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Abstract

Several nanosized catalysts Co3O4–CeO2 with varying compositions were synthesized by a surfactant-template method and further promoted
by a small amount of Pd (0.5 wt%). These catalysts exhibit uniform mesoporous structure and high surface area (>100 m2 g−1). The Co3O4
crystallites in these catalysts are encapsulated by nanosized CeO2 with only a small fraction of Co ions exposing on the surface and strongly inter-
acting with CeO2. Such structure maximizes the interaction between Co3O4 and CeO2 in three dimensions, resulting in unique redox properties.
The introduction of Pd prominently enhances both the reduction and oxidation performance of the catalysts, due to hydrogen or oxygen spillover.
These catalysts prepared by surfactant-template method exhibit excellent oxidation performance, especially the ones promoted with Pd, which
show markedly enhanced CO oxidation activity even at room temperature. Based upon the results of structural properties, redox behaviors and
in situ DRIFTS study, two different reaction pathways over Co3O4–CeO2 and Pd/Co3O4–CeO2 are proposed.
© 2008 Elsevier Inc. All rights reserved.
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1. Introduction

Carbon monoxide (CO) is one of the main gaseous pollu-
tants, which is generally produced and released from the com-
bustion process of fossil fuel. For instance, during the cold
start period of vehicles, a lot of carbon monoxide (CO) and
hydrocarbons (HCs) are generated because of the incomplete
combustion of fuel. At the moment, since the temperatures of
emission and catalyst bed are very low, the three-way catalysts
(TWCs) exhibit poor catalytic oxidation performance, which
results in the release of a considerable fraction (50–80%) of
emission into the air [1]. Therefore, it is highly necessary to
explore low-temperature oxidation catalysts for the removal
of CO and HCs. Recently, much attention has been attracted
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to the cobalt oxide catalysts (Co3O4, Co3O4/Al2O3) due to
their unique activity for ambient CO oxidation [2,3]. It is re-
ported that the light-off temperature (T50) for CO oxidation over
Co-based catalysts is as low as −63 ◦C [4]. Cerium oxide, as
oxygen storage material, is often added to TWCs, since it not
only possesses high oxygen storage capacity (OSC), but also
enhances and stabilizes the dispersion of transition metal ox-
ides. Consequently, it is feasible to develop oxidation catalysts
mainly consisting of cobalt and cerium oxides.

As catalysts, Co–Ce mixed oxides have been applied in
many reactions, such as low-temperature CO oxidation [5,6],
methanol oxidation [7], CH4 combustion [8,9], diesel soot oxi-
dation [10], N2O decomposition [11] and Fischer–Tropsch syn-
thesis [12]. During these reactions, a catalytic synergistic effect
between cobalt and cerium oxides is observed, especially for
the oxidation reaction. It is well established that the preparation
method could exert a basic influence on the structural proper-
ties of the catalysts, like surface area, component dispersion and
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strength of interaction, which in turn determines the redox prop-
erties and reactivity of the final catalysts. Recently, by using
surfactant cetyltrimethyl ammonium bromide (CTAB) as tem-
plate, our group has successfully synthesized mesoporous La–
Co–Ce–O and La–Co–Zr–O with large surface areas [13,14].
By using the same template, CuO–CeO2 binary catalysts with
high surface area have also been synthesized [15]. Due to the
existence of more reactive sites, these catalysts show high cat-
alytic activity for CO oxidation.

Moreover, it is believed that the oxidation activity of base
metal oxide catalysts can be prominently enhanced by the
addition of a small amount of Pd, sometimes to a great ex-
tent, which is called active-phase enhancement (APE) [16].
Nowadays, more and more studies are focusing on the cata-
lysts with combination of noble metal and base metal oxides
for oxidation applications, like Pd–(Cr, Cu)/(Ce, Zr)Ox /Al2O3
[17,18], Pt–(MnOx , CoOx)/SiO2 [19], Co–(Pt, Pd, Rh)/Ce–Al–
O(Al2O3) [20], Pd–(Fe, Mn, Co, Ni, Cu)–Ox /NaZSM-5 [21],
Pd/(Mn2O3 + SnO2) [22], and Pd(–Pt)/Co3O4(Co3O4–CeO2)
[23–26]. For CO oxidation, most researchers believe that noble
metal is responsible for CO adsorption and base metal oxide for
oxygen supply. The spillover of CO from noble metals to base
metal oxides is a potential interpretation for the enhancement
effect.

In this work, a series of mesostructured catalysts Co3O4–
CeO2 with high surface area were prepared by using a surfac-
tant-template method, even with Co/(Co + Ce) atomic ratio up
to 40%. These catalysts exhibit quite unique redox properties
of cobalt phase, such as the low-temperature initiation for its
reduction and oxidation, and especially the high-temperature
extending for reduction completion. For CO oxidation, these
catalysts display a volcano-type behavior as Co3O4 content
increases. The catalyst with the best oxidation performance
is further promoted by a small amount of palladium, and a
remarkably improved CO oxidation activity is achieved even
at room temperature (RT), compared with those of Co3O4–
CeO2 and Pd/CeO2. The unique properties and the synergy
effect between Pd and Co3O4–CeO2 are interpreted in terms of
structural information derived from physicochemical analysis.
A novel pathway for CO oxidation over Pd/Co3O4–CeO2 is
proposed, which is quite different from the generally-believed
one that noble metal is responsible for CO adsorption and base
metal oxide, like Co3O4 and CeO2, for oxygen supply.

2. Experimental

2.1. Catalyst preparation

The Co3O4–CeO2 catalysts with different Co/(Co + Ce)
atomic ratios (15%, 20%, 30%, 40%), denoted as CeCo15,
CeCo20, CeCo30 and CeCo40, respectively, were prepared
by surfactant-template method using CTAB (Fuchen Chem-
ical Reagents Factory) as template. Appropriate amounts of
CoCl2·6H2O, CeCl3·7H2O (Shanghai Chemical Reagents Fac-
tory) and CTAB were dissolved in distilled water at room tem-
perature and stirred for 15 min, then NaOH solution (2 M) was
added slowly to the above solution under vigorous stirring until
pH arrived at ca. 11. After stirring for 2 h, the obtained brown
suspension was transferred to a Teflon-sealed autoclave and
aged at 120 ◦C for 48 h. The obtained precipitate was filtered
and washed, first with water and then with acetone in order to
remove the surfactant thoroughly. The resulting black powder
was dried at room temperature and calcined in air at 500 ◦C for
4 h. Then part of the CeCo30 catalyst was impregnated in the
aqueous solution of Pd(NO3)2, giving a Pd loading of 0.5 wt%.
The obtained precursor was then dried at 120 ◦C and calcined
in air at 500 ◦C for 1 h. All these catalysts prepared by the
surfactant-template method are denoted as ST catalysts.

For comparison, 0.5 wt% Pd/CeO2 catalyst was also pre-
pared by impregnating CeO2 powder into aqueous solution of
Pd(NO3)2. The support CeO2 was prepared by thermal de-
composition of Ce(NO3)3·6H2O at 600 ◦C for 4 h (SBET =
50.4 m2 g−1). After drying at 120 ◦C overnight, the solid was
calcined in air at 500 ◦C for 4 h.

