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Abstract Four CeO2–CoOx catalysts (containing 20%

ceria) were prepared by impregnation, precipitation-oxi-

dation, co-precipitation and hydrothermal methods (IMP,

PO, CP and HT, respectively). They were characterized by

X-ray diffraction, high-resolution transmittance electron

microscopy, N2 adsorption–desorption, X-ray photoelec-

tron spectroscopy, and temperature-programmed reduction.

The catalysts catalyzed CO oxidation in a continuous flow

micro-reactor. These results demonstrate that the activity

of CO oxidation depended on both the surface area of

catalyst and dispersion of ceria. The IMP catalyst exhibited

substantial dispersion of CeO2 on the surface of CoOx and

therefore the easiest release of oxygen to oxidize CO.
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1 Introduction

The design of novel catalysts of the abatement of carbon

monoxide (CO) has become an important field of research

in the last decade. This field of research has extensive

applications in numerous areas such as vehicle exhaust

catalysts [1], mine rescue devices [2] and catalytic com-

bustion [3]. Both the noble metals and the transition metal

oxides can catalyze the oxidation of CO. In particular, the

catalytic performance of a gold catalyst depends on the

particle size: smaller particles are more active in CO

abatement at low temperature [4]. The high cost of pre-

cious metal has motivated an extensive search for

alternative catalysts. As a single material catalyst, a tran-

sition metal is not as effective as a noble catalyst.

Numerous composites have been applied to improve the

catalytic activity toward CO oxidation. In recent years,

much interest has been shown in the use of catalysts which

contain binary or multiple metal oxides [5–11], such as,

CoOx/CeO2 [5], CuO/CeO2 [6], Co–Cu–Ce/c–Al2O3 [7],

Co3O4/Al2O3 [8], MoO3/CeO2 [9], CeO2–ZrO2 [10] and

CuO/SnO2 [11], all of which are effective in the oxidation

of carbon monoxide. Interactions across the metal oxide

interface have been suggested to be important, and carbon

monoxide that is adsorbed on the metal reacts with the

oxygen associated with the catalysts.

Among the metal oxides, cobalt oxide (Co3O4) is a

particularly attractive material for catalyzing oxidation

because of the presence of mobile oxygen in the surface

[12–16]. The activity of Co3O4 toward oxidation is

highly probable because of the relatively low DH of

vaporization of O2 [17, 18], and therefore demonstrates the

relative weakness of the Co–O bond strength of Co3O4,

which easily releases reactive oxygen species from the

lattice. Cerium oxide (CeO2) is an outstanding oxygen
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ion-conducting material which has redox properties; it is

therefore a good oxidation catalyst. Cerium oxide has been

applied in the automotive three-way catalytic converter as

an oxygen storage medium and stabilizer (such as in CeO2–

Al2O3 [1], CeO2–SiO2 [19], CeO2–La2O3 [1] and CeO2–

HfO2 [20]). Ceria performs numerous functions such as

promoting CO oxidation, NOx reduction; storing and

releasing of oxygen and stabilizing the catalyst against

sintering [21]. However, pure cerium oxide is rarely

adopted as a catalyst due to its poor catalytic activity [22].

Modification with other transition metal oxides may

increase stability at high temperature and improve its

activity. Many methods can be used to prepare binary

metal oxides, such as impregnation, co-precipitation and

the sol–gel method and others.[14, 15, 23–28] Evaluating

the activity of CO oxidation over Co3O4/CeO2, Shen et al.

[25] found that the catalyst prepared by the co-precipitation

and oxidation prepared catalyst had the greatest catalytic

activity. Also, in our earlier studies [27, 28] it was dem-

onstrated that the CeO2/Co3O4 catalyst has greater activity

than other catalysts.

This work studies the effect of the method of preparation

(such as impregnation, precipitation-oxidation, co-precipi-

tation and the hydrothermal method) on the characteristics

and catalytic properties of the CeO2–CoOx catalysts in the

CO oxidation. The optimal ratio of CeO2 to Co3O4 (con-

taining 20% ceria), as determined elsewhere, is utilized.

