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The present work focuses on the combination of ceria with another oxide of different ionic valences from
period 3 (Mg2+, Al3+, and Si4+) using coprecipitation method, followed by calcination at 450 and 750 �C,
respectively. The textural, structural, morphological and redox properties of nanosized ceria–magnesia,
ceria–alumina and ceria–silica mixed oxides have been investigated by means of N2 physisorption,
XRD, Raman, HRTEM, DRS, FT-IR, and H2-TPR technologies. XRD results of these mixed oxides reveal that
only nanocrystalline ceria (ca. 3–6 nm for the 450 �C calcined samples) could be observed. The grain size
of ceria increases with the increasing calcination temperature from 450 to 750 �C due to sintering effect.
The highest specific surface area is obtained at CeO2–Al2O3 mixed oxides when calcination temperature
reaches 750 �C. Raman spectra display the cubic fluorite structure of ceria and the existence of oxygen
vacancies, and displacement of oxygen ions from their normal lattice positions in the ceria-based mixed
oxides. DRS measurements confirm that the smaller the grain size of the ceria, the higher indirect band
gap energy. H2-TPR results suggest that the reductions of surface and bulk oxygen of ceria were predom-
inant at low and high calcination temperature, respectively. Finally, CO oxidation were performed over
these ceria-based mixed oxides, and the combination of CeO2–Al2O3 exhibited highest activity irrespec-
tive of calcination temperature, which may due to excellent textural/structural properties, good homoge-
neity, and redox abilities.

� 2010 Elsevier Inc. All rights reserved.
1. Introduction

Ceria (CeO2), as a functional rare-earth oxide, has been the sub-
ject of numerous investigations in recent years because of its wide
applications in catalysis, electrochemistry, oxygen sensors, fuel
cell, and advanced ceramic materials [1–7]. In the field of three-
way catalysis, ceria can be used as a key component for exhaust
gas treatment from automobiles due to its high oxygen storage/
release efficiency associated with the formation of oxygen vacan-
cies and low redox potential between Ce3+ and Ce4+. However, it
was reported that pure ceria had poor thermal stability and low
specific surface area. To improve the property of ceria, many works
have been performed by introducing foreign oxide, such as TiO2

[8], ZrO2 [9], SiO2 [10], M2O3 (M: B, Al, Ga, In) [11,12], SnO2 [13],
MnOx [14], HfO2 [15], Co2O3 [16], CaO [17], and so on. These doped
ceria-based mixed oxides would cause the changes of structural,
electronic, reductive, and oxygen migration properties due to
ll rights reserved.

, Nanjing University, Nanjing
7761.
lin@nju.edu.cn (L. Dong).
doped ions incorporating into the ceria lattice to generate defects
or the formation of a new phase [18].

In recent years, the preparation and characterization of ceria-
based mixed oxide have attracted much attention for their outstand-
ing textural properties, improved oxygen storage capacity, and resis-
tant sintering properties in comparison with pure ceria. Among these
studies, Reddy et al. extensively investigated the mixed oxides
between CeO2 and MO2 (TiO2, ZrO2, SiO2, Pr6O11, HfO2, and TbO2),
as well as full characterizations over these ceria-base mixed oxides
[19–21]. Auroux et al. systematically studied the structure, texture,
surface, and redox features of CeO2–M2O3 (M = B, Al, Ga, In) mixed
oxides prepared by coprecipitation and sol–gel method, respectively.
Some general conclusions had been obtained that CeO2–Al2O3 mixed
oxides exhibited the highest surface area and the presence of oxygen
vacancies could be identified by Raman spectra [11,12]. Based on
these above-mentioned literatures, we could find that they present
the similar consideration, namely the combination of ceria with
the same valance metal oxide. There were almost few reports that
focus on the combination of ceria with another oxide of different
ionic valences.