In addition, a series of Co3O4–CeO2 catalysts with Co/(Co
+ Ce) ratio of 0.2 were also prepared by co-precipitation, im-
pregnation and combustion. The co-precipitated sample, de-
noted as CeCo20-CP, was synthesized by dropwise addition
of NaOH (2 M) to a mixed solution of CoCl2·6H2O and
CeCl3·7H2O at room temperature under vigorous stirring un-
til pH arrived at ca. 11. After stirring for 2 h, the obtained
precipitate was filtered and washed with distilled water until
no Cl− ions in the filtrate could be detected by AgNO3. The
sample synthesized by combustion, denoted as CeCo20-CB,
was prepared by introducing a minimum volume of mixed so-
lution of Co(NO3)2·6H2O, Ce(NO3)3·6H2O and urea (molar
ratio: urea/nitrate = 4) into an open muffle furnace, preheated
at 400 ◦C. The solution was boiling and then burning, yielding a
foamy, voluminous black powder catalyst. For the impregnation
sample, denoted as CeCo20-IM, it was prepared by immers-
ing CeO2 powder (SBET = 50.4 m2 g−1) into aqueous solution
of Co(NO3)2·6H2O. All the precursors of above catalysts were
dried at 120 ◦C and calcined in air at 500 ◦C for 4 h to obtain
the final catalysts.

2.2. Evaluation of catalytic activity

The evaluation of catalytic activity of the catalysts was
carried out in a continuous fixed-bed quartz tubular reactor
(i.d. 8 mm) mounted in a tube furnace. The reaction temper-
ature was measured by putting a thermo-couple in the mid-
dle of catalyst bed. The feed and product mixtures were ana-
lyzed by a gas chromatograph (BFS SP-3430) equipped with
thermal conductivity and flame ionization detectors. The feed
gas mixture consisting of 1 vol% CO, 5 vol% O2 and bal-
ance N2 was led over the catalyst (600 mg) at a flow rate of
100 ml min−1, equivalent to a weight hourly space velocity
(WHSV) of 10 000 ml g−1 h−1.

2.3. Catalyst characterization

Surface area, pore volume and pore size distribution were
measured by nitrogen adsorption/desorption at 77 K using a
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Quantachrome NOVA-2000 instrument. The samples were de-
gassed at 350 ◦C for 10 h prior to the adsorption experiments.
The surface area (SBET) was determined by BET method in
0–0.3 partial pressure range and the pore size distribution was
determined by Barrett–Joyner–Halenda (BJH) method from the
desorption branch of the isotherm.

X-ray diffraction measurement was carried out on an X’pert
Pro rotatory diffractometer operating at 40 mA and 40 kV us-
ing CoKα as radiation source (λ = 0.17890 nm). The data of
2θ from 20 to 90◦ were collected with the stepsize of 0.017◦.
The average crystallite size of CeO2 was calculated by using
Scherrer equation from the width at half height of line profiles
corresponding to crystal plane (1 1 1).

Laser Raman spectra were recorded with a Bruker FS100
FT-Raman spectrometer, equipped with a liquid N2-cooled su-
per InGaAs detector. The excitation source was the 1064 nm
line of a diode pumped YAG laser with the laser power set at
50 mW.

The surface morphology was determined with a Philips XL-
30M scanning electron microscope (SEM) instrument operating
at 20 kV. TEM and HR-TEM images were obtained using a
Philips Tecnai G2F20 system operating at 200 kV.

Temperature-programmed measurements were performed
on a Thermo-Finnigan TPDRO 1100 instrument with a ther-
mal conductivity detector (TCD). Before detection by the TCD,
the gas was purified by a trap containing CaO + NaOH mate-
rials in order to remove the H2O and CO2. A heating rate of
10 ◦C min−1 and a gas flow rate of 20 ml min−1 were used. For
pure Co3O4, the amount of Co is adjusted equivalent to that in
CeCo30.

For H2-TPR test, the quartz tube reactor was loaded with
50 mg sample in powder form and heated from room tempera-
ture to 900 ◦C in 5% H2/N2. By replacing the 5% H2/N2 with
5% CO/He, CO-TPR tests were also measured.

Prior to TPO test, 50 mg sample was first pre-reduced by the
same mixture gas as in H2-TPR test but heated from room tem-
perature to 600 ◦C and held for 10 min to ensure a complete
reduction. After cooling to room temperature, the reduced sam-
ple was heated from room temperature to 900 ◦C in 6% O2/He.

Prior to O2-TPD test, 200 mg sample was pre-heated in pure
O2 from room temperature to 500 ◦C and held for 30 min. After
cooling to room temperature, the sample was heated from room
temperature to 900 ◦C in pure He. The amount of desorbed oxy-
gen was quantified by pulsing known amount of pure oxygen at
the end of the test.

X-ray photoelectron spectra (XPS) were recorded with a
PHI-1600 ESCA spectrometer using MgKα radiation (1653.6
eV). The base pressure was 5 × 10−8 Pa. The binding energies
were calibrated using C1s peak of contaminant carbon (BE =
284.6 eV) as standard, and quoted with a precision of ±0.2 eV.
The surface composition of the samples in terms of atomic ra-
tios was calculated, and Gaussian–Lorentzian and Shirley back-
ground were applied for peak analysis.

Extended X-ray absorption fine structure (EXAFS) measure-
ments were carried out on the 1W1B beamline of Beijing Syn-
chrotron Radiation Facility (BSRF) operating at about 120 mA
and 2.5 GeV. The absorption spectra of the Co K-edge of sam-
Fig. 1. N2 adsorption/desorption isotherms of the catalysts (Insert: BJH pore
diameter distribution).

ples and reference Co3O4 were recorded at room temperature
in transmission mode. A Si(111) double-crystal monochroma-
tor was used to reduce the harmonic content of the monochrome
beam. The back-subtracted EXAFS function was converted into
k space and weighted by k3 in order to compensate for the
diminishing amplitude due to the decay of the photoelectron
wave. The Fourier transforming of the k3-weighted EXAFS
data was performed in the range of k = 3.4 to 14 A−1 with a
Hanning function window.

In situ diffuse reflectance infrared spectroscopy (DRIFTS)
measurement was performed on a Nicolet Nexus spectrometer
equipped with a MCT detector cooled by liquid nitrogen, and
an in situ chamber allowing the sample heated up to 600 ◦C.
Before measurement, the sample powder (30 mg) was treated
in situ at 300 ◦C in 6% O2/He with a flow rate of 50 ml min−1

to eliminate water traces. After cooling to room temperature,
a background spectrum was collected for spectra correction.
Then, 3% CO was introduced to the in situ chamber for ad-
sorption. After holding at RT for 20 min, the temperature was
increased. The spectra were collected at each temperature, ac-
cumulating 32 scans at a resolution of 2 cm−1 and displayed in
Kubelka–Munk unit.

