysts, among which Pt/CeO2 was the most active for
toluene oxidation, due to its superior reducibility.25 Luo
et al.13 reported that CeO2–Y2O3 supported Pd catalysts were
active for catalytic combustion of toluene with long-term sta-
bility due to their excellent redox properties and the high sta-
bility of PdO species. Mn–Ce/γ-Al2O3 catalysts were also devel-
oped for catalytic oxidation of toluene, in which cerium
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improves the catalytic role of manganese in toluene oxida-
tion.17 More recently, pure CeO2–MnOx composite oxides pre-
pared using a hydrothermal method were employed in cata-
lytic removal of benzene, during which MnOx provided
available oxygen species and the presence of CeO2 enhanced
oxygen mobility. Such a synergistic effect was determined for
benzene oxidation with high efficiency.18

Over the past few decades, extensive studies have demon-
strated that the size and shape of a catalyst particle on the
nanometre scale profoundly affect its catalytic performance.27

Achievements in morphology-controlled synthesis of nano-
structured materials have been presenting exciting opportuni-
ties for creating catalyst particles that are all of the same size
and shape.28 Keeping this in mind, CeO2 nanoparticles,
nanorods and nanocubes with well-defined reactive crystal
planes have been synthesized, providing an opportunity to
design catalysts with desired performance.27,29 Our previous
study showed that CeO2 nanocubes prepared using a facile
hydrothermal method exhibit high activity for complete cata-
lytic oxidation of o-xylene at low temperatures.30 Since water
vapor is typically present in various exhausts, it is thus of im-
portance to develop catalysts that are active in the presence
of water vapor. Unfortunately, little information can be
obtained involving BTX removal over well-defined CeO2 nano-
materials, particularly in the presence of water vapor.

Herein, CeO2 nanorods, nanocubes and nanoparticles
were synthesized and employed in catalytic oxidation of
o-xylene. It is interesting that the CeO2 nanorods exhibit
higher activity for o-xylene oxidation, originating from the
higher concentration of oxygen vacancy clusters in the nano-
rods than those in the nanoparticles and nanocubes. Also, it
was firstly found that the influence of water vapor on
o-xylene oxidation was closely related to the morphology of
nanoceria.

Experimental
Catalyst preparation

CeO2 nanocubes and nanorods were synthesized using a
solution-based hydrothermal method, as was reported previ-
ously.31,32 Specifically, 3.0 g of CeĲNO3)3·6H2O (AR grade,
Sinopharm Chemical Reagent Co., Ltd., China) was dissolved
in deionized water and mixed with 21 ml of NaOH solution
with a specific concentration (1 mol L−1 for cubes, while 10
mol L−1 for rods) in a 100 ml Teflon-lined bottle. After stir-
ring for 15 min, the mixture was hydrothermally treated at
100 °C for 12 h in a stainless steel autoclave. After that, fresh
white precipitates were separated by centrifugation, washed
with deionized water thoroughly to remove any possible ionic
remnants, and dried at 60 °C in air for 24 h and calcined at
450 °C for 4 h. CeO2 nanoparticles were prepared using a tra-
ditional precipitation method: Ce(NO3)3·6H2O was dissolved
in deionized water, and then appropriate amounts of 1 mol
L−1 NaOH solution were rapidly added with stirring. After ag-
ing for 24 h, the precipitate was centrifuged, and further pro-

cedures used were similar to those employed in the prepara-
tion of CeO2 nanocubes and nanorods.

Catalytic activity test

Catalytic activity tests were carried out in a continuous flow
fixed-bed quartz reactor (i.d. = 5 mm), containing 0.1 g of cat-
alyst samples (40–60 mesh). Before the measurement, the
sample was pretreated in 20 vol% O2/N2 for 30 min at 300 °C.
A gas mixture containing 250 ppm o-xylene (150 ppm for du-
rability and water vapor influence tests), and 20% O2 in N2

was fed at a total flow rate of 100 ml min−1, with a weight
hourly space velocity (WHSV) of 60 000 ml h−1 g−1. The com-
ponents of the outlet gas stream were analyzed on-line using
a GC-MS (Agilent 6890-5973N, HP 5MS) and a GC equipped
with a FID (Shangfen GC-112A, TDX-01 column). The conver-
sion of o-xylene was calculated using the following equation:

where Co-xylene (in) (ppm) and Co-xylene (out) (ppm) are the con-
centrations of o-xylene in the inlet and outlet gas streams,
respectively.