As reported elsewhere, the combination of two metal oxides
may lead to novel structural and electronic properties of the final

http://dx.doi.org/10.1016/j.jcis.2010.10.043
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oxide, favoring its catalytic activity. On the one hand, the foreign
oxide may facilitate defect formation within the oxide host by gen-
erating strain into the lattice. In addition, the introduction of an-
other oxide, such as silica or alumina, may improve the textural
properties of ceria. Despite the fact that ceria-based mixed oxides
have been widely investigated, there is still big interest in adjust-
ing their properties (grain size, surface area, oxygen migration,
and so on) that are important for catalytic applications. There ex-
ists an order about the ionic charge and radius from period 3,
Mg2+ (0.66 Å) > Al3+ (0.51 Å) > Si4+ (0.42 Å). Therefore, it was con-
sidered that the combination of ceria with another oxide of differ-
ent ionic valances from period 3 (Mg2+, Al3+, and Si4+) using
coprecipitation method.

In this study, we systematically investigated the textural, struc-
tural, morphological, and reducible features of ceria-based mixed
oxides prepared by coprecipitation, which was considered as a
straightforward method to provide good dispersion and homoge-
neity of mixed oxides in bulk [22,23]. The obtained samples were
subjected to thermal treatments over the temperatures at 450
and 750 �C and were fully characterized by means of N2 physisorp-
tion, XRD, Raman, HRTEM, DRS, FTIR, and H2-TPR technologies.
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Fig. 1. The N2 adsorption–desorption isotherms and BJH pore distribution curves of CeO2

respectively.
2. Materials and methods

2.1. Catalyst preparation

The CeO2–MOx (M = Mg2+, Al3+, Si4+) mixed oxides (Ce:
M = 1:1 mol ratio) were prepared from their salt solutions as pre-
cursors by coprecipitation method. The desired quantities of
ammonium cerium (IV) nitrate as Ce source was dissolved in ex-
cess distilled water to form solution. The precursors of period 3
(Mg2+, Al3+, and Si4+) oxides were magnesium nitrate, used to ob-
tain magnesia oxide; aluminum nitrate, used as an alumina source;
and tetraethyl orthosilicate (TEOS), used to produce silicon oxide.
These precursors as M source were also added into distilled water.
The above two solutions (Ce and M) were mixed together and then
dilute aqueous ammonia was added gradually drop-wise to these
mixture solutions, with vigorous stirring, until precipitation was
complete when about pH = 10. The obtained precipitates were fil-
tered off and washed several times with distilled water. The ob-
tained cakes were dried in air at 110 �C for 12 h and then
calcined at 450 and 750 �C for 5 h, respectively. In addition, pure
CeO2 was prepared via the same method and calcined at 450 and
 CM450
 CM750

dV
/d

D
 (

cm
3 / g

/ n
m

)

Pore diameter (nm)

b)

 CA450
 CA750

dV
/d

D
 (

cm
3 /g

/n
m

)

Pore diameter (nm)

d)

5 10 15 20 25 30 35 40

5 10 15 20 25 30 35 40

–MOx (M = Mg2+, Al3+, Si4+) mixed oxides and pure CeO2 calcined at 450 and 750 �C,



Table 1
Textural properties of CeO2–MgO, CeO2–Al2O3, CeO2–SiO2, and pure CeO2 samples
calcined at 450 and 750 �C, respectively.
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Fig. 1 (continued)
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750 �C for 5 h, respectively. These as-prepared samples were CeO2

(C), CeO2–MgO (CM), CeO2–Al2O3 (CA), and CeO2–SiO2 (CS) mixed
oxides.
Sample Calcination
temperature
(�C)

BET surface
area
(m2 g�1)

Pore
volume
(cm3 g�1)

Average pore
diameter
(nm)

CeO2–MgO (CM) 450 20.6 0.017 3.4
750 3.0 0.003 –

CeO2–Al2O3 (CA) 450 115.9 0.128 4.4
750 48.1 0.096 8.0

CeO2–SiO2 (CS) 450 145.6 0.110 3.0
750 44.8 0.048 4.2

CeO2 (C) 450 32.5 0.030 3.6
750 2.2 0.004 –
2.2. Catalyst characterization

The BET specific surface areas were measured by N2 adsorp-
tion–desorption at �196 �C on a Micrometrics ASAP-2020 ana-
lyzer. Prior to each analysis, the sample was degassed at 300 �C
for 4 h. In addition, desorption branches of the isotherm plot was
used for the BJH pore distribution analysis.