3. Results and discussion

3.1. Structural properties

The nitrogen adsorption/desorption isotherms are shown in
Fig. 1 for the samples prepared by template method. All the
samples exhibit typical IV shape isotherms [27], with the P/P0
position of the inflection point corresponding to a diameter in
the mesoporous range. From the BJH pore size distributions
inserted in Fig. 1, it can be seen that these samples possess uni-
form mesoporous structure. The corresponding texture data are
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Table 1
Texture data, crystallite size and catalytic activity of the catalysts

Sample SBET

(m2 g−1)
Pore
diameter
(nm)

Pore
volume
(cm3 g−1)

Crystal-
lite size
(nm)a

T50
(◦C)b

CeCo15 106.9 3.6 0.172 7.0 138
CeCo20 100.0 3.8 0.159 7.1 120
CeCo30 111.9 4.4 0.171 6.0 94
CeCo40 106.3 6.1 0.191 6.2 101
Pd/CeCo30 84.5 4.9 0.130 6.7 58
Pd/CeO2 60.6 – – – 138
CeCo20-CP 79.4 – – 7.2 127
CeCo20-IM 43.3 – – 13.2 148
CeCo20-CB 1.7 – – 37.0 164

a Calculated from the line broadening of the d111 reflection of CeO2 using
Scherrer equation.

b Temperature for 50% conversion for CO oxidation.

Fig. 2. XRD patterns of the catalysts.

summarized in Table 1. All the four Co3O4–CeO2 ST samples,
including that with atomic ratio of Co/(Co + Ce) as high as
40%, show large specific surface area exceeding 100 m2 g−1,
suggesting the effectiveness of this method for the synthesis of
mixed oxides possessing high specific surface area. When the
atomic ratio of Co/(Co + Ce) is increased from 15% up to 40%,
no big difference in specific surface area between all these sam-
ples is found, although an obvious increase in pore diameter can
be observed. After supported with 0.5 wt% Pd, the specific sur-
face area of Pd/CeCo30 is decreased from 111.9 to 84.5 m2 g−1,
which is possibly due to the partial pore blocking by the intro-
duction of Pd.

Fig. 2 shows the XRD patterns of the Co3O4–CeO2 cata-
lysts. The principal features seen in the diffraction pattern can
be ascribed to fluorite oxide CeO2, with some small peaks typi-
cal of Co3O4 appearing at ∼43 and 77.6◦. The CeO2 crystallite
sizes were estimated via CeO2 (1 1 1) line broadening and the
results are listed in Table 1. All the mesostructured samples
Fig. 3. Raman spectra of the catalysts.

exhibit small crystallite size of CeO2, among which sample
CeCo30 gives the smallest particle size of only 6.0 nm.

Fig. 3 depicts the Raman spectra of the samples under am-
bient condition. In Fig. 3, the band at 464 cm−1 is related to
the triply degenerated F2g mode of fluorite CeO2 [28], and the
bands at 197, 484, 524, 621 and 690 cm−1 can be assigned to
the vibrations of spinel Co3O4 [29]. All the samples prepared
by combustion, impregnation and co-precipitation display Ra-
man bands of CeO2 and Co3O4, despite the variation in the
band intensity. It is rather strange that nearly no active Ra-
man bands can be observed in all the catalysts prepared by
template method, although XRD results clearly reveal the dif-
fraction characteristic of CeO2 and Co3O4, which is probably
due to the highly defective structure of the catalysts.

From XRD and Raman results, it is difficult to obtain the
information about the dispersion state of cobalt species. So,
EXAFS measurement was performed. The radial structure
functions (RSFs) of Co K-edge of the ST catalysts and standard
Co3O4 (SBET = 3.3 m2 g−1), derived from EXAFS, are pre-
sented in Fig. 4. The Co environment in Co3O4 corresponds to a
spinel atomic arrangement with Co2+ and Co3+ ions located in
Td and Oh coordination. Averagely, each Co atom coordinates
with 5.3 O at 0.191 nm (first shell), 4 Co at 0.285 nm (sec-
ond shell) and 8 Co at 0.336 nm (third shell) [30]. Therefore, in
Fig. 4 the first three peaks in the RSF of Co3O4 at 0.155, 0.251
and 0.300 nm (not corrected by phase scattering shift), can be
assigned to the above three coordination shells. The forth peak
at 0.475 nm corresponds to higher Co–Co coordination shell.
From Fig. 4, it can be easily found that all the samples dis-
play almost identical coordination peaks to Co3O4, indicating
that the cobalt belongs entirely to Co3O4 phase, which is in
good agreement with XRD results above. With respect to the
peak intensity, it can be clearly seen that the high coordination
peaks decrease in the order of Co3O4 > CeCo40 > CeCo30 ∼=
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Fig. 4. Co K-edge RSFs of the catalysts.

Pd/CeCo30 > CeCo20. Generally, the intensity of high coordi-
nation peaks provides a direct indication of the crystallization
degree of the corresponding metal or oxides [31,32]. On this
basis, it can be deduced that the Co3O4 particle size increases
with the elevation of cobalt content. After deposition of Pd on
CeCo30, the agglomeration of CeO2 particles is observed (see
Table 1), however, little change in the average particle size of
Co3O4 is found.

The morphological properties of the catalysts are investi-
gated by SEM and TEM as shown in Figs. 5 and 6, respec-
tively. From the SEM images in Fig. 5, it can be seen that
the CeCo30 sample features a shaggy surface, composed of
small crumb-like particles with a large degree of porosity, and
deposition of Pd induces surface aggregation to some extent.
From the low-magnification TEM images presented in Figs. 6a
and 6b, it is clear that both catalysts display surface agglom-
eration of nanoparticles with uniform size distribution. The
Pd-promoted sample shows larger particle size than the un-
promoted one. However, no well-defined mesoporous structure,
like those in Si-containing molecular sieves, could be observed
in all these ST catalysts, suggesting that these meso-pores with
uniform size are randomly distributed among a mixture of small
nanoparticles. The morphology of the nanoparticles has been
analyzed by high-resolution TEM, as indicated in Figs. 6a′
and 6b′. These samples are revealed to be assembled by ran-
domly oriented spherical nano-crystallites. The most frequently
observed reflection with d spacing value of 0.31 nm corre-
sponds to crystal lattice plane (1 1 1) of CeO2. The reflection
with spacing value of 0.27 nm, attributable to the lattice plane
(2 0 0) of fluorite CeO2, can also be identified.

3.2. Redox behaviors

3.2.1. H2-TPR profiles and cobalt phase dispersion
The H2-TPR profiles of CeO2, Co3O4 and samples CeCo20

prepared by different methods are displayed in Fig. 7a and those
ST catalysts are shown in Fig. 7b. Pure CeO2 shows two reduc-
tion peaks, one at 528 ◦C, attributed to the reduction of surface
Fig. 5. SEM images of the catalysts: (a) CeCo30, (b) Pd/CeCo30.

oxygen species (capping oxygen), and the other at 820 ◦C, due
to the reduction of bulk oxygen [33]. All the samples display a
peak at 820 ◦C due to the bulk CeO2 reduction, and the reduc-
tion peaks below this temperature are mainly related to Co3O4

phase because cobalt species have a much higher reducibility,
as compared with CeO2. In addition, the surface reduction of
CeO2 normally consumes much less H2, which could be over-
lapped by the reduction of cobalt species.