Catalyst characterization

The BET surface areas of CeO2 were determined on a
Quantasorb-18 automatic instrument by physical adsorption
measurements with N2 at −196 °C, before which the samples
were degassed at 300 °C for 4 h. Powder X-ray diffraction
(XRD) patterns were measured on a PANalytical X'Pert PRO
X-ray diffractometer (Japan, CuKα as the radiation source, λ =
0.154 nm). TEM images were obtained on a Hitachi H-7500
transmission electron microscope with an acceleration volt-
age of 80 kV. HRTEM images were measured on a JEOL JEM
2011 TEM with an acceleration voltage of 200 kV.

Raman spectra were obtained at room temperature using
a UV resonance Raman spectrometer (UVR DLPC-DL-03)
equipped with a CCD detector cooled by liquid N2. The in-
strument was calibrated against the Stokes Raman signal of
Teflon at 1378 cm−1. A continuous diode pumped solid state
(DPSS) laser beam (532 nm) was used as the exciting radia-
tion, and a 40 mW power source was used. The spectra reso-
lution reported here was 2.0 cm−1.

XPS spectra were carefully recorded in a scanning X-ray
microprobe (PHI Quantera, ULVAC–PHI, Inc) using AlKα radi-
ation with a step size of 0.1 eV. The base pressure during the
analysis was 10−9 Torr. Before measurement, all the samples
were vacuumed in an XPS chamber for 30 min. The binding
energies of Ce 3d and O 1s were calibrated using C 1s (BE =
284.8 eV) as the standard. The experimental spectra of Ce 3d
and O 1s were approximated by using a Gaussian curve.

PAS measurements were conducted with a magnetically
guided variable-energy (0–20 keV) positron beam. Doppler
broadening of positron annihilation radiation is character-
ized by S and W parameters. S is defined as the ratio of the
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g-ray counts in the central part of the 511 keV peak (510.24–
511.76 keV) to that in the entire peak (504.2–517.8 keV). The
W parameter is defined as the ratio of the summed g-ray
counts in the ranges of 513.6–517.8 keV and 504.2–508.4 keV
to the total number of counts in the entire peak. The posi-
tron annihilation results were analyzed with the
POSITRONFIT-88 program.

Oxygen temperature-programmed desorption (O2-TPD) ex-
periments were conducted over 100 mg of samples, and the
O2 signal (m/z = 32) was monitored online using a quadru-
pole mass spectrometer (HPR20, Hiden Analytical Ltd.). Be-
fore the measurement, the samples were pretreated in a flow
of N2 (30 ml min−1) at 300 °C for 60 min and cooled down to
room temperature. After O2 adsorption for 60 min (30 ml
min−1), the feed gas was switched to He to purge the system
(for 30 min) and then the temperature was raised to 800 °C
at a ramp of 10 °C min−1 in a stream of He at 30 ml min−1

and the mass signal of O2 (m/z = 32) was recorded
simultaneously.

Electron spin resonance (EPR) spectra in the X-band were
recorded at −196 °C using a JES-FA200 (JEOL) CW spectrome-
ter at a microwave power of 1 MW, a modulation frequency
of 100 kHz and central field of 325 mT. Before the measure-
ment, the samples (100 mg) were pretreated in a flow of N2

at 300 °C for 1 h, and the detailed information is presented
in the ESI.†

Results and discussion
Catalytic activity of nanoceria for o-xylene oxidation

The catalytic activities of the CeO2 nanomaterials with differ-
ent shapes were investigated by o-xylene oxidation at differ-
ent temperatures, during which a clear shape dependence
was observed (Fig. 1 and Table 1). Over the nanoparticles, ox-
idation of o-xylene was hardly detected at a temperature of
195 °C. When temperature was increased, catalytic oxidation