Powder X-ray diffraction (XRD) patterns were recorded on a
Philips X’Pert Pro diffractometer, equipped with a Ni-filtered Cu
Ka radiation (0.15418 nm). The X-ray tube was operated at 40 kV
and 40 mA. The data were collected in the 2h range of 10–90�.
The average crystallite sizes were determined from XRD line
broadening measurements using the Debye–Scherrer equation,
DXRD = Kk/bcos h, where k is the X-ray wavelength, h is the diffrac-
tion angle, K is the particle shape factor, usually taken as 0.89, and
b is full width at half maximum in radians.
The Raman spectra were collected on a Jobin–Yvon (France–Ja-
pan) T64000 type Laser Raman spectroscopy using Ar+ laser beam.
The Raman spectra were recorded with an excitation wavelength
at 514 nm and the laser power at 300 mW.
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TEM and HRTEM images of these samples were obtained using a
JEOL JEM-2100 microscope operating at 200 kV. The sample was
dispersed in ethanol and kept in an ultrasonic bath for 15 min, then
deposited on a carbon-covered copper grid for each measurement.

UV–Visible diffuse reflection spectra (UV–Vis DRS) were per-
formed using a Shimadzu UV-2401 spectrophotometer. The sam-
ples were fixed on the light source path. The spectra were
recorded in the range from 700 to 250 nm using BaSO4 as the
reference. The photon energies (E, eV) were obtained using the
relationship of E = 1240/k.
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Fig. 2. The powder XRD patterns of: (a) CeO2–MgO, (b) CeO2–Al2O3, (c) CeO2–

Table 2
Crystallite size, lattice parameters, the position, and FWHM of the main Raman

Sample Grain size by XRD
(nm)a

Grain size by Raman
(nm)b

Particle size by TEM
(nm)c

CM450 6.3 5.3 7.5 ± 2.5
CM750 31.7 10.0 –
CA450 5.1 4.2 6.0 ± 2.0
CA750 10.7 10.0 –
CS450 3.0 1.0 3.2 ± 1.0
CS750 5.1 2.7 –
C450 12.2 10.3 8.5 ± 2.5
C750 40.5 10.5 –

a Determined from the XRD peak of the (1 1 1) plane by the Debye–Scherre
b Determined from the Raman frequency shift of ceria by the equation: d =
c Estimated from the TEM results based on statistical analysis.
d Calculated from characteristic XRD peak of the (1 1 1) plane by Bragg’s la
FT-IR spectra were recorded on a Nicolet 5700 spectrometer
equipped with a DTGS CaF2 as detector. The spectra (32 scans)
were recorded in the 400–4000 cm�1 wavenumber.

H2-temperature programmed reduction (H2-TPR) experiments
were performed with H2 as a reducing agent in a quartz U-type
reactor, and 50 mg sample was used for each measurement. Prior
to the reduction, the samples were pretreated in a N2 stream at
100 �C for 1 h and then cooled to room temperature. After that
H2–Ar mixture (7% H2 by volume) was switched on, and the
temperature increased gradually with ramp of 10 �C/min. The
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line of samples.

Lattice
parameter (Å)d

Position of Raman line
(cm�1)

FWHM of Raman line
(cm�1)

5.429 462.64 24.0
5.412 463.75 16.0
5.404 462.04 24.7
5.385 463.75 14.5
5.352 451.80 44.0
5.348 460.34 19.0
5.411 463.78 15.2
5.411 463.80 9.5

r equation.
2p(B/Dx).

w.



Q. Yu et al. / Journal of Colloid and Interface Science 354 (2011) 341–352 345
consumption of H2 was monitored by using a thermal conductivity
detector (TCD).

2.3. Catalyst activity testing

The catalytic activity of as-prepared samples in CO oxidation
was measured in a fixed quartz-reactor (length, 60 cm; inner diam-
eter, 4 mm) with a feed composition containing 1.4% CO in air at a
space velocity of 30,000 mL g�1 h�1, 50 mg catalysts was used for
each measurement. The catalysts were pretreated in a N2 stream
at 200 �C for 1 h, cooled to room temperature, and then switched
to the reaction mixture gas. Tail gas was analyzed using GC with
TCD. Two columns for gas separation, the one packed with 13X
molecular sieve (30–60 M) being for separating O2, N2 and CO,
the other packed with porapak Q being for separating CO2. The cat-
alytic activity shown as CO conversion was calculated by CO con-
sumption in the effluent.