With respect to the reduction steps of Co3O4, it is rather
controversial in literature. Arnoldy and Moulijn [34] observed
a single step for the reduction of Co3O4, while many others
[5,6,8,11] reported that the reduction of Co3O4 is a two-step
process, involving in the reduction to CoO. The results here
clearly show that the reduction behaviors of Co3O4 strongly
depend on preparation, catalyst composition and dispersion be-
havior, consistent with the finding of Spadaro et al. [12]. Large
particles of Co3O4 are often reduced directly to metallic Co in a
single step, while fine particles of Co3O4 that interact with ce-
ria seem to get reduced in two steps. The first step is generally
promoted by component interaction between them, possibly as-
cribed to the lengthening in the Co–O bond, while the second
step is perhaps delayed by the stabilization effect of ceria to
cobalt ions at medium valence, similar assignment has ever re-
ported by Martínez-Arias et al. for CuO/CeO2 system [35]. On
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′ ′
Fig. 6. TEM and HR-TEM images of the catalysts: (a, a ) CeCo30, (b, b ) Pd/CeCo30.
this basis, the following assignments are made for the reduction
of cobalt species in respect of the temperature range:

Range A (below 240 ◦C): reduction of the surface adsorbed
oxygen species (indicated as peak α for the ST catalysts);

Range B (240–320 ◦C): reduction of Co3+ at the interface
between Co3O4 and CeO2 to Co2+ (peak β);

Range C (320–480 ◦C): reduction of independent Co3O4
that weakly interacts with CeO2 directly to Co (peak γ );

Range D (480–700 ◦C): reduction of Co2+ interacting with
CeO2 to Co (peak θ ).

Since the peaks in range C are related to independent or
bulk-like Co3O4 phase, it is probable to infer the dispersion
state of Co3O4 phase from the intensity of this peak. There-
fore, as shown in Fig. 7a, the dispersion of Co3O4 in dif-
ferent catalysts can be ordered as CeCo20 > CeCo20-CP >

CeCo20-IM > CeCo20-CB, which is in good agreement with
the results of surface area and EXAFS analysis (see Support-
ing Fig. S1). Thus it can be seen that the preparation method
has significant effect on the component dispersion. For all the
catalysts prepared by template method, as shown in Fig. 7b,
only very small peaks corresponding to independent Co3O4
can be observed, even for the catalyst with high cobalt con-
tent, suggesting high component dispersion in these catalysts.
It should be noted that no obvious reduction peak of indepen-
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(a)

(b)

Fig. 7. H2-TPR profiles of the catalysts: (a) CeCo20 prepared by different
methods, Co3O4 and CeO2, (b) catalysts prepared by the surfactant-template
method.

dent Co3O4 can be observed for catalyst CeCo30, implying that
almost all the cobalt species share a homogeneous interaction
with CeO2 phase. A rather large and sharp reduction peak for
Co2+ interacting with CeO2 may put further evidence on this
homogeneous interaction. This homogeneous and profound in-
teraction can provide the largest Co3O4–CeO2 interface area,
therefore, the sample CeCo30 should contain the largest amount
of adsorbed surface oxygen, as verified by the largest area of
peak α.
3.2.2. Hydrogen spillover and implying structure
A phenomenon worthy of note in H2-TPR is that for CeCo20

catalysts prepared by different methods, with the amount of
independent Co3O4 increasing, not only the amount of Co2+
ions interacting with CeO2 is decreased, but their reduction
shifts to lower temperature, as shown in Fig. 7a. This tem-
perature shift could be ascribed to hydrogen spillover. Once
small amount of the independent Co3O4 is reduced directly to
metallic Co, this phase will serve as catalyst triggering the re-
duction of the remaining phase by dissociating H2. Therefore,
the larger amount of the independent Co3O4 exists, the more
hydrogen atoms are generated, as a result, the subsequent reduc-
tion process can be promoted to a greater extent, giving lower
reduction temperature. Such a hydrogen spillover is thought to
be commonly present in H2-TPR process [15]. The essential
of it can be considered as a self-catalysis or self-acceleration of
the gas (H2)–solid reaction. Due to spillover effect, pure Co3O4
is reduced quickly in one step with a sharp peak in H2-TPR
profile. In the same way, for Co3O4–CeO2 systems, the reduc-
tion of Co2+ interacting with CeO2 can be also promoted by
some exposed metallic Co. Therefore, hydrogen spillover shifts
the reduction of interacted cobalt phase towards lower tempera-
tures. Sometimes, the reduction of independent Co3O4 and the
remaining interacted phase is even overlapped in a single peak,
such as in CeCo20-IM and CeCo20-CB samples studied here.
This should be a reasonable interpretation for the observation
by many researchers that the reduction of Co3O4 phase is a
two-step process via intermediate CoO, but the ratio of the peak
area is generally smaller than the stoichiometric ratio 1:3, even
to a great extent sometimes [5,6,8,11]. With respect to the ST
samples studied here, peak θ does not seem to be proportional
to peak β , especially for sample CoCe15 as shown in Fig. 7b.
It seems that peak β is larger, which is resulted from the ce-
ria reduction overlapped with the reduction of Co3+ to Co2+,
the ceria reduction is here promoted by the interaction between
cobalt oxide and ceria. This phenomenon is more obvious for
samples with low cobalt content and high surface area, since
the reduction of ceria is more evident. In literature [8] it is also
found that the excess amount of hydrogen is required for the re-
duction of Co3+ to Co2+ in the Co3O4–CeO2 catalysts, which
is also due to the reduction of CeO2.

After promotion with Pd, a more prominent enhancement
for the reduction of cobalt species can be observed, as shown
in Fig. 7b. The reduction of Co3O4 interacting with CeO2 to
CoO takes place only at 154 ◦C and the consequent reduction
of CoO to metallic Co at 368 ◦C, decreased by 136 and 192 ◦C,
respectively, as compared with the unpromoted Co3O4–CeO2
catalysts. According to literature, structural changes and en-
hanced oxygen mobility have been proposed to be responsible
for the enhanced reduction of base metal oxides, such as in Ag-
modified mesoporous manganese oxides [36]. However, with
respect to Pd/CeCo30 studied here, the spillover effect should
mainly contribute to the enhanced reduction. From the results
of CO-TPR as shown in Fig. 8, it can be seen that the sam-
ples CeCo30 and Pd/CeCo30 exhibit almost the same reduction
pattern. If oxygen mobility was enhanced after deposition of
Pd, the reduction by CO would be also promoted in the same
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Fig. 8. CO-TPR profiles of CeCo30 and Pd/CeCo30 catalysts.

way as in H2-TPR. Therefore, hydrogen spillover from palla-
dium to cobalt phase is more likely. It is well known that palla-
dium oxide can be easily reduced to metallic Pd by H2, and the
metallic Pd, as a noble metal, shows intrinsically high capabil-
ity for hydrogen dissociation, which provides good condition
for H2 spillover. With respect to CO, it is often molecularly
chemisorbed on Pd site without dissociation. If the spillover
of CO molecule took place, it contributed little to the promo-
tion for the reduction process, since the spilt-over CO mole-
cule is still not activated, totally different from the case for H2

spillover.
For Co3O4–CeO2 ST catalysts, although some independent

Co3O4 phase is present, as indicated by the small reduction
peak at ∼350 ◦C, no hydrogen spillover is observed, since all
these catalysts exhibit constant reduction temperature as high
as 560 ◦C, which corresponds to the reduction of Co2+ to Co.
To our knowledge, such high reduction temperature has never
been reported for Co3O4–CeO2 or Co3O4 systems. Normally,
the hydrogen spillover initiates from the surface H2 dissocia-
tion, if there are no exposed metallic atoms on the surface, such
as Co, it would be difficult to occur. To make sure the possi-
bility of hydrogen spillover in Co3O4–CeO2 ST catalysts, it is
necessary to explore their surface structure.