[27, 28] The catalysts are characterized by XRD, HRTEM,

BET, XPS, and TPR. The results of the characterization

and the catalytic activity are discussed in relation to the

performance of the CeO2–CoOx catalysts.

2 Experimental

2.1 Preparation of Catalysts

Four methods were used to prepare CeO2–CoOx catalysts

(containing 20% ceria)—IMP, PO, CP, and HT—for

impregnation, precipitation-oxidation, co-precipitation and

hydrothermal treatment, respectively. The precursors were

Ce(NO3)3 � 6H2O and Co(NO3)3 � 6H2O; the precipitant

was NaOH and the oxidant was H2O2. The temperature of

the hydrothermal process was 180 �C, which was main-

tained for 24 h. All as-prepared catalysts were dried at

110 �C and reduced in 10% H2/Ar for 1 h at 200 �C.

2.2 Characterization of Catalysts

X-ray diffraction (XRD) measurements were made using a

Siemens D5000 diffractometer with Cu Ka1 radiation

(k = 1.5405 Å) at 40 kV and 30 mA with a scanning speed

in 2h of 2 min-1. Diffraction peaks of the crystalline phase

(Co3O4: 34-0394; CeO2: 09-0418) were identified against

standard compounds reported in the Joint Committee on

Powder Diffraction Standards (JCPDS). The Scherrer

equation yielded the crystallite sizes of cobaltic oxide and

ceria.

The microstructures were characterized using transition

emission microscopy and high resolution transition emis-

sion microscopy (TEM Hitachi H600-3 a 200 kV;

HRTEM–JEOL JEM 2011). Samples were deposited by

making an ethanol suspension on copper grids with a

holey-carbon-film support. Magnification and CCD camera

MSC SI0331 constants were calibrated using appropriate

standards in the same electron-optical conditions.

Nitrogen adsorption isotherms at -196 �C were

obtained volumetrically using a Micrometritics ASAP

2010. The catalysts were pre-outgassed at 5 9 10-5 Torr

and 110 �C for 3 h. The surface area of the catalysts was

determined from the nitrogen adsorption isotherm.

X-ray photoelectron spectra (XPS) were obtained using

an energy analyzer with a constant pass energy of 20 eV

followed by irradiaton of a catalyst pellet (6 mm in

diameter) with a monochromatic Al Ka (1,486.6 eV) X-ray

under ultrahigh vacuum conditions (1 9 10-10 Torr).

Charging effects were corrected by adjusting the C1s peak

to a position of 285.0 eV. The analysis of each catalyst

began with a single-scan analysis of Co2p, Ce3d, C1s and

O1s regions, in that order (for a total of 13 min), followed

by a wide-scan analysis (5 min) at binding energies

between 0 and 1,100 eV. The pass energy was set to 40 eV

for wide-scan analyzes.

The reduction behavior of CeO2–CoOx catalysts was

studied using temperature-programmed reduction (TPR).

Approximately 25 mg of the catalyst was heated by using

10% H2/N2 gas mixture at a flow rate 10 mL min-1.

During TPR, the temperature was programmed to rise from

30 to 550 �C at 10 �C min-1.

2.3 Measurement of Catalytic Activity

The catalytic activities of CeO2–CoOx catalysts in the

oxidation of CO were measured in a continuous flow

micro-reactor. A mixture of 10% O2/He with 4% CO/He

reaction gas was fed to a 0.5 g catalyst at a rate of

20 mL min-1. Steady-state catalytic activity was mea-

sured at each temperature, as the reaction temperature

was increased from room temperature to 200 �C in steps

of 25 �C. The effluent gas was analyzed on-line using a

Varian 3700 gas chromatograph with a carbosphere

column. Before the reaction, the catalyst was pretreated

by using 10% O2/He at 110 �C for 1 h to drive away

molecules that had been pre-adsorbed from the

atmosphere.
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3 Results and Discussion