was triggered significantly, exhibiting 50% o-xylene conver-
sion (T50) at 219 °C. Further increasing the reaction tempera-
ture resulted in a gradual increase in o-xylene conversion,
during which 90% conversion (T90) and complete oxidation
were achieved at 272 and 300 °C, respectively. In the com-
plete oxidation of o-xylene, meanwhile, GC-MS results showed
that CO2 and H2O were the only detectable products. Com-
pared with the nanoparticles, a similar value of T50 for
o-xylene oxidation was observed over the nanocubes, while
the samples exhibited higher activity at temperatures below
210 °C and within a temperature range of 220–280 °C. The
nanorods showed the highest activity for o-xylene oxidation
particularly at low temperatures, exhibiting T50 at 195 °C.
Over the nanorods, it should be noted that the specific rate
at 210 °C was up to 1.48 × 10−3 μmol s−1 m−2, which is 1.8
times greater than that of the nanoparticles. Obviously, the
CeO2 nanomaterials exhibit high activity for o-xylene oxida-
tion which is similar to those of noble metal catalysts
(supported Pt and Pd catalysts), while much higher than
those of noble-metal-free catalysts reported elsewhere (Table
S1†).33–39

The durability of the CeO2 rods for o-xylene oxidation was
also evaluated at 220 °C, and the results are shown in Fig. 2.
Throughout the operation time of 50 h, obviously, o-xylene
conversion was always retained at 85%, indicating excellent
durability for catalytic oxidation of o-xylene. The influence of
water vapor on the activity of nanosized CeO2 for o-xylene oxi-
dation was measured at 220 °C (Fig. 3). Over the CeO2 rods,
o-xylene conversion was retained at 85% in the absence of
water vapor. Introduction of 2% water vapor to the feed gas
resulted in a gradual decrease in o-xylene conversion, which
was retained at around 80% after 1 h. When water vapor was
removed from the feed gas, the conversion of o-xylene recov-
ered to its initial level as that in the absence of water vapor.
This result indicates that the nanorods show high tolerance
against water vapor for o-xylene oxidation, and the effect of
water vapor was reversible. Slight temporary suppression of
water vapor on o-xylene oxidation was also observed over the
nanoparticles, which is 4% lower than that in the absence of
water vapor. Over the CeO2 cubes, however, water vapor en-
hanced o-xylene oxidation, exhibiting an increase of around
4% in o-xylene oxidation if 2 vol% water vapor was intro-
duced. Such an enhancement was further promoted by an in-
crease in the concentration of water vapor to 5 vol%.

Structural features of nanoceria

XRD analysis (Fig. S1†) revealed that the prepared CeO2 mate-
rials could be indexed to a pure fluorite cubic structure
(JCPDS 34-0394). This structural feature was also confirmed
by Raman characterization (Fig. S2†), in which a strong band
at 454–460 cm−1 was attributed to the vibrational mode of the
F2g symmetry.40,41 By using the Scherrer equation, the aver-
age particle size of nanoceria was calculated based on the
peak due to the (111) plane, and the results are shown in
Table 1. The nanorods show an average particle size of 11.6

Fig. 1 Activity of CeO2 nanomaterials with different shapes for
o-xylene oxidation. Reaction conditions: catalyst weight 0.1 g,
o-xylene 250 ppm, 20 v/v% O2, N2 balance, total flow rate = 100 ml
min−1, WHSV = 60 000 ml h−1 g−1.
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nm, which is a little smaller than that of the nanoparticles
and nanocubes. As a result, it is reasonable that the nano-
rods exhibit a slightly larger specific surface area than the
other two (Table 1).

The TEM images show that the prepared CeO2 particles ex-
hibit an irregular shape, with an average size of about 8–13
nm (Fig. 4A and Table S2†). Fig. 5A gives the HRTEM image
of representative particles, in which the lattice spacings were
measured to be 0.31 and 0.27 nm, implying that the particles
predominantly expose the (111) and (100) planes, respec-
tively.31 In agreement with previous studies,31,41 the CeO2

cubes with a size of around 8–20 nm (Fig. 4B and 5B) are
only enclosed by the (100) planes. Based on the interplanar
spacings, the (111) and (100) side planes of the rods can be
identified (Fig. 5C and D).42 This result reveals that the rods
which are 40–300 nm in length and ∼8–13 nm in diameter
(Fig. 4C and Table S2†) predominantly expose the (111) and
(100) planes.