Table 2 lists the surface Co/(Co + Ce) atomic ratios derived
from XPS analysis. The results show that the surface Co/(Co
+ Ce) ratios are about only half of the nominal one, indicative
of a surface Ce enrichment and Co deficiency. While for the
Co3O4/CeO2 catalysts prepared by co-precipitation, cobalt en-
richment on the surface was observed by Liotta et al. [8]. Hence,
the presence of CTAB and hydrothermal aging process may
have played an important role for surface Ce enrichment. Dur-
ing preparation, an encapsulation process may have taken place,
since the hydrothermal aging process at 120 ◦C for polymeriza-
tion/condensation of cerium hydroxyl species possibly induced
Table 2
Surface characterization results from XPS and O2-TPD

Sample Co/(Co + Ce) Ce3+/Cetot Oα
2

(µmol g−1)
Oβ

2
(µmol g−1)Nominal XPS

CeCo15 0.15 – – 23.4 48.2
CeCo20 0.2 0.07 0.17 25.3 40.7
CeCo30 0.3 0.13 0.16 37.5 58.0
CeCo40 0.4 0.19 0.15 29.4 59.5
Pd/CeCo30 0.3 0.15 0.13 23.8 27.5

the formation of a thin layer of cerium species on the surface.
Similarly, for Pt/CeO2 prepared by modified microemulsion us-
ing CTAB as a cationic surfactant, a total encapsulation struc-
ture has also been proposed [37]. The aging process is regarded
as the crucial step for the formation of such structure. How-
ever, different from the totally encapsulated Pt/CeO2 catalysts,
a small fraction of XPS-detectable Co atoms still exist on the
surface for the catalysts studied here, which can be ascribed to
the surface migration of Co ions during calcination. It is re-
ported that the calcination process can drive the cobalt from
bulk to surface [5]. In this work, since the calcination tempera-
ture (500 ◦C) is not high enough, no bulk Co species are formed
on the surface, and only a small fraction of Co exists as surface
species, which is believed to be entirely interacting with CeO2.
Therefore, during H2-TPR process, no or little exposed metallic
cobalt is formed because of the absence of independent or bulk
cobalt oxides on the surface, and no hydrogen spillover can be
observed. Such encapsulation structure maximizes the interac-
tion between cobalt oxide and ceria in three dimensions. As a
result, all these ST catalysts show the highest reducibility at low
temperature and wide reduction window at high temperature re-
gion.

It is hard to distinguish Co2+ and Co3+ from Co2p spec-
tra due to the small difference in their binding energy value,
while the spin–orbit splitting of the 2p peak (�E) is found to
be well correlated with the oxidation state of Co. It has been re-
ported that a �E value of 16.0 eV for cobaltous compounds and
15.0 eV for cobaltic compounds [38]. For the mixed-valence
Co3O4, a spin–orbit splitting value of 15.2 eV has been re-
ported [39]. Here the spin–orbit value is about 15.4 eV (see
Supporting Fig. S2), close to that of Co3O4, suggesting that the
cobalt species are present mainly as Co3O4, as well as some
CoO. The relatively intense satellite peak also suggests the
presence of CoO, since the high-spin CoO compounds are char-
acterized by an intense shake-up satellite structure, while the
mixed-valence oxide Co3O4 just shows a weak satellite struc-
ture [7]. The presence of CoO is possibly due to the stabilization
effect of CeO2 [7,8]. Fig. 9 presents the experimental and fitted
Ce3d spectra of the mesoporous catalysts. The relative concen-
trations of Ce3+ were calculated [40] and listed in Table 2. The
uncertainty of the Ce3+/Ce is of the order of 10%. It can be seen
that the concentrations of Ce3+ on the surface of these catalysts
are close to those for Au/MnxCe1−xO2 catalysts [40], but larger
than those for the reported Co3O4–CeO2 catalysts [8], which
implies larger proportion of surface oxygen vacancies. Deposi-
tion of Pd decreases the surface oxygen vacancies, which may
be attributed to the increased particle size of CeO2, since the
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Fig. 9. XPS spectra of Ce3d of the catalysts prepared by the surfactant-template
method.

larger particle size corresponds to the smaller amount of ex-
posed Ce3+ and the resultant oxygen vacancies [41]. Addition-
ally, from the binding energy band of Pd3d5/2 at 336.6 eV, it is
found that palladium is present mainly as PdO [24].

3.2.3. TPO, component interaction and oxygen spillover
Before TPO test, the samples were pre-reduced by H2 (see

Experimental section). The TPO profiles for CeO2, Co3O4 and
samples CeCo20 prepared by different methods are displayed
in Fig. 10a, and those for the ST catalysts are displayed in
Fig. 10b. For pure CeO2, there is nearly no detectable oxygen
consumption peak, while for pure Co3O4, it is characterized
by a broad oxygen consumption peak at 393 ◦C and a sharp
oxygen release peak at 870 ◦C, due to the oxidation of metallic
cobalt to Co3O4 and the subsequent thermal decomposition of
Co3O4 to CoO, respectively [8]. Similar to pure Co3O4, all the
Co3O4–CeO2 samples exhibit two peaks in their TPO profiles.
It should be noted that under inert atmosphere, all the cobalt
species decompose at ca. 845 ◦C (see Supporting Fig. S3 of
O2-TPD in helium flow), regardless of the presence of ceria.
Under oxidizing condition, pure Co3O4 decomposes at higher
temperature of 870 ◦C, and the presence of ceria further in-
creases the decomposition temperature to 880 ◦C. Generally,
for the decomposition of bulk oxides, the transfer of the bulk
oxygen ions to the surface sites takes place first [42,43]. So
the presence of surface oxygen vacancies seems to be neces-
sary for bulk oxides decomposition. Under oxidizing condition,
the gas phase oxygen may fill the surface oxygen vacancies and
decrease the driving force for oxygen diffusion from bulk to
surface, in other words, the gas phase oxygen competes with
(a)

(b)

Fig. 10. TPO profiles of the catalysts: (a) CeCo20 prepared by different
methods, Co3O4 and CeO2; (b) Catalysts prepared by the surfactant-template
method. * Before TPO, samples were pretreated by temperature-programmed
reduction under 5% H2/N2 at a rate of 10 ◦C min−1 from RT to 600 ◦C and
held for 10 min.

the bulk oxygen for the surface oxygen vacancies, which re-
sults in the inhibition of bulk decomposition process. Here, it
seems that ceria can trap gas phase oxygen and further increase
the surface oxygen concentration due to its well-known oxygen
storage capacity. The interaction between CeO2 and Co3O4 per-
haps inhibits the thermal decomposition of Co3O4 via oxygen
supply from CeO2 to cobalt phase at the interface, leading to
the decrease of driving force for oxygen diffusion from bulk
to surface. At the same time, it can be seen from Fig. 10a that
this interaction also contributes to the easier oxidation of cobalt
species. The higher dispersion of cobalt species corresponds



J.-Y. Luo et al. / Journal of Catalysis 254 (2008) 310–324 319
to lower oxidation temperature of metallic Co. Generally, high
cobalt dispersion can ensure a more profound contact and in-
teraction between cobalt species and CeO2, hence facilitating
oxygen supply from CeO2 to cobalt species and promoting the
oxidation of cobalt phase.