COconversionð%Þ ¼
½CO�in � ½CO�out

½CO�in
� 100 ð1Þ
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Fig. 3. The d spacings of the (1 1 1) plane in the CeO2–MOx (M = Mg2+, Al3+, Si4+)
mixed oxides samples plotted as a function of the radius of foreign ions.
3. Results and discussion

3.1. Textural characteristics (N2 physisorption)

Fig. 1 shows N2 adsorption–desorption isothermal plots and the
corresponding BJH pore size distribution curves of CeO2–MOx

(M = Mg2+, Al3+, Si4+) and pure CeO2 samples calcined at 450 and
750 �C, respectively. It can be seen that these isotherms are classi-
cal type IV as defined by IUPAC [24], which belongs to mesoporous
materials due to the textural of inter-particle mesoporosity. Well-
defined H2 type hysteresis loops with a sloping adsorption branch
and a relatively steep desorption branch are observed at high rela-
tive pressure range (P/P0). This H2 type hysteresis loops is typical
for wormhole-like structure and interstice mesopore structure
formed by nanoparticles assembly [25].

For CeO2–MgO samples, the most probable pore diameter of
CM450 sample is about 3.4 nm as shown in Fig. 1b. However, the
isotherm of CM750 sample is abnormal and its nitrogen volume
adsorbed is extremely low. This was due to the limitation of nitro-
gen physisorption, which was not suitable to measurement of rel-
atively low surface area (below 5 m2 g�1) [24]. Thus, it does not
show the obvious pore size distribution due to its extremely low
specific surface area (ca. 3.0 m2 g�1). This situation is very similar
to the pure CeO2 calcined at 750 �C. As for CeO2–Al2O3 samples,
the isothermals exhibit a distinct saturated adsorption plateau at
high relative pressure range, indicating the good homogeneity of
the pores accumulated by nanoparticles. In addition, the most
probable pore diameter increases from 3.6 to 6.1 nm correspond-
ing to 450 and 750 �C, respectively. Regarding CeO2–SiO2 samples,
the calcination temperature has little effect on the most probable
pore diameter due to no obvious change of particle size. This indi-
cates that silica could restrain the growth of ceria nanoparticles.

The textural data of CeO2–MOx (M = Mg2+, Al3+, Si4+) mixed oxi-
des and pure CeO2 calcined at 450 and 750 �C are presented in
Table 1. The 450 �C calcined samples show reasonably high specific
surface area and large pore volume. However, with increasing cal-
cination temperature, the specific surface area and pore volume
both have a decrease and the decrease is greater as calcined at
750 �C. Moreover, the high temperature calcination also causes
an increase in average pore diameter due to particle coarsening
of ceria. Although CeO2–SiO2 sample calcined at 450 �C exhibits
the highest specific surface area, the CeO2–Al2O3 sample shows
slightly higher specific surface area than CeO2–SiO2 sample when
calcination temperature increases to 750 �C. This indicates that
alumina as a very effective surface stabilizer plays an important
role in ceria-based mixed oxides system. In addition, the specific
surface areas of the 750 �C calcined samples were presented via
the following order: CeO2 � CeO2–MgO� CeO2–SiO2 < CeO2–
Al2O3.
3.2. Structural characteristics (XRD and Raman)