Oxygen species and vacancies on the surface of nanoceria

The O 1s core level spectra of CeO2 with different shapes are
presented in Fig. 6A. The peak with a low binding energy
(529.0–529.1 eV) is attributed to lattice oxygen of the crystal-
line network.43 The high binding energy side at 531.3–532.0
eV corresponds to oxygen species located on the surface,43 in

which the binding energy drops in the sequence particles >

cubes > rods.
XPS analysis was also performed to characterize the va-

lence state of the Ce ions over nanoceria (Fig. 6B). The ν0, ν′,
u0, and u′ peaks correspond to Ce3+; while ν, ν″, ν‴, u, u″, u‴
are attributed to Ce4+.43,44 The peak positions for all the sam-
ples are listed in Table S3.† The Ce3+ concentration in the
CeO2 nanomaterials was calculated by analysis of the inte-
grated peak area (ESI†). In all the samples, the presence of
Ce3+ was clearly identified by XPS analysis, with concentra-
tions in the range of 21.1–24.4% (Table S3†), which was in
good agreement with previous results.43,44 These results indi-
cate that oxygen vacancies are generated to maintain the
electrostatic balance of Ce3+-containing fluorite ceria.45 Based
on the relative concentration of Ce3+, it is shown that the
concentration of oxygen vacancies on the CeO2 nanomaterials
follows the order particles ≈ rods > cubes. Further evidence
identifying the formation of oxygen vacancies was provided
by Raman characterization (Fig. S2B†), in which a band at
around 598 cm−1 was due to a defect-induced (D) mode of
ceria.40,41 By comparing the relative intensity of the peak due
to the D mode with that of the F2g mode,41 we can roughly es-
timate that the concentration of the oxygen vacancies on the
CeO2 nanorods and nanoparticles was higher than that on
the nanocubes, further confirming the result of Ce 3d XPS.

Table 1 Physicochemical properties, o-xylene oxidation rates over CeO2 nanomaterials with different shapes

Sample BET (m2 g−1) Particle sizea (nm) T50
b (°C) T90

c (°C) Reaction rated (×10−3 μmol s−1 m−2)

Particles 75.0 12.8 219 272 0.52
Cubes 76.9 13.4 217 242 0.72
Rods 88.2 11.6 195 239 1.48

a Calculated using the Scherrer equation over the peak due to the (111) plane. b Reaction temperature for 50% conversion of o-xylene (T50).
c Reaction temperature for 90% conversion of o-xylene (T90).

d Measured at 210 °C.

Fig. 2 Durability of CeO2 rods for o-xylene oxidation at 220 °C. Reac-
tion conditions: catalyst weight 0.1 g, o-xylene 150 ppm, 20 vol% O2,
N2 balance, total flow rate = 100 ml min−1, WHSV = 60 000 ml h−1 g−1.

Fig. 3 Influence of water vapor on the activity of CeO2 nanomaterials
with different shapes for o-xylene oxidation at 220 °C. Reaction condi-
tions: catalyst weight 0.1 g, o-xylene 150 ppm, 20 vol% O2, 2 vol% (or
5 vol%) H2O (if used), N2 balance, total flow rate = 100 ml min−1, WHSV
= 60 000 ml h−1 g−1.
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PAS characterization was further used to reveal the struc-
tural features of the oxygen vacancies in nanoceria (Fig. S3†).
The lifetime of positrons is governed by the average electron
density at an annihilation site, which increases with a de-
crease in the average electron density. With this in mind, one
can easily distinguish the features of defects in solid mate-
rials, such as the size and intensity of defects.46 In agreement
with previous studies,42,47–49 the lifetimes of all the samples
exhibit three distinct components, τ1, τ2, and τ3, together with
corresponding intensities denoted as I1, I2, and I3 (Table 2).
The longest component, τ3, with the lowest intensity, was
generally due to the annihilation of ortho-positronium atoms
in the large voids present in the sample. In previous
studies,42,47–49 the shortest one (τ1) within a wide range of
172–247 ps, was observed over nanoceria, attributed to free
annihilation of positrons (τ1 ∼ 172–187 ps) or annihilation of
positrons in small oxygen vacancies, such as single oxygen va-
cancies in CeO2 (τ1 ∼ 188–247 ps). In our case, the values of
τ1 were 181 ps for cubes, 183 ps for rods, and 202 ps for parti-
cles. As a result, the τ1 components of the CeO2 cubes and
rods can be related to free annihilation of positrons, while
this component of particles may arise from annihilation of