Since it is widely believed that small particles can decrease
diffusion resistance, one may argue that for catalysts prepared
by different methods, it is the decrease in the particle size of
cobalt that predominantly contributes to the easier oxidation
of cobalt species. Indeed, such a decrease in the particle size
has been confirmed by EXAFS and TPR results for the cata-
lysts prepared by different methods. But it is considered that
the component interaction intrinsically promotes the oxidation
of cobalt, rather than the particle size. In former section, the
EXAFS results have confirmed the corresponding increase in
Co3O4 crystallite size for these ST catalysts as cobalt content
increases, but all these catalysts exhibit identical temperature at
211 ◦C for the oxidation of cobalt as shown in Fig. 10b, suggest-
ing that particle size contributes little to the oxidation process.
The constant oxidation temperature of Co phase is believed to
be associated with the encapsulation structure determined by
template method, which maximizes the degree of contact and
interaction between Co and cerium species in three dimensions.
In contrast, for the co-precipitated Co3O4–CeO2 without encap-
sulation structure, a variation in the oxidation temperature can
be observed as the cobalt loading increases [8]. Furthermore,
although CeCo20-CB and pure Co3O4 exhibit low surface area
(SBET: 1.7 m2 g−1 for CeCo20 and 3.3 m2 g−1 for Co3O4) and
low dispersion of cobalt oxides, a comparison between their ox-
idation patterns shows that the oxidation temperature of cobalt
is lowered almost 100 ◦C by the co-existence of CeO2. On this
basis, it is considered that the component interaction, which
strongly depends on preparation method, intrinsically deter-
mines the oxidation patterns of the catalysts.

After Pd deposition, the oxidation of Co is greatly promoted
from 211 to 165 ◦C, decreased by 46 ◦C. The oxygen spillover
is proposed for this promotion. Similar to H2-TPR, the essential
of oxygen spillover can also be considered as a catalytic gas
(O2)–solid (Co) reaction using Pd species as catalyst.

In summary, for Co3O4–CeO2 catalysts prepared by the
surfactant-template method, the constant low reduction tem-
perature of Co3+ to Co2+ and the low oxidation temperature
of Co to Co3O4, as well as the high reduction temperature
for Co2+ to metallic Co, indicate a very strong interaction be-
tween cobalt and cerium species in these samples, which is
closely related to the encapsulation structure. The preparation
method is believed to play a crucial role in constructing such
a structure. After promotion with Pd, both the reduction and
oxidation of cobalt phase are greatly enhanced due to hydro-
gen or oxygen spillover since palladium is intrinsically active
for molecular hydrogen and oxygen dissociation, and the dis-
sociated H or O atoms may be highly mobile and reactive,
leading to the easier reduction or oxidation of cobalt phases.
From catalytic point of view, the essential of spillover can also
be considered as a catalytic gas (H2, O2)–solid (Co phase) re-
action using Pd as catalyst, leading to the decrease of activation
energy.
Fig. 11. Light-off curves for CO oxidation over different catalysts. Conditions:
1 vol% CO, 5 vol% O2 and balance N2, WHSV = 10 000 ml g−1 h−1.

3.3. Catalytic performance

Fig. 11 shows the catalytic performance for CO oxidation of
the Co3O4–CeO2 ST catalysts, as well as Pd/CeO2 catalyst for
comparison. In Table 1, the light-off temperatures of 50% con-
version (T50) over different catalysts are listed, including the
Co3O4–CeO2 catalysts prepared by different methods. From
this table, it can be seen that there are at least three factors
that determine the CO oxidation activity, namely the prepara-
tion method, cobalt loading and additives/promotion elements.
The preparation method mainly determines the surface area,
and the higher surface area generally corresponds to higher
cobalt dispersion and higher oxidation activity due to more
exposed active sites, consistent with the findings of Tang et
al. [6]. Among these four preparation methods, the surfactant-
template method produces mesoporous Co3O4–CeO2 catalysts
with the largest surface area, which exhibit volcano-type ox-
idation performance for CO oxidation as the atomic ratio of
cobalt increases. With the gradual increase of cobalt content
to 30%, the active sites increase correspondingly, which re-
sults in the promotion in the oxidation activity. While with
further increase of cobalt content to 40%, excess cobalt species
form bulk Co3O4, leading to less profound interaction between
Co3O4 and CeO2, which causes the decrease of oxidation ac-
tivity. The catalyst CeCo30 is the most active one among them
with T50 only at 94 ◦C. With the addition of Pd, the CO oxi-
dation activity of the catalyst is enhanced to a great extent. The
light-off temperature T50 (58 ◦C) of this catalyst is decreased by
36 ◦C, as compared with that of the un-promoted one. And cat-
alyst Pd/CeCo30 even shows some oxidation activity at room
temperature. By contrast, the activity of Pd/CeO2 catalyst ex-
hibits light-off temperature T50 as high as 138 ◦C. Although
Pd/CeCo30 possesses slightly larger surface area (84.5 m2 g−1)
than Pd/CeO2 (60.6 m2 g−1), this small difference would hardly
bring such great discrepancies in the catalytic activity. A more
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(a) (c)

(b) (d)

Fig. 12. In situ DRIFTS spectra of the catalysts after exposure to CO + O2: (a) CeCo30 and (b) Pd/CeCo30 at room temperature (25 ◦C) and different time;
(c) CeCo30 and (d) Pd/CeCo30 at different temperatures.
prominent synergism between PdO and Co3O4–CeO2 is be-
lieved to be present in Pd/CeCo30 than in Pd/CeO2.

3.4. In situ DRIFTS study

In order to figure out the reason that sample CeCo30 is the
most active one among the Co3O4–CeO2 ST catalysts and the
synergism essential between PdO and Co3O4–CeO2, in situ
DRIFTS studies were performed. The results are shown in
Fig. 12. For all the samples, the bands in the region of 2300–
2400 cm−1 are assigned to gaseous CO2, and the bands in the
region of 2050–2200 cm−1 are ascribed to CO-related species.