3.1 Structural Characterization

The third column of Table 1 presents the BET specific

surface area of the CeO2–CoOx catalysts. Both IMP and PO

catalysts have a larger surface area (over 100 m2 g-1) than

CP and HT catalysts (below 90 m2 g-1). Figure 1 presents

the XRD patterns of CeO2, Co3O4 and CeO2–CoOx cata-

lysts. The diffraction patterns of CeO2 obtained are 28, 47,

and 57� (Fig. 1a) and reveal an fcc fluorite oxide-type

structure. The IMP and PO catalysts (Fig. 1c, d) yield rather

broad diffraction patterns, indicating the presence of a

smaller crystallite, consistent with the fact that these cata-

lysts have a higher specific surface area than the CP and HT

catalysts (Fig. 1e, f). The XRD patterns of the IMP and PO

catalysts include CeO2, CoO and Co3O4 patterns, revealing

that the ceria phase is highly dispersed on the cobalt oxide.

The CP and HT catalysts exhibit only CeO2 and Co3O4

patterns but not CoO patterns. Moreover, the Co3O4 pattern

has stronger reflection peaks than obtained from either the

IMP or PO catalyst. A comparison with the TEM images of

the IMP and PO catalysts (Fig. 2a, b) reveals a highly dis-

persed morphology. The TEM images of CP and HT

catalysts (Fig. 2c, d) have the hexagonal morphology of

larger particles. To gain further insight into the micro-

structural characteristics of the CeO2–CoOx catalysts,

HRTEM analyses are performed to distinguish the relative

pattern of the species (Fig. 3). All samples displayed the

three lattice fringe patterns, which corresponds to Co3O4

[lattice fringe at 4.6 Å for (111) plane], CoO [lattice fringe at

2.1 Å for (200) plane] and CeO2 [lattice fringe at 2.70 Å for

(200) plane]. Comparison with the XRD diffraction peaks,

the absence of CoO phase on the PO and CP catalysts, was

due to the overlap with Co3O4 pattern when 2h reached 35�.

3.2 X-ray Photoelectron Spectroscopy

Figure 4 presents the XPS spectra of Co2p of CeO2–CoOx

catalysts. The peak of the Co2p3/2 binding energy (BE) of

all of catalysts is at 779.5–780.2 eV, which matches the

reference values for Co3O4 (779.5 eV) and CoO

(780.5 eV) [29, 30], respectively. Also, Kang et al. [5]

obtained XPS spectra from CoOx/CeO2 catalysts and sug-

gested that the interaction of metal oxide could change the

electronic state of the cobalt and enhance its catalytic

activity by the combined effect of cobalt oxide and ceria.

The last two columns in Table 2 present the BE of Co2p3/2

and the normalized peak area for Ce3d. The BE of the

Co2p3/2 level of both IMP and PO catalysts is slightly

shifted upward to *780.2 and 780.0 eV, respectively.

Figure 5 presents the XPS spectra of the Ce3d of CeO2–

CoOx catalysts. All catalysts yield six peaks at 880–

920 eV. Based on XPS analyses, Mullins et al. [31] and

Burroughs et al. [32] of CeO2 with XPS, the 3d3/2 and 3d5/2

spin-orbit components associated with three pairs of spin-

orbit doublets are designated U (U0, U00 and U000) and V (V0,
V00 and V000), respectively. The IMP catalyst yields a more

intense peak of XPS profile than the other catalysts. The

XPS results show that Ce ratios of surface on the IMP, PO,

CP and HT catalysts were 21:5:5:4, respectively. Com-

bining these analyses with the quantitative analysis of

surface components (Ce, Co and O, given in the fifth to

seventh columns in Table 2), reveal the uniformed dis-

persion of a large amount of ceria on the surface of the

Table 1 Characterization and CO oxidation of CeO2–CoOx samples

Sample Componenta SBET (m2 g-1) TPR (�C)b T50
c

a b

IMP CeO2, Co3O4, CoO 109 260 360 88

PO CeO2, Co3O4, CoO 140 283 485 93

CP CeO2, Co3O4, CoO 80 295 520 103

HT CeO2, Co3O4, CoO 87 300 375 119

a Characterized from XRD data
b Co3O4 was measured for TPR
c Temperature for 50% CO conversion