positrons in mono-oxygen vacancies. The middle one (τ2) is
often assigned to oxygen vacancy clusters (denoted as VCs
hereafter, i.e. dimers, trimers, or larger), resulting from ag-
gregation of single oxygen vacancies. Among all the samples,
it is interesting to note that the cubes exhibited the smallest
τ2 value (340 ps) with the lowest relative concentration
(57.1%). Over the rods, the second-largest τ2 value (407 ps)
was observed with the highest intensity of 62.4%. These re-
sults clearly show that the size and concentration of VCs are
strongly dependent on the morphology of CeO2.

It is widely accepted that oxygen vacancies dominate the
electronic and chemical properties of ceria, thus providing
abundant active sites for the adsorption of molecular oxy-
gen.45 To highlight this issue, O2-TPD experiments were

Fig. 4 TEM images of CeO2 particles (A), cubes (B), and rods (C).

Fig. 5 HRTEM images of CeO2 particles (A), cubes (B), and rods (C and
D).

Fig. 6 O 1s (A) and Ce 3d (B) XPS spectra of CeO2 with different
shapes.

Table 2 Position lifetime parameters of CeO2 nanomaterials

Sample τ1 (ps) τ2 (ps) τ3 (ns) I1 (%) I2 (%) I3 (%)

Particles 202 450 2.72 40.2 58.5 1.3
Cubes 181 340 2.79 41.5 57.1 1.4
Rods 183 407 2.77 36.1 62.4 1.5
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performed over CeO2 with different shapes after pretreatment
in N2 at 300 °C and subsequent O2 adsorption at 30 °C
(Fig. 7A and Table S4†). Over the CeO2 nanoparticles, a
strong O2 desorption peak centered at 458 °C was observed,
which was accompanied by a weak peak located at 166 °C.
The low temperature peak was assigned to desorption of mo-
lecular oxygen, while the high temperature one was attrib-
uted to the desorption of atomic oxygen species on the sur-
face of CeO2.

21,22,41,50 Two peaks due to O2 desorption were
also observed on the CeO2 nanorods; the low-temperature
one exhibits a much stronger intensity centered at 32 °C
which is lower than that of the nanoparticles. In the O2-TPD
experiments over CeO2 nanocubes, however, only one peak
centered at 148 °C was observed.

Relationship between structure of ceria and activity for
o-xylene oxidation

As is shown in Fig. 1 and Table 1, the CeO2 nanorods exhibit
much higher low-temperature activity for o-xylene oxidation
than nanocubes and nanoparticles. Generally, nanocatalytic
materials with high surface area possess numerous crystal
faces, edges, and corners, the presence of which have been
considered to provide abundant active sites for the adsorp-
tion and activation of reductants, thus exhibiting better cata-
lytic activity. In the present study, however, the nanosized
CeO2 particles, cubes, and rods exhibit a similar average par-
ticle size and similar specific surface area, which cannot ac-
count for their different behaviors in o-xylene oxidation. This
situation was further confirmed by the specific reaction rate
normalized by the surface area (Table 1).

Recent advances in nanomaterial synthesis and characteri-
zation also clearly identified that the catalytic behavior of
nanoceria was strongly dependent on its surface structure. By
using a solution-based hydrothermal method, CeO2 nanorods
exposing reactive (110) and (100) facets were created,
exhibiting much higher activity for CO oxidation than nano-
particles enclosed by the stable (111) planes and nanocubes

enclosed by the (100) planes.32,47 As was revealed by Wu
et al.,51 the turnover frequency of CO oxidation on the planes
of the CeO2 nanocrystals drops in the sequence (110) > (100)
> (111), which is in agreement with the theoretical prediction
and the experimental results.52–55 Specifically, the ease of oxy-
gen extraction from the surface plane of ceria is directly re-
lated to its catalytic reactivity, which in turn reveals the cru-
cial role of oxygen vacancies on ceria surfaces in the
adsorption and activation of O2, thus related to CO oxidation.