Fig. 2 shows the XRD patterns of the ceria-based mixed oxides
calcined at 450 and 750 �C, respectively. As can be seen from this
Figure, the CeO2–MgO sample (Fig. 2a) calcined at 450 �C is in a
poorly crystalline form, and only the diffraction lines ascribed to
CeO2 (JCPDS 34-0394) could be observed. With the increasing cal-
cination temperature from 450 to 750 �C, a remarkable increase in
the intensity of the lines due to better crystallization of CeO2 could
be noted. In addition, no MgO diffraction lines or a new compound
formed by ceria and magnesia could be observed from XRD mea-
surements. This suggests magnesia oxide is amorphous or crystal-
lites below the detect limitation of XRD. The calculated lattice
parameter of CM450 sample is equal to 5.429 Å, shown in Table
2, which is a little larger than that of bulk CeO2 (5.411 Å). This
may be due to the lattice expansion effect resulting from the in-
creased oxygen vacancies or the formation of a small amount of
nonequilibrium interstitial MgxCe1�x/2O2 solid solution [26,27].
For CeO2–Al2O3 samples, the diffraction peaks attributed to CeO2

can be clearly observed. There is no new diffractions corresponding
to hexagonal Ce2O3 (JCPDS 23-1048) and rhombohedral CeAlO3

(JCPDS 21-175) and Al2O3 (JCPDS 29-0063) phase. Similarly,
CeO2–SiO2 mixed oxides only exhibits cubic fluorite structure of
ceria. By comparing the intensity of ceria main peak (1 1 1) of these
three samples, we can give a sequence: CM > CA > CS, which indi-
cates the difference in ceria crystallinity. Crystalline size deter-
mined from the XRD peak of the (1 1 1) plane by Debye–Scherrer
equation were also listed in Table 2. Two main features on the evo-
lution of crystalline size could be observed. Firstly, the grain size of
the 750 �C calcined samples is larger than that of the 450 �C cal-
cined samples due to the sintering effect. However, CeO2–SiO2

samples show the smallest increase, indicating silica could prevent
the growth of ceria crystallite. On the other hand, under the same
calcination temperature, the grain size of ceria follows the order:
CM > CA > CS. The lattice parameters of ceria-based mixed oxides
gradually decreased in accordance with the order: CM > CA > CS,



346 Q. Yu et al. / Journal of Colloid and Interface Science 354 (2011) 341–352
which could associate with the ion radii of Mg2+ (0.66 Å), Al3+

(0.51 Å), and Si4+ (0.42 Å).
To further investigate the effect of foreign oxide on the ceria

structural parameter, the d spacings of the (1 1 1) plane in the
CeO2–MOx (M = Mg2+, Al3+, Si4+) mixed oxides plotted as a function
of the radius of dopants was shown in Fig. 3. It showed that the
obvious lattice contraction of ceria happened as the 750 �C calcined
samples comparing with the 450 �C calcined samples. It was also
found that CeO2–MgO mixed oxides displayed larger d(111) spacing
value than pure ceria, indicating the presence of interstitial
MgxCe1�x/2O2 solid solution due to the incorporation of Mg2+ into
ceria lattice. In addition, CeO2–SiO2 mixed oxides showed the
smallest contraction among these three samples as evidenced by
lattice parameter estimation listed in Table 2.

Fig. 4 exhibits the Raman spectra of CeO2–MOx (M = Mg2+, Al3+,
Si4+) samples calcined at 450 and 750 �C, respectively. It is known
that only one sharp Raman main peak at ca. 465 cm�1 is observed
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interaction between oxides according to literature [12]. For
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tense peak at 463 cm�1. According to some literatures, these two
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tudinal optical (LO) mode of ceria, which is associated with oxygen
vacancies in the CeO2�x lattice [29]. With the increasing calcination
temperature, Raman spectra exhibit two main features: (1) the
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decrease as evidenced in Table 2. In addition, we also determined
the crystalline size from the Raman frequency of ceria, shown in
Table 2. In line with XRD calculation, the evolution of crystalline
size with calcination temperature presents the similar trend. How-
ever, this estimation value from Raman is smaller than XRD
estimation.