Fig. 1 XRD patterns of CeO2–CoOx catalysts: a CeO2 b Co3O4

c IMP d PO e CP f HT
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cobalt oxide of the IMP catalyst. Other preparation meth-

ods can lead some ceria into the bulk of catalysts; therefore

the impregnation method can control the surface ratio of

catalyst. Further the comparison of the TEM–EDX results

for the components of all catalysts (second to fourth col-

umns in Table 2), the Ce ratios are closely grouped near

20%. So we can distinguish the various ratios on surface

and bulk of catalysts to affect the properties.

3.3 Temperature Program Reduction

To determine the Co–O bond strength in the CeO2–CoOx

catalysts, the temperature program reduction (TPR) tech-

nique is used to elucidate the reduction behavior of these

catalysts. Figure 6 shows the TPR profiles of the prepared

CeO2–CoOx catalysts and the physically mixed catalyst

(PM). All of the catalysts yield two sequent reduction

peaks that comprise a low-temperature peak and a high-

temperature peak (a and b peaks; the reduction tempera-

tures are given in the fourth and fifth columns in Table 1).

This reduction behavior is characteristic of the Co3O4 [27,

33, 34]. The first peak (a peak), of less intensity, appears at

a lower temperature and overlaps with the more intense

peak (b peak). According to the TPR results the a peak is

due to the reduction of Co3? to Co2? and the b peak is due

to the reduction of Co2? to Co metal.

Comparing the effect of the amount of ceria on the surface

of cobalt oxide (the fifth column in Table 2) with the

Fig. 2 TEM images of CeO2–

CoOx catalysts: a IMP b PO

c CP d HT
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reduction behavior reveals an apparent shift in the a and b
peaks. Both peaks shift to lower temperatures as the amount

of ceria on the surface is increased: 260 and 360 �C for the

IMP catalyst (surface content of ceria = 21%), and 300 and

375 �C for the HT catalyst (surface content of ceria = 4%),

respectively. According to our previous studies [27, 28] that

involved different ceria loadings (amounts = 4, 12, 20, 35,

50%) of the catalysts, the optimal loading (20%) is associ-

ated with the highest catalytic activity of CO. Therefore,

optimal ceria content on the surface of the catalyst can

weaken the bond strength of Co–O and promote the

desorption of lattice oxygen from Co3O4, reducing the

reduction temperature. Pure CeO2 yields two reduction

peaks at around 500 and 900 �C, which are attributed to the

reduction of the surface and bulk oxygen of CeO2, respec-

tively [26, 35]. Additionally, the tailing b peak of TPR

profile from the CeO2–CoOx catalysts (Fig. 6b–e) is attrib-

uted to the spillover of hydrogen from Co3O4 which

promotes the reduction of the capping oxygen of ceria,

whereas the PM catalyst (Fig. 6a) does not yield the tailing b
peak. The shift in the reduction temperatures and tailing b
peak behavior, associated with the combination of Co3O4

and CeO2, is further evidence of combined effect. According

to the difference of b peak on TPR profiles, we can distin-

guish two kinds of bond strength one which was strong and

other one was weak. The IMP catalyst belongs to the weak

bond strength due to the uniform dispersion. Both the PO

and CP catalysts belong to the strong bond strength due to

some cerium in the bulk. While, the HT catalyst possesses

two kinds of strength since the preparation condition is

under high temperature and pressure to lead the close-

packed metals which induce the various degree of repulsion.

