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Abstract Three-dimensional macro/mesoporous Co304—
CeO, was prepared via a facile self-sustained decomposition of
metal-organic complexes. Porous Co;0,—CeO, was character-
ized using X-ray diffraction, scanning electron microscopy/-
transmission electron microscopy imaging, N, adsorption/
desorption and X-ray photoelectron spectroscopy to examine the
morphology and microstructure to find out the cause. Co3O4—
CeO, with the 3D hierarchical porous structure consisting of
nanoparticles is a coral-like shape with a size of tens of mi-
crometers and exhibits the hierarchically porous morphology, in

Ce(NO; );-6H,0

Ce (CH3CO,)s-xH,0

Co(CH;C00),-4H,0

Co(NO;),-6H,0

NzHg-H,0
C;HsNO,

e
\'\
AR A
precursor
X Yude Wang
ydwang @ynu.edu.cn

School of Physical Science and Technology, Yunnan
University, Kunming 650091, People’s Republic of China

Yunnan Province Key Lab of Micro-Nano Materials and
Technology, Yunnan University, Kunming 650091,
People’s Republic of China

@ Springer

Combustion

which the walls of the macropores contain smaller mesopores.
The catalytic performance of the porous Co3;0,~CeO, for CO
oxidation has been studied. Among the obtained catalysts, the
porous Co;0,—CeO, with 20 wt% Co exhibits the best catalytic
activity and the 50 % CO conversion can be reached at 74 °C.
The presence of transition metal element Co can promote the
production of oxygen vacancies and improve oxygen mobility,
which result in enhancing the oxygen-storage capacity of porous
C0304—CeO, and its catalytic performance for CO conversion.
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1 Introduction

As an excellent catalytic material, cerium dioxide (CeO,)
has been found to be effective in the promotion of catalytic
reactions for CO oxidation [1]. The redox and catalytic
properties of ceria are dependent upon its oxygen storage
and release capacity (OSC) via the redox shift between
Ce*™ and Ce*" under oxidizing and reducing conditions,
respectively [2, 3]. However, the CeO, is not a promising
candidate for catalytic samples mainly due to its low cat-
alytic activities [4-9]. Numerous reports have shown that
the activity of ceria in total oxidation reactions is greatly
enhanced by transitional metals like Co, Cu, Ti, Ni, and so
on [10-12]. Co30, is widely used as a non-noble metallic
oxide in the catalysis field and shows very high CO
oxidation activity in CO/O, mixtures even at ambient
temperature. As compared with cobalt oxide and ceria
catalysts, integrating cobalt oxides with ceria can further
enhance the redox behavior for CO [10, 13, 14]. Thus,
catalytically active Co and Ce sites in Co3;04—CeO, com-
posite oxides can cooperatively enhance the catalytic ac-
tivity [15-20].

The synthesis and preparation of porous Co;04,—CeO,
with desired structure and morphology are of great tech-
nological and scientific interests owing to their superior
electrochemical performances and catalytic activities.
Through increasing surface area, decreasing particle size
distribution and preferentially exposing more active lattice
planes, the catalytic performance of Co3;0,—CeO, could be
optimized. Compared with conventional nanoparticulate
system, porous Co304—CeQ,, possessing the advantages of
large surface areas, distinctive structural features and in-
triguing properties, has attracted much attention in cata-
lysis. The synthesis and preparation of porous Co3;04—
CeO, with desired structure and morphology are of great
technological and scientific interests owing to their supe-
rior electrochemical performances and catalytic activities.
Although great progress has been made, it remains a
challenge to synthesize porous Co3;04—CeO, with con-
trolled morphology and pore size due to the fact that the
performance of Co3;04—CeO, improved by designed porous
structure and novel morphology is still undesirable.
Therefore, the development of new synthetic routes in
order to obtain porous Co3;04—CeO, material is of a great
significance. On the other hand, the porosity of the prod-
ucts prepared by the template-free route is relatively low
and the preparation procedure is also multi-step and
complex. Herein, we report a rapid and feasible

template/surfactant-free route to fabricate a 3D macro-/
meso-porous Co304—CeO,, which possesses a coral-like
shape with a size of tens of micrometers and the hierar-
chically porous morphology, in which the walls of the
macropores contain smaller mesopores. The achieved 3D
macro-/meso-porous Co3;0,—CeO, was used as active cat-
alyst for CO oxidation.