3.3. Morphological characteristics (TEM and HRTEM)

The surface morphology and structural properties of CeO2–MOx

(M = Mg2+, Al3+, Si4+) samples were examined by TEM and HRTEM
Fig. 5. TEM and HRTEM micrographs of (a and b) CeO2–MgO, (c and d) CeO2–Al2O3, (e a
techniques, shown in Fig. 5. For CeO2–MgO sample, HRTEM image
indicates that these particles are mainly CeO2 crystallites, exposing
preferentially the crystal (1 1 1) plane with a d spacing of ca.
0.32 nm, in addition to (2 0 0) plane with 0.28 nm interplanar spac-
ings. Meanwhile, amorphous MgO around the CeO2 particles could
be observed. Statistical analysis of these micrographs (Fig. 5a and
b) revealed that the particle size ranged from 5 to �10 nm as listed
in Table 2. In addition, this sample has a disordered wormhole-like
mesopore structure, formed by the agglomeration of the nanopar-
ticles as evidenced by N2 physisorption. Regarding CeO2–Al2O3

sample, it shows a smaller particle size centered at 6.0 nm.
nd f) CeO2–SiO2 mixed oxides, and (g and h) pure CeO2 samples calcined at 450 �C.
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Meanwhile, a good homogeneity could be observed from ceria
crystallite in line with the result of N2 physisorption. The image
of CeO2–SiO2 mixed oxides reveals the existence of smaller crystals
(�3 nm) dispersed over an amorphous silica matrix. Based on the
observation of TEM globe view of ceria-based mixed oxides, it
could conclude that the smaller the particle sizes of ceria crystal-
lite, the higher the degree of agglomeration.

3.4. DRS and FT-IR measurements

DRS measurements shown in Fig. 6 were used to obtain infor-
mation on absorption spectra and band gap of catalysts, or map
the electronic structure of the metal ions by measuring d–d, f–d
transitions, and oxygen–metal ion charge transfer bands. It was re-
ported that bulk CeO2 exhibited three absorption maxima located
at 255, 320, and 340 nm in its DRS [15,30]. This was in line with
the as-prepared pure CeO2 nanoparticles. The poorly former two
absorption spectra were attributed to O2�? Ce3+ and O2�? Ce4+
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charge-transfer transitions, respectively [30,31]. The resolved lat-
ter maximum corresponded to interband transitions [15]. The
spectra of ceria-based mixed oxides distinctly exhibited a strong
absorption band, centered at 360–370 nm range, at the UV region
due to the charge-transfer transitions from O2p to Ce4f. However,
no absorption peak was found above 500 nm of wavelength.

As known elsewhere, particle size can have an effect on the
spectra properties of semiconductors when it becomes comparable
with the size of the exciton. This is so-called quantum-size effect. It
was reported that CeO2 nanocrystals showed the direct band gap
energy (Ed) of �3.4 eV and the indirect band gap energy (Ei) of
�2.7 eV [32]. Furthermore, the smaller the grain size of the ceria,
the higher indirect band gap energy. As displayed in Fig. 6, the
450 �C calcined samples gave 2.52, 2.62, 2.64 eV of indirect band
gap energy for CeO2–MgO, CeO2–Al2O3, and CeO2–SiO2 mixed oxi-
des, respectively. This sequence was highly correlated with the
evolution of grain size as calculated by both XRD and TEM. It
was also found that the asymmetry of DRS profiles was may due
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to the substitution/interstitial of metal ions (Mg2+, Al3+, Si4+) into
the ceria lattice and further caused the observed shift towards
higher wavelengths which was located about 360 nm [19]. In addi-
tion, there is no evidence for the presence of different phases like
MOx (M = Mg2+, Al3+, Si4+) from the DRS results, which was in
agreement with XRD and Raman measurements.

FT-IR measurements were performed on CeO2–MgO, CeO2–
Al2O3, and CeO2–SiO2, and pure CeO2 as shown in Fig. 7. The broad
band at �3500 cm�1 was due to residual water associated with the
powder, corresponding to O–H stretching frequency. The band at
�1630 cm�1 was assigned to the bending mode of hydroxyl groups
of adsorbed water and its intensity increased as followed:
C < CM < CA < CS. For CA450 sample, the bands at 1530, 1420,
and 1070 cm�1 could be clearly observed. As indicated, the spec-
trum of CeO2–SiO2 shows the bands including �1066 cm�1 of Si–
O–Si asymmetric stretching vibration, 460 cm�1 of Si–O–Si bend-
ing vibration. According to some literatures [33,34], the weak band
at �950 cm�1 was attributed to Ce–O–Si vibration, which suggests
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Fig. 7. FT-IR spectra of: (a) CeO2–MgO, (b) CeO2–Al2O3, (c) CeO2–SiO2 mixed o
an interaction formed between ceria and silica. In addition, it was
reported that the incorporation of silica into the ceria could retard
the increase of CeO2 crystalline size, which was agree with the
above-mentioned results.