Mitsui et al.56 reported that even for the simple reaction
of H2 dissociation on a model Pd(111) catalyst, aggregates of
three or more hydrogen vacancies are required, indicating
the crucial role of vacancy clusters in catalytic reactions. Sim-
ilarly, the calculated results provided by Jiang et al.57 also re-
vealed that two neighboring single oxygen vacancies working
together are more efficient for O2 activation than those work-
ing alone, and thus VCs contribute to CO oxidation on the
Co3O4(110) surface. Recently, Liu et al.42 further identified
that the concentration of oxygen vacancy clusters on CeO2

nanorods enclosed by (111) and (100) facets was much higher
than that on CeO2 nanorods enclosed by (110) and (100)
facets. Such intrinsic properties in VCs guarantee a higher ac-
tivity of the former for CO oxidation. By low pressure thermal
activation, CeO2 nanorods and nanoparticles enriched with
oxygen vacancies have been created, exhibiting high activity
for CO oxidation.44 With these in mind, Fig. 7B presents the
relationship between the peak area for chemisorbed O2 (Ta-
ble S4†) and the relative intensity of VCs (I2) in CeO2 with dif-
ferent shapes. Clearly, a higher concentration of VCs results
in a larger amount of adsorbed O2, strongly suggesting the
key roles of VCs in the adsorption and activation of O2. More
recently, a monotonous increase in O2 adsorption with in-
creasing VCs on Co3O4 was also observed in our previous
studies, the presence of which guarantees the high activity of
Co3O4 for CO oxidation at low temperatures.58,59

By using Raman and TPD measurements, the role of oxy-
gen vacancies in adsorption of O2 was carefully analysed.40,41

Over reduced nanoceria (pretreated by H2 and CO), it was

Fig. 7 (A) O2-TPD curves of CeO2 nanomaterials; (B) relationship between the peak area of adsorbed molecular oxygen (ad-O2) and the relative
intensity of oxygen vacancy clusters (I2) in CeO2 nanomaterials; (C) relationship between the desorption temperature for ad-O2 and the reaction
rate for o-xylene oxidation over CeO2 nanomaterials.
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found that the single oxygen vacancies and their aggregates
serve as efficient traps for adsorption and activation of O2,
which are present as superoxide (O2

−) and peroxide (O2
2−)

species by electron extraction from the Ce3+ ions on the oxy-
gen vacancies. The relationship between single oxygen vacan-
cies and the formation of O2

− and O2
2− on the CeO2 surface

was further confirmed by DFT+U calculations.50 In our case,
ESR measurements (Fig. S4†) confirm the formation of O2

−

during exposure of CeO2 to O2, giving the g values of 2.003–
2.034.43 It is interesting to note that the lower the tempera-
ture for desorption of chemisorbed O2 species is, the higher
is the activity for o-xylene oxidation (Fig. 7C), identifying the
key role of VCs in this reaction via the activation of molecular
oxygen.

If one considers that the CeO2 cubes only contain reactive
(100) facets, the question why their Ce3+ concentration is
lower than those of rods and particles (Table S2†) may arise
(both of which are enclosed by reactive (100) and inner (111)
planes). A picture of hexagonal prism shaped ceria nanorods
on an atomic level achieved by molecular dynamics simula-
tion may provide a clue for getting the answer: the (100) sur-
faces have, in part, faceted into (111), presenting a sawtooth-
like appearance and far from the perfect and ideal ones.60,61