2 Experimental
2.1 Chemicals

All chemical reagents used in the experiments were ob-
tained from commercial sources as guaranteed-grade
reagents and used without further purification.

2.2 Synthesis of 3D Macro-/Nano-porous CozO4—
CeOz

The synthesis of 3D macro-/nano-porous Co3;04—CeO, was
performed by rapidly heating aqueous solution contains
stoichiometric quantity of corresponding metal nitrates and
acetates, hydrazine monohydrate (N,H4-H,0) and glycine
(C,H5NO,) at a certain temperature (400 °C). Scheme 1
illustrates the synthesis procedure of porous Co3;04—CeO,.
In a typical synthesis, Ce(NO3);-6H,0, Ce(CH3CO,);-
xH,0, N,H4-H,0, and glycine with a molar ratio (Ce®™:
C,HsNO,:N,H,-H,0 = 4:2:1, Co*T/Ce*T = 0, 5, 10, 20,
30 at.%, respectively) were dissolved in deionized water
(15 ml) to form a turbid precursor of metal-organic com-
plex. After magnetically stirring for 10 min, the mixture
was poured into a crucible and transferred to a preheated
furnace at 400 °C. After the elapsed reaction time of
30 min, the crucible was taken out from the furnace and
left to cool down spontaneously to the room temperature.
The resultant powders were collected and directly sub-
jected to the various characterizations.

2.3 Characterization

Crystal structure of macro-/nano-porous Co3;0,—CeO, was
characterized by a Rigaku D/max-3B diffractometer with
an incident X-ray wavelength of 1.540 A (Cu Ko line),
scanned from 10° to 90° (20) in steps of 0.01°. Scanning
electron microscopy (SEM) images were recorded with
XL30ESEM-TMP microscope. Transmission electron mi-
croscopy (TEM) measurement was performed on a Zeiss
EM 912 Q instrument at an acceleration voltage of 120 kV.
X-ray photoelectron spectroscopy (XPS) was carried out at
room temperature in ESCALAB 250 system. All XPS
spectra were calibrated with reference to Cls peak
(285.0 eV) to compensate for the charge effect. The N,
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adsorption—desorption isotherm and pore size distribution
curve at 77 K were recorded on a Micromeritics AutoPore
IV 9500 system.

2.4 Catalytic Evaluation

The catalytic activity of the Co304,~CeO, composites
heated in situ for CO oxidation was evaluated at atmo-
spheric pressure in a 50 mg in a glass tubular reactor. The
total flow rate of the reaction gas was flow of
30Lh~'g™!, with a 1 % CO and fresh air balanced
composition from air generator. The composition of the gas
exiting the reactor was monitored by online gas chro-
matography (GC 9800). The CO conversion (Rco) was
calculated from the change in CO concentrations of the
inlet and outlet gases as follow:

Rco = (1 — [[CCOO]](::t> x 100 % (l)

where, [CO];, and [CO],, stand for the CO concentrations
in the feed gas and effluent gas, respectively.

3 Results and Discussion

X-ray diffraction (XRD) patterns of pure porous CeO, and
Co304—Ce0, are presented in Fig. 1. All the materials are
the random orientation with good crystallinity. The present
peaks in the spectra confirm the polycrystalline nature of
the powders, which were identified to originate from (111),
(200), (220) and (311) reflections of cubic CeO, crystal
structure (JCPDS Card No. 81-0792) and (311) and (440)
of Co30,4 crystal structure (JCPDS Card No. 42-1467),
respectively. From Fig. 1b—d, the XRD patterns of the final
products reveal well-developed reflections of CeQO,, with-
out any indication of crystalline byproducts. It also indi-
cates that Co in porous CeQ; is not as elemental Co or Co

Scheme 1 Synthetic route of
macro-/meso-porous Co—CeO,
materials
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compounds, but as impurities in the CeO, crystal structure,
implying that the Co doping most probably occurs by
substituting Ce atom in crystal structure. When the Co
content is up to 20 at.% in the reaction system, it can be
clearly seen from Fig. le, f that all peak positions can be
perfectly indexed to CeO, and Co30,, respectively. It
confirms that the product is a Co3;0,~CeO, mixture and no
other impurities were detected.