3.5. Reducibility of ceria-based mixed oxides (H2-TPR)

H2-TPR profiles of ceria-based mixed oxides calcined at 450 and
750 �C were shown in Fig. 8. As reported by many literatures [35–
37], the reduction of pure CeO2 happened stepwise, in two temper-
ature regions: lower (350–600 �C) and higher (above 700 �C). The
lower reduction peak was usually attributed to the reduction of
surface Ce4+ to Ce3+, while the peak at higher temperature region
was assigned to bulk CeO2. The TPR profile of pure ceria calcined
at 450 �C showed a broad peak at 498 �C (Fig. 8d), thus proving that
the surface reduction of ceria nanoparticles from Ce4+ to Ce3+ hap-
pened. The bulk reduction of ceria started at 600 �C, and displayed
a maximum at about 740 �C. Due to extremely weak reducibility of
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Table 3
The peak information of H2-TPR results of CeO2–MgO, CeO2–Al2O3, CeO2–SiO2,
and pure CeO2 samples calcined at 450 and 750 �C, respectively.

Sample Calcination
temperature (�C)

Peak I
(�C)

Peak II
(�C)

DT = Tpeak

II � Tpeak I

Ipeak I/
Ipeak II

CeO2–MgO 450 540 718 178 1.80
750 – 680 – 0

CeO2–Al2O3 450 550 706 156 1.30
750 534 740 206 0.33

CeO2–SiO2 450 500 680 180 1.25
750 565 735 170 0.37

CeO2 450 498 740 242 0.60
750 480 734 254 0.02
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MgO, Al2O3, and SiO2, all TPR profiles of ceria-based mixed oxides
have been associated with the reduction of ceria. Furthermore,
these profiles mainly exhibited similar reducible behaviors con-
taining with two distinct peaks, which was related to the reduction
of surface oxygen (low-temperature region) and bulk oxygen
(high-temperature region), respectively. By comparing the ratio
of integrated peak areas of Peaks I–II (shown in Table 3), for low-
temperature calcined sample (450 �C), the reduction extent of sur-
face ceria was greater than that of bulk ceria. The reduction of bulk
ceria were predominated the reduction process as for high-tem-
perature calcined samples (750 �C). The ratio (Ipeak I/Ipeak II) shows
a sequence CM450 > CA450 > CS450 > C450. It was known that the
higher the ratio, the higher reducibility. This could be explained by
nano-size effect. The smaller the particle size of ceria-base mixed
oxides, the more exposed surface oxygen that could be readily
interacted by hydrogen under reduction condition. Although some
reduction processes were overlapped, make the integration only
partially reliable, the comparison of reduction ratio (Ipeak I/Ipeak II)
obtained for different samples was still possible. In addition, the
difference value of TPR peak maximum (DT = Tpeak II � Tpeak I) has
also been listed in Table 3. It is found that the difference value in-
creased with the increasing calcination temperature except CeO2–
SiO2 mixed oxides. Furthermore, the smallest difference value was
given in CA450 sample. Integrating the above analysis, the differ-
ence in reducibility depicted as peak maximum and peak relative
intensity of these ceria-based mixed oxides, was found to depend
strongly on the nature of foreign oxide employed.
3.6. Activity of ceria-based mixed oxides (CO oxidation)

To evaluate the catalytic activity of these ceria-based mixed
oxides, CO oxidation was performed as a model reaction. The
profiles for CO conversion as a function of reaction temperature
over CeO2–MOx (M = Mg2+, Al3+, Si4+) mixed oxides calcined at
450 and 750 �C were presented in Fig. 9. Generally, a gradual
increase in the CO conversion with an increase of reaction temper-
ature was observed. The CeO2–MOx (M = Mg2+, Al3+, Si4+) mixed
oxides showed the light-off temperatures (10% CO conversion) of
325, 205, and 365 �C for the 450 �C calcined samples, respectively.
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Pure CeO2 sample calcined at 450 �C gave 290 �C of light-off
temperature, which was higher than CeO2–Al2O3 mixed oxides.
In addition, the 750 �C calcined samples presented no activities
up to 400 �C except CeO2–Al2O3 mixed oxides. It was evident that
CeO2–Al2O3 mixed oxides exhibited higher catalytic activity than
the other mixed oxides. The sequence of catalytic activity ex-
pressed as CO conversion is CA450 > CA750 > C450 > CM450
> CS450 > CS750 � CM750 � C750.