Fig. 12a shows the spectra of CO/O2 co-adsorption over
CeCo30. Upon CO/O2 admission, strong bands at 1591,
1268 cm−1, as well as a small band at 1027 cm−1 are formed
first, which could be assigned to surface bidentate carbon-
ate species [44]. Similar bands were also found over pre-
oxidized Co3O4 upon the co-adsorption of CO + O2 [3]. Af-
terwards, strong bands corresponding to gas phase CO2 (2360
and 2342 cm−1) suddenly appears, suggesting that the ambi-
ent CO oxidation over this catalyst has taken place, via surface
bidentate carbonates as intermediates. Consequently, surface
carbonate species at 1403, 1216 cm−1, due to the adsorption of
gas phase CO2 [3,45] could be observed. After longer exposure,
gas phase CO2 decreases gradually and almost disappears, indi-
cating the decrease in the rate of CO oxidation, but the adsorbed
CO2 species tend to retain on the surface to some extent. Upon
heating, these species gradually desorb, as shown in Fig. 12c,
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until the temperature is promoted to 70 ◦C. Above 70 ◦C, CO
oxidation is accelerated again, which is confirmed by the in-
crease of the bands for gaseous CO2. Meanwhile, the bands
due to CO2 adsorption also increase upon continuous heating.
As a result of the surface reaction, bands of bidentate carbon-
ate species originated from CO adsorption decrease, and some
of the overlapped bands appear at 1459, 1291 and 1250 cm−1,
possibly due to the reversible adsorption of CO2 [46].

For Pd/CeCo30 catalyst, as shown in Fig. 12b, it exhibits
similar spectra to CeCo30. The band positions remain almost
unchanged, and the ambient oxidation of CO can also be ob-
served. However, some differences can still be found. Firstly,
the intensity of the bidentate carbonate bands decreases to great
extent, indicative of the decreased CO adsorption capacity,
which is possibly caused by the surface Pd coverage during Pd
loading and the decreased surface area due to partial pore block-
ing. Secondly, the ambient CO oxidation still proceeds even
after 12 min exposure, as indicated by the presence of bands
corresponding to gaseous CO2. No band due to CO adsorption
on Pd species is found. After heating, the bands of carbonate
species similar to CeCo30 could be observed on Pd/CeCo30
catalyst, as shown in Fig. 12d. However, different from the case
on CeCo30, the CO oxidation on Pd/CeCo30 is always pro-
ceeding, which could be reflected by the continuous presence of
gaseous CO2 and the increase of its band intensity. As CO oxi-
dation proceeds, some metallic Pd can be observed, as verified
by the appearing of bridged adsorbed CO on Pd0 at 1982 cm−1,
and the amount of metallic Pd seems to increase with reaction
temperature increasing.

3.5. Mechanistic suggestion

From the DRIFTS results, it is found that CO molecule can
be easily adsorbed on the surface of Co3O4–CeO2 as bidentate
carbonate species, which are the intermediates for CO oxida-
tion. It seems that at least two kinds of oxygen species are
present, one is very active and responsible for ambient CO oxi-
dation, and the other is mainly for the oxidation at higher tem-
perature. On this basis, a potential reaction pathway is proposed
for CO oxidation over Co3O4–CeO2 ST catalysts, as shown in
Fig. 13a.

At first, CO is adsorbed on the surface as bidentate carbon-
ate. The TPR results have confirmed that the Co–O bond at
the boundary of Co3O4 and CeO2 breaks up more easily, due
to the lengthening of Co–O bond as a result of the component
interaction. It can be expected that oxidation takes place prefer-
entially at the interface between surface Co3O4 and CeO2. The
adsorbed CO extracts surface oxygen atom at this interface to
form CO2 and surface oxygen vacancy. The CO2 molecule can
adsorb on the surface and further transform into surface car-
bonate species (bands at 1403, 1216 cm−1), and the oxygen
vacancy is filled by gas phase O2, weakening the bond in O2
molecule. However, the dissociation of the adsorbed O2 mole-
cule is endothermic and is not a determining factor to the low-
temperature catalytic process [47]. This adsorbed O2 species,
which is believed to be present possibly as O−

2 ion radical [48],
may react readily with the neighboring CO molecule adsorbed
(a)

(b)

Fig. 13. Proposed CO reaction pathways over the catalysts: (a) CeCo30,
(b) Pd/CeCo30.

as bidentate carbonate, forming CO2 again and recovering the
catalyst surface.

After O2/He pretreatment for CeCo30 catalyst, some oxygen
species that pre-adsorbed on catalyst surface possibly present
as active O−

2 ion radical, which seems to oxidize CO at room-
temperature as observed in the DRIFTS spectra. However, the
catalyst loses activity due to the depletion of such O−

2 species.
It is reported that an oxidation treatment could regenerate the
room-temperature activity [3], possibly by supplementing such
oxygen species. However, under real reaction condition, the ac-
tivation of gas-phase oxygen requires the generation of surface
oxygen vacancy. The step 2, in which the bidentate carbonate
extracts surface lattice oxygen and creates oxygen vacancy, may
be the rate-determining step during CO oxidation. This appears
to be consistent with the findings by Wang et al. [49], who
thought that the rate-determining step for CO oxidation over
CuO/SDC is the removal of the surface lattice oxygen of CuO
by CO to form oxygen vacancies.
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Fig. 14. O2-TPD profiles of the catalysts prepared by the surfactant-template
method. Before O2-TPD, the samples were pretreated by temperature-program-
med oxidation under pure O2 at a rate of 10 ◦C min−1 from RT to 500 ◦C and
held for 30 min.

Since oxygen vacancies play a crucial role in CO oxidation
over Co3O4–CeO2 ST catalysts, a useful technique to study
them is temperature programmed desorption of oxygen. There-
fore, O2-TPD measurement was performed and the results are
shown in Fig. 14. All these samples exhibit three types of oxy-
gen species, with the peak centered at ca. 180, 584 and 845 ◦C.
Similar to the O2 release peak during TPO, the very large high-
temperature peak at 845 ◦C corresponds to the thermal decom-
position of Co3O4 (these peaks are too large and not shown for
clarity). The first two small peaks at lower temperature, labeled
as α and β , are related to the oxygen evolving from the solid
surface. These oxygen species have also been evidenced in Sr-
and Ce-doped LaCoO3 systems [50]. With respect to the peak
area, the amount of desorbed oxygen was calculated and listed
in Table 2.

The high activity of CeCo30 catalyst is understandable since
the activity correlates very well with the oxygen species of
peak α, namely larger area of peak α corresponds to higher
oxidation activity of the catalyst. Sample CeCo30 desorbs the
largest amount of oxygen (α), indicating the largest amount of
oxygen vacancies in this catalyst. This is also consistent with
the TPR results that the largest amount of adsorbed oxygen is
reduced in this sample. Since no oxygen is evolved from the
surface of pure Co3O4 and CeO2, it is inferred that these oxygen
vacancies should present at the interface between Co3O4 and
CeO2, possibly due to the interaction between them. On this ba-
sis, it is considered that CO oxidation takes place preferentially
at the interface between Co3O4 and CeO2. Former TPR results
have shown that nearly all the cobalt species share a homoge-
neous interaction with CeO2 in CeCo30 sample, which possibly
provides the largest interface area. Therefore, this sample dis-
plays highest activity among these Co3O4–CeO2 ST catalysts,
although the amount of the surface cobalt atoms, which are gen-
erally believed to be the active sites, is not the largest in this
sample. Our previous study over La–Co–Ce–O systems also
demonstrates the importance of interaction between Co3O4 and
CeO2, but not of the surface cobalt concentration for CO oxi-
dation [13].