The morphology of as-prepared material was charac-
terized by SEM. The morphologies of as-prepared porous
with the different Co conetents were characterized by SEM
and shown in Fig. 2. As shown in Fig. 2, the effects of the
different molar ratios of Co on the morphology of mac-
ro-/nano-porous can not be observed. The analysis results
show the same morphological evolution for the pure CeO,
and Co30,—CeO, with the different Co contents. The as-
synthesized powder has a coral-like shape with a size of
tens of micrometers, which consists of interconnected
spherical particles forming a 3D hierarchical porous
structure with typical bimodal porous morphology, in
which the walls of the macropores contain smaller
mesopores.

TEM investigations give further insight into the mor-
phology and the structural features of the as-synthesized
material. TEM image of as-prepared porous 20 %Co—CeO,
material (Fig. 3a) clearly shows that the 3D hierarchical
architecture consists of nanoparticles, the mesopores are
formed by the aggregation of nanoparticles and the mac-
ropores are self-assembled by nanoparticles, which further
confirms SEM deduction. The wall thickness of the mac-
ropores is ca. 300-400 nm and the walls consist of many
fine nanoparticles. High-resolution TEM (HRTEM) image
of porous 20 %Co—CeO, are shown in Fig. 3b.The lattice
spacing between adjacent planes measured from the ob-
served lattice fringes of HRTEM image is 0.314 nm, cor-
responding to the distance between (111) crystal planes.
The overview images in TEM at low magnification prove
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Fig. 1 XRD patterns of the as prepared samples with the different Co
contents

that the samples with the different Co contents show the
similar 3D hierarchical architecture entirely consisted of
individual nanoparticles.

On the basis of the XRD, SEM and TEM results, a
possible growth mechanism during the combustion can be
speculated. It is well-established that Ce** can be com-
plexed by N,H4-H,O, which further precipitates in the
presence of anions such as CH3;COO™. As an oxidizer,
NO;™ can react with N,Hy-H,0. And little glycine is used
to induce a relatively intensive combustion reaction. More
importantly, the gas evolution from the decomposition of
CH5COO™ during the combustion results in the formation
of the porous structure. In the present synthesis process,
pores form simultaneously with the CeO, lattice formation
in one-pot, eliminating the multi-steps of preparation and
removal of templates in the commonly used template-as-
sisted approaches. Therefore, the present synthesis route
for porous materials is very simple and rapid. A similar
process has been reported to generate macro-/meso-porous
ZnCo,0y4 [21].

The porous property of the resulting cobalt oxide was
further investigated by measuring adsorption—desorption
isotherms of nitrogen at 77 K. N, adsorption/desorption
isotherms and corresponding Barrett—Joyner—Halenda
(BJH) pore size distribution plots of the 20 %Co—CeO, are
shown in Fig. 4. Nitrogen sorption illustrates that nitrogen
uptake takes place gradually across the entire adsorption
branch of the isotherm indicative of a broad mesopore
distribution. Significant hysteresis can be observed be-
tween the adsorption and desorption branches followed by
the sharp forced closure of the desorption branch, near 0.45
P/P,, which suggests partial pore blocking. This means that
the single nanoparticles within the 3D hierarchical porous
structure are not really glued together (already observed in

TEM), but are accessible from the outside via a secondary
mesopore system. The Brunauer-Emmett—Teller (BET)
specific surface area of the as-prepared sample was ca.
56.5 m?’g"'. A broad peak ranging from 2 up to 100 nm
can be seen in the pore-size distribution curve (inset of
Fig. 4), covering the range of both mesopores and macro-
pores. The pure CeO, and Co30,—CeO, with the different
Co contents show similar specific surface area and pore-
size distribution.