As a result, a variety of defects (kinks, steps, dislocations, va-
cancies, etc.) would be present on the surface of nanoceria,
resulting in a microstrain of the ceria lattice. On these rough
surfaces, meanwhile, low-coordinated O atoms are rich, the
depletion of which is strongly facilitated compared to regular
(100) and (111) plateaus, favoring the formation of oxygen va-
cancies in ceria.61–63 With this in mind, we further analyzed
the lattice strain of nanoceria, which was estimated using the
single-line method from analysis of XRD line broadening
using a pseudo-Voigt profile function.64,65 Table S5† shows
that the rods and particles exhibit much higher lattice strains
than the cubes, which is in agreement with the results of Si
and Flytzani-Stephanopoulos.65 Taking the results presented
in Table 2 and S3† into account, therefore, the lattice strain
correlates with the formation of oxygen vacancies, and also is
related to the concentration of Ce3+ in nanoceria with differ-
ent shapes.

By optimization of synthesis conditions, Ce3+–O–Ce4+-type
defect sites were created in nanoceria, promoting the oxida-
tive dehydrogenation of ethylbenzene in the presence of
N2O.

66 Also, it has been reported that oxygen vacancies over
nanocrystalline ceria play a crucial role in total oxidation of
naphthalene.67 As was reported by Wang et al.,18 oxygen va-
cancies contributed to catalytic removal of benzene over
CeO2–MnOx composite oxides. Our results presented here
confirm that oxygen vacancy clusters, not single oxygen va-
cancies, are active sites for o-xylene oxidation via the activa-
tion of molecular oxygen. Our results may also be fundamen-
tal for creating ceria based catalysts with better performance
for catalytic oxidation of VOCs.

Water adsorption is ubiquitous in oxide surfaces, as water
may act as a promoter or as an inhibitor in a given reaction
occurring over oxide surfaces. Numerous studies have been

performed on the behaviors of water adsorption on ceria, par-
ticularly on the redox properties of ceria changed by water–
ceria interactions.45 Over regular (111), (100), and (110) CeO2

surfaces, DFT+U calculations predicted that oxygen vacancies
(single oxygen vacancies) are active sites for the associative
and dissociative adsorption of water. As a result, water mole-
cules strongly and dissociatively bind with oxygen vacancies,
promoting further reduction of ceria.68,69 With this in mind,
one can easily deduce that the presence of water should pro-
mote the oxidation of o-xylene since oxygen vacancies play a
crucial role in this reaction. In contrast to what has been
found in the calculations, previous reduction/reoxidation cy-
clic experiments performed by Padeste et al. indicated that
water will reoxidize reduced ceria with evolution of hydrogen,
resulting in a transformation of surface Ce3+ into Ce4+.70 This
result means that a decrease in the concentration of oxygen
vacancies would occur during exposure of ceria to water, pos-
sibly lowering the o-xylene conversion with water present. As
is shown in Fig. 3, water vapor enhances the activity of the
CeO2 cubes for o-xylene oxidation, and decreases the activity
of the rods and particles. To reveal such a shape dependent
influence of water vapor on the activity of ceria, further stud-
ies should be done. For example, is there something different
between water adsorption on single oxygen vacancies and
their aggregates? The detailed mechanism of catalytic oxida-
tion of o-xylene over nanosized ceria should be understood.

Conclusions

Nanosized CeO2 particles, cubes, and rods are highly active
for catalytic oxidation of o-xylene, and are comparable with
traditional noble-metal catalysts. The CeO2 cubes only con-
tain reactive (100) facets, while their activity for o-xylene oxi-
dation is much lower than those of the rods and particles
(both of which are enclosed by reactive (100) and inner (111)
planes). XPS, Raman, PAS, and O2-TPD measurements con-
firm the presence of oxygen vacancy clusters in the nanosized
ceria, giving an opportunity for adsorption and activation of
molecular oxygen. Among the three samples, the CeO2 nano-
rods exhibit the highest concentration of VCs, on which the
largest amount of O2 was adsorbed; over this sample, mean-
while, the desorption of adsorbed O2 species occurred at the
lowest temperature. As a result, it is reasonable that the CeO2

nanorods exhibit the highest activity for catalytic oxidation of
o-xylene, clearly identifying the key role of VCs in this reac-
tion via the activation of molecular oxygen over nanoceria.
Moreover, a shape dependent influence of water vapor on the
activity of ceria was firstly observed.
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