Fig. 3 HRTEM images of

CeO2–CoOx catalysts: a IMP

b PO c CP d HT
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To understand whether optimizing the preparation

method can increase the surface area and maximize oxygen

storage capacity, the ratio of a and b peaks from each

CeO2–CoOx catalyst is quantitatively determined from the

consumption of hydrogen, itself revealed by TPR traces

under 300 �C. The relative areas of the a and b peaks

NH2
=NCoð Þ of the IMP, PO, CP, and HT catalysts are

determined to be 0.47:1.55; 0.46:1.39; 0.45:1.32, and

0.44:1.33, respectively. Also, Fig. 7 compares the degrees

of reduction over CeO2–CoOx catalysts between 100 and

300 �C. Comparison with the theoretical values for Co3O4

(0.33:1 for a:b peaks) reveals that the amount of ceria on

the surface can be released below 350 �C over these CeO2–

CoOx catalysts. The higher surface area of binary catalyst

and dispersion of ceria in the IMP sample is associated

with a higher a:b ratio which reveals the effective oxygen-

storage on ceria.

3.4 Oxidation of Carbon Monoxide

Figure 8 plots the catalytic activities of the CeO2–CoOx

catalysts toward CO oxidation. Pure ceria is less active for

CO oxidation so that the needed temperature exceeds

200 �C. The T50 (temperature at 50% CO conversion) of

the IMP catalyst occurs at 88 �C, which is lower than other

catalysts: the T50 values for the PO, CP and HT catalysts

are 93, 103, and 119 �C, respectively. The IMP and PO

catalysts are more active than the CP and HT catalysts. The

IMP and PO catalysts possess higher surface area of

100 m2 g-1 and a lower reduction temperature associated

with the a peak than the other two catalysts. The IMP

catalyst is more active than other catalysts. The superior

catalytic performance of the IMP catalyst is related to the

highest amount of well dispersed ceria that easily under-

goes redox and strongly interacts with cobalt oxide. Based

Fig. 4 XPS spectra of Co2p of CeO2–CoOx catalysts: a IMP b PO

c CP d HT

Table 2 Analysis of surface composition of CeO2–CoOx

Sample TEM–EDX

(%)

XPS (%) Ce3d/Co2p
a Ce3d

b Co2p3/2

(eV)

Ce Co O Ce Co O

Co3O4 [29] – – – – – – – – 779.5

CoO [30] – – – – – – – – 780.5

IMP 20 43 37 21 41 38 0.49 0.8299 780.2

PO 19 39 42 5 53 42 0.09 0.1627 780.0

CP 19 44 37 5 52 44 0.07 0.1215 779.5

HT 18 45 37 4 53 43 0.06 0.1236 779.5

a Corrected for atomic sensitivity factor (area)
b Normalized peak area (a.u.)

Fig. 5 XPS spectra of Ce3d of CeO2–CoOx catalysts: a IMP b PO

c CP d HT (V0, V0 0, V0 0 0, U0, U0 0 and U0 0 0 labels indicate the position of

the Ce(IV)3d multiples)
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on the characterization of catalysts three factors can

influence the catalytic activities. First, the amount ceria on

the surface of catalysts can be confirmed from the analysis

of XPS. Second, the well-dispersion and high surface area

of catalysts can be judged from the TEM and BET mea-

surements. Third, the ability of reduction of catalysts can

be analyzed by TPR. These factors are attributed to the

method of preparation of catalysts which control the

composition, surface area and dispersion of ceria. There-

fore, better preparation method can promote the release of

oxygen and thereby the oxidation of carbon oxide.

4 Conclusions

A comparison of the four various preparation methods

prepared and used were IMP, CP, PO, and HT catalysts.

The IMP catalyst was the most effective catalyst of the

oxidation of CO, closely followed by the PO catalyst. The

significant results of this study support the following

conclusions.

1) The impregnation method yields well-dispersed ceria

that strongly interacts with the cobalt oxide.

2) The precipitation oxidation method yields the highest

surface area.

3) The activity in CO oxidation depends on both the

surface area of the catalyst and the dispersion of ceria.
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