To evaluate the potential applicability in catalytic ac-
tivity for CO oxidation, the catalytic performances of the
3D hierarchical porous Co3;04,—CeO, catalysts in CO
oxidation are evaluated under a reaction stream with a gas
composition of 1.0 vol% CO balanced by fresh air with 20
vol% O,. The results obtained for the porous Co3;0, and
Co30,4,—CeO, catalysts are shown in Fig. 5a, where the CO
conversion is reported as a function of temperature. It can
be seen that the activity of porous Co—CeO, catalysts was
greatly enhanced after doping of the Co. The light-off
temperature (temperature of 50 % conversion, Tsoq,) of the
porous CeO, and Co0304—CeO, is 175 °C (CeO,), 104 °C
(5 %Co0—Ce05), 87 °C (10 %Co—Ce05,), 50 °C (20 %Co-
Ce0,), and 94 °C (30 %Co—CeO,) from Fig. 5b. The CO
conversion of porous 20 %Co—CeO, is completed at the
temperature of 160 °C, but porous CeO, needs a tem-
perature of as high as 240 °C. Among the porous Co304—
CeO, catalysts with various Co contents, the 20 %Co—
CeO, catalyst exhibits the highest catalytic activity at the
lowest temperature, as well as the excellent redox capa-
bility at the lowest temperature.

Surface compositions and chemical states of the as-
synthesized 3D hierarchical porous Co30,4—CeO, catalysts
were carried out by X-ray photoelectron spectroscopy
(XPS) to further investigate the mechanism of CO oxida-
tion. The Ce 3d core level peak can be confirmed by XPS
analysis, as shown in Fig. 6a. The main features are com-
posed of six peaks corresponding to the three pairs of spin—
orbit doublets. Due to its highly non-stoichiometric nature,
both valences (34 and 4+) are presented in CeO,. The
main peaks of Ce*t 3ds,, and Ce*t 3ds,, are shown at
binding energies of ~915.3 and ~897.9 eV, respectively.
Those of Ce** 3ds/, and Ce** 3ds), are located at ~900.5
and ~881.9 eV. Two additional satellite lines SU1 and
SU2, which means ‘shake-up’, are shown at ~906.5 eV on
the Ce** 3ds), and at ~887.5 on the Ce®" 3ds),, respec-
tively [22]. The presence of Ce’" is a result of oxygen
vacancies and this effect is enhanced in porous structure
because a larger fraction of the atoms are on the surface as
the particle size is reduced and the surface atoms have
reduced coordination. The oxygen vacancies lead to the
transformation Ce**—Ce*", a key issue in the redox ca-
pability of CO. The ratio of Ce**/Ce®" is 1.14, 1.20, 1.24,
1.39, and 1.30 for porous CeO,, 5 %Co—CeO,, 10 %Co—
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Fig. 3 TEM image (a) and HRTEM image (b) of 20 %Co—CeO, sample

CeO,, 20 %Co—Ce0,, and 30 %Co—CeO,, respectively. It
is obvious that porous Co—CeQO, show an increased ratio of
Ce**/Ce*t from XPS findings. As an excellent catalytic
material, CeO, has a strong oxygen storage and release
capacity via the redox shift between Ce*™ and Ce** under
oxidizing and reducing conditions, respectively. The Ce*"
percentage of 20 %Co-CeO, nanoparticles reaches the

@ Springer

highest value, indicating the highest redox capacity [23].
The Ce*" percentage of porous 20 %Co—CeO, reaches the
highest value, indicating the highest redox capacity, which
is in good accordance with the CO oxidation reaction re-
sults. The XPS results illustrate more oxygen vacancy
species in the porous Co—CeO,. All the spectra show a
peak at about 529.4 eV, which is assigned to oxygen ions
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Fig. 4 Nitrogen adsorption and desorption isotherms of 20 %Co-
CeO, sample with corresponding pore-size distribution (inset)
calculated by BJH method from desorption