For the same sample calcined at different temperatures (450
and 750 �C), all activities of ceria-based mixed oxides decreased
obviously with increasing calcination temperature. This may be
due to sintering effect at higher calcination temperature, leading
to easily particle coarsening of ceria as well loss of surface area.
On the other hand, regarding the ceria-based mixed oxides with
the same calcination temperature modified by different ions
(Mg2+, Al3+, Si4+), we also elucidated the difference of their catalytic
activities. To correlate the activity with the above-mentioned char-
acterizations, taking the 450 �C calcined samples as an example,
the relationship between the catalytic activities of CO oxidation
(at 350 �C) and textural/reducible properties was plotted in
Fig. 10. As seen from this figure, the order of activity was
CA450 > C450 > CM450 > CS450, while the order of surface area
presented CS450 > CA450 > C450 > CM450. The textural properties
(porosity) showed the highest value in CA450 sample. Meanwhile,
it exhibited a moderate crystallite size and relative high surface
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Fig. 10. The relationship between the catalytic activities of CO oxidation (at 350 �C)
and textural/reducible properties.
area, which were well associated with the catalytic performance.
In addition, although the CS450 sample owned the smallest crys-
tallite size and highest surface area, it showed a lower catalytic
activity than pure ceria and other mixed oxides for CO oxidation.
This was in good agreement with the work by Rocchini et al.
[38]. They reported that the fresh pure ceria sample performed bet-
ter than ceria–silica mixed oxides with higher surface area, which
was explained by a different concentration of redox-active Ce4+/
Ce3+ sites on the surface. Combined with the above analysis, the
outstanding catalytic activity of CeO2–Al2O3 mixed oxides was
due to the excellent structural/textural properties and redox abili-
ties. By comparing the catalytic activity and textural properties,
CeO2–Al2O3 mixed oxides was a proper candidate to act as a
three-way catalyst support.
4. Conclusions

The textural, structural, morphological and redox properties
of CeO2–MOx (M = Mg2+, Al3+, Si4+) mixed oxides prepared by
coprecipitation method were correlated importantly with the
character of the period 3 metal oxide. These ceria-based mixed
oxides were subjected to thermal treatments from 450 to
750 �C to study the temperature stability.

(1) The textural properties of ceria-based mixed oxides sug-
gested that alumina could be act as a very effective surface
stabilizer. The combination of CeO2–Al2O3 still exhibited
high surface area among these mixed oxides upon increasing
calcination temperature.

(2) XRD measurements did not show any evidence of the third
compound forming, and only detect the cubic fluorite struc-
ture of ceria. Combined with HRTEM and Raman results, the
presence of CeO2 nanocrystals containing oxygen vacancies
and amorphous oxides in these ceria-based mixed oxides
could be observed.

(3) TPR analysis indicated that the reduction of surface oxygen
dominated the reduction process for the low-temperature
calcined mixed oxides (high surface area), whereas the
reduction of bulk oxygen was predominant for the high-
temperature calcined samples (low surface area).

(4) DRS experiments confirmed that the smaller the grain size of
the ceria, the higher indirect band gap energy, which was
related to quantum-size effect.

(5) CO oxidation activities of ceria-based mixed oxides sug-
gested that CeO2–Al2O3 mixed oxides exhibited highest cat-
alytic activity in terms of light-off temperature, which may
due to excellent textural/structural properties, good homo-
geneity, and redox abilities.
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[11] T. Yuzhakova, V. Rakić, C. Guimon, A. Auroux, Chem. Mater. 19 (2007) 2970–
2981.
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