After Pd is loaded on CeCo30, the mechanism pathway in
Fig. 13a may not applicable for the interpretation of the ul-
tra high activity of Pd/CeCo30 catalyst, because the amount
of the α-oxygen species is decreased, which is possibly due to
the partial coverage of Pd, as well as the decreased interface
area between Co3O4 and CeO2 due to the slight enhanced crys-
tallization of CeO2. At the same time, DRIFTS study shows
that the CO adsorption ability is lowered to a large degree.
All these factors seem to be unfavorable to CO oxidation ac-
cording to the reaction pathway proposed in Fig. 13a. So, it is
believed that the reaction mechanism must have changed over
Pd-promoted catalyst, and it seems that a synergism between
Pd species and CeCo30 may contribute to the markedly en-
hanced activity. Keeping in mind that CeCo30 is highly active
in CO adsorption and the rate-determining step for CO oxi-
dation is thought to be the creation of oxygen vacancies for
oxygen activation, it is natural to assume that Pd species are
involved in O2 activation, since noble metals show intrinsically
high ability for oxygen dissociation, even at low temperature. It
has been reported that in a bimetallic Fischer–Tropsch catalyst
Co–Pd/Al2O3, oxygen is continuously dissociated at the metal-
lic Pd phase, which promotes the oxidation of the cobalt phase
through oxygen species migration between them even at room
temperature (300 K) [51]. On this basis, we thought that oxy-
gen adsorption may be dissociative over Pd/CeCo30, and the
dissociated atomic oxygen, which is very mobile and reactive,
can spill over through support CeO2 to the bidentate carbon-
ate sites and readily react. According to above analysis, another
CO oxidation pathway over Pd/CeCo30 is proposed and shown
in Fig. 13b.

Over CeCo30 the rate-determining step for CO oxidation is
the oxidation-assisted creation of oxygen vacancies, while over
Pd/CeCo30 no oxygen vacancies are required for CO oxidation
as seen in Fig. 13b. The CO molecules adsorbed as biden-
tate carbonates could be directly oxidized by oxygen species
from Pd sites via spillover effect. Such an oxygen spillover
process has been confirmed in TPO tests. Actually, our previous
study over Pt(Pd, Rh)–Co/Ce–Al–O systems evidenced a com-
mon oxygen spillover effect facilitated by even trace amounts
of noble metals through the support [20]. During reaction, some
metallic Pd exists, which can be observed in DRIFTS study.
This metallic phase is possibly responsible for oxygen disso-
ciation. However, in literature [18,22], both the alloy formation
and CO spillover have ever been proposed for explanation of the
activity enhancement. In the Co3O4–CeO2 ST catalysts studied
here, under oxidizing atmosphere and at low temperature, the
surface cobalt phase is strongly interacted with CeO2 and can
be hardly reduced to metallic state; therefore, it is not likely
to form Pd–Co alloy during CO oxidation. Moreover, it seems
difficult for the direct contact between Pd and Co3O4 because
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of the isolating effect of encapsulation structure. As to the CO
spillover from Pd to Co3O4–CeO2, if it takes place, it will con-
tribute little to the activity because the catalyst Co3O4–CeO2, as
basic support, is highly capable of adsorbing CO molecules. At
the same time, the reverse CO spillover from Co3O4–CeO2 to
Pd phase can hardly happen since CO molecules are adsorbed
on the surface as relatively stable bidentate carbonates, which
possess much lower mobility as compared with atomic oxygen
species.

For CO oxidation, Pd/CeCo30 catalyst also shows great ad-
vantages, as compared with Pd/CeO2 catalyst. Although many
kinds of preparation methods were applied, the light-off tem-
perature T50 over Pd/CeO2 catalyst is generally higher than
100 ◦C [52,53], including the results in this work. Based on the
results of multi-molecular beam experiments and in situ time
resolved infrared reflection absorption spectroscopy, Schalow
et al. ever [54] found that at low reaction temperature (T <

450 K), the CO oxidation activity of partially oxidized Pd par-
ticles is significantly lower than that of metallic Pd particles,
due to the weaker CO adsorption on Pd oxide surface. If a
pre-reduction treatment is performed, the catalytic activity of
Pd/CeO2 can be improved to some extent [55]. For Co3O4–
CeO2 catalysts studied here, the oxidation-assisted creation of
oxygen vacancies, as confirmed to be the rate-determining step,
proceeds at much higher temperature than RT, limiting the low-
temperature oxidation activity of the catalyst. The combination
of the basic support CeCo30 with high surface area and large
CO adsorption capacity, and noble metal Pd phase decorated on
the surface for oxygen activation, exhibits great advantage for
low-temperature CO oxidation. Even without any pretreatment,
the catalyst Pd/CeCo30 shows excellent CO oxidation activity,
holding great promise in the purification of vehicle exhaust dur-
ing cold-start.

4. Conclusions

Using a surfactant-template method, a series of mesostruc-
tured catalysts Co3O4–CeO2 were successfully prepared, which
possess higher specific surface area and oxidation activity than
the catalysts prepared by other methods. In these catalysts,
Co3O4 crystallites are considered to be encapsulated by nano-
sized CeO2, with only a small fraction of Co ions exposing on
the surface and strongly interacting with CeO2. Such a struc-
ture maximizes the interaction between Co3O4 and CeO2 in
three dimensions. As a result, the reduction of Co3O4 to Co2+ is
promoted by lengthening of Co–O bond at interface; and the ox-
idation of metallic Co to Co3O4 is also promoted by the easier
oxygen supply from CeO2; in addition, the reduction of Co2+
to metallic Co is remarkably delayed by the stabilization effect
of CeO2 and the absence of hydrogen spillover. After deposi-
tion of Pd, both the reduction and oxidation of cobalt phases are
promoted to a great extent due to hydrogen or oxygen spillover
effects.

The oxidation activity of these catalysts does not increase
with the surface cobalt concentration increasing, but exhibit a
volcano-type pattern. Co3O4–CeO2 is highly active in adsorb-
ing CO as bidentate carbonates, which serve as the intermedi-
ates for CO oxidation. Over Co3O4–CeO2, the CO oxidation
should take place preferentially at the interface between Co3O4
and CeO2, and the oxidation-assisted creation of oxygen vacan-
cies is regarded as the rate-determining step. O2-TPD results
reveal that the oxidation performance correlates very well with
the amount of surface oxygen vacancies. Hence, the highest ox-
idation activity of the catalyst with Co/(Co + Ce) atomic ratio
of 30% is originated from the largest amount of oxygen vacan-
cies. With the addition of a small amount of Pd to this catalyst,
a markedly improved activity for CO oxidation is achieved even
at room temperature, much better than those of Co3O4–CeO2
and Pd/CeO2. A synergy effect between Pd and Co3O4–CeO2
is responsible for this activity enhancement. A novel and differ-
ent reaction pathway is proposed, namely Co3O4–CeO2 phase
adsorbs CO as bidentate carbonates and Pd phase activates the
molecular oxygen. The activated oxygen atoms are rather mo-
bile and reactive, readily reacting with the adsorbed CO through
spillover. Therefore, oxygen vacancies are no longer required
during reaction, leading to the decreased activation energy and
improved catalytic performance of this catalyst.
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