(Orattice) in CeO,. Two evident shoulders at higher binding
energies at ~531.7 and ~533 eV are present and at-
tributable to oxygen vacancies and hydroxyl groups, re-
spectively. The ratio of oxygen vacancies and hydroxyl
groups to Ojyice Of porous Co—CeO, is 0.11, 0.56, .064,
0.78, and 0.61 for porous CeO,, 5 %Co—CeO,, 10 %Co—
CeO,, 20 %Co—-Ce0O,, and 30 %Co—CeO,, respectively.
The ratio is obviously increased, indicating that the content
of surface oxygen vacancy and hydroxyl group is increased
by composing suitable amounts of Co. However, the sur-
face oxygen vacancy contents would be decreased with
further increase the Co contents due to the formation of
copper oxide (Co3;04) on the surface of nanoparticles.
Figure 6b shows the O 1s XPS spectra of the 20 %Co—
CeO, catalyst. The O 1s peak can be fitted to two kinds of
Gaussian peaks. The main peak at 529.3 eV in the Ol s
spectrum corresponds to oxygen ions in the crystal lattice
(Oya1), while the line located at 531.6 eV can be ascribed to
the absorbed O ions (O~ and O; ions) in the oxygen
deficient regions within the matrix of CeO,. The adsorbed
oxygen species of O are known to be active for oxygen
exchange and CO oxidation.

The porous 20 %Co—CeO, show 100 % conversion of
CO at 160 °C. This can be ascribed to the fact that CO
strongly adsorbs onto more reduced sites of porous
20 %Co—Ce0O,, resulting in less active site for adsorbing
surface oxygen O,, which is activated to O, anion radicals
rapidly by oxygen vacancies. The porous 20 %Co-CeO,
can produce high density of oxygen vacancies, physisorbed
and chemisorbed sites for CO, synergic effect between the
cycle transition of Ce**/Ce**, which are beneficial to the
improvement of the catalytic performance. The catalytic
performance for CO oxidation is enhanced obviously after
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Fig. 5 a CO conversion rate as a function of the reaction temperature
for various Co—CeO, catalysts with the different Co contents. b CO
oxidation activity on various Co—CeO, catalysts at various reaction
temperatures

being composited with copper. The porous 20 %Co—CeO,
shows the best activity due to high redox capability and
high oxygen vacancy, supported by the XPS analyses re-
sults. Based on the discussion above, the possible catalytic
mechanism on the porous 20 %Co—CeQO, is proposed. It is
obvious that the ratio of Ce*™/Ce®" and the oxygen va-
cancy species of porous 20 %Co—CeQO, increase by com-
posing suitable amounts of Co, indicating that copper
induces structure defects and oxygen vacancies as well as
perform synergistic effect with cerium ions, which are
greatly contributed to the CO oxidation performance [24].
Therefore, the better CO catalytic activity of porous
Co304—CeO, can be ascribed to the fact that the porous
20 %Co—CeO, can produce high density of oxygen va-
cancies, physisorbed and chemisorbed sites for CO, syn-
ergic effect between the cycle transition of Ce*/Ce’™,
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Fig. 6 a The high-resolution XPS spectrum of superposed Ce3d for
20 %Co—CeO, sample. b XPS region spectra of Ols obtained on
20 %Co—CeO, sample

which are beneficial to the improvement of the catalytic
performance.

4 Conclusion

In summary, 3D macro/mesoporous Co3z04,—CeO, with
various Co contents were fabricated by a facile self-sus-
tained decomposition of metal-organic complexes. Porous
Co304,—Ce0, was analyzed by XRD, SEM, TEM, XPS and
N, adsorption—desorption. The porous Co3;04,—CeO, ex-
hibits 3D hierarchical porous structure with typical bi-
modal porous morphology, in which the walls of the
macropores contain smaller pores. It is suggested that this
rapid and feasible template/surfactant-free route is an ef-
fective method to fabricate a 3D macro-/nano-porous
composite oxides. It is worthwhile to note that the porous
Co3;0,—CeO, showed a much higher activity in CO

@ Springer

oxidation than porous CeO,, probably related to the facile
redox nature of the cycle transition of Ce*"/Ce*" and the
absorbed O; ions of the porous structure.
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