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Abstract The effect of CeO2 doping on structure and

catalytic performance of Co3O4 catalyst was studied for low-

temperature CO oxidation. The Co3O4 catalyst was prepared

by a precipitation method and the CeO2/Co3O4 catalyst was

prepared by an impregnation method. Their catalytic per-

formance had been studied with a continuous flowing micro-

reactor. The results reveal that the CeO2/Co3O4 catalyst

exhibits much better resistance to water vapor poisoning

than the Co3O4 catalyst for CO oxidation. The CeO2/Co3O4

catalyst can maintain CO complete conversion at least

8,400 min at 110 �C with 0.6% water vapor in the feed gas,

while the Co3O4 catalyst can maintain at 100% for only

100 min. Characterizations with XRD, TEM and TPR sug-

gest that the CeO2/Co3O4 catalyst possesses higher

dispersion degree, smaller particles and larger SBET, due to

the doping of Ceria, and exists the interaction between CeO2

and Co3O4, which may contribute to the excellent water

resistance for low-temperature CO oxidation. Furthermore,

the H2 detected in the reactor outlet gas seems to indicate that

the water–gas shift reaction is the more direct reason.

Keywords Co3O4 � CeO2/Co3O4 �
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1 Introduction

The low-temperature catalytic oxidation of CO has become

an important research topic over the years due to its many

potential fields of applications [1–4]. Precious metal cata-

lysts, such as Pd-based catalysts [5, 6] and Au-based

catalysts [7, 8] have been studied and show high catalytic

activities for CO oxidation. However, the sensitivity of

precious metals to sulfur poisoning and their high cost have

long motivated the search for substitute catalysts including

various transition metal oxides [9–17].

As a promising candidate of precious metal catalysts,

cobalt oxide catalysts have attracted considerable atten-

tions because of not only its high activity for CO and

hydrocarbon oxidation [18, 19], but also its use in the

Fischer–Tropsch synthesis [20], NO decomposition [21],

and ammonia oxidation [22]. The low-temperature CO

oxidation over single component, composite and supported

cobalt oxide catalysts have been studied [12–18], and these

cobalt oxides show significant catalytic activity for CO

oxidation. However, if water vapor exists in the feed gas,

the catalytic activity of cobalt oxide catalysts decreases

rapidly [23], which limits the application of the catalyst in

many fields.

Ceria has a high oxygen storage capacity and well-

known catalytic and redox properties (couples of Ce4+/

Ce3+), making more oxygen available for the oxidation

process [24]. Besides being widely used in the automotive

three-way catalytic converter [25] and participating

directly in chemical process [26], it improves CO oxidation

[9, 27].

Due to the sensitivity of the cobalt oxide catalysts to

water vapor and the advantages of ceria, the oxidation of

CO over CoOx/CeO2 have been studied [27, 28]. Kang min

et al. [27] prepared the CoOx/CeO2 catalyst by a co-pre-

cipitation method and found that it exhibited excellent

water resistance for CO oxidation at 150 �C. Shao et al.

[28] found that the CoOx/CeO2 catalyst, prepared by a

co-precipitation–oxidation method, also had a very good
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water resistance. They attributed mainly the excellent

water resistance to the interaction between CeO2 and

Co3O4 in the Co3O4/CeO2 catalyst.

In our previous work [18], the single component Co3O4

catalyst with high activity and stability had been developed

with a very simple preparation method. In the present

work, the CeO2/Co3O4 catalyst with excellent water

resistance had been prepared for CO oxidation. The effect

of CeO2 doping on structure and catalytic performance of

Co3O4 catalyst was studied for low-temperature CO oxi-

dation. Combined with characterizations, a possible reason

for the excellent water resistance of the CeO2/Co3O4 cat-

alyst has been given.

2 Experimental

2.1 Catalyst Preparation

The Co3O4 samples were prepared via a liquid-precipita-

tion method in an aqueous solution and calcined at 300 and

400 �C for 3 h, respectively. The detailed preparation

procedure was described in our previous paper [18].

The CeO2/Co3O4 catalyst was prepared by impregnation

of the Co3O4 calcined at 300 �C with an aqueous solution

of desired concentration of Ce(NO3)3�6H2O (the ceria

loading is 5 wt%) , drying at 110 �C for 24 h, and calci-

nation in air at 400 �C for 3 h. The Co3O4 catalyst calcined

at 400 �C was used for comparison. Pure CeO2 was pre-

pared by decomposition of Ce(NO3)3�6H2O at 400 �C for

3 h in air.

2.2 Catalyst Characterization

X-ray diffraction (XRD) measurements were performed

using a Rigaku D/MAX-2250 X-ray diffractometer with a

target of Cu Ka operated at 50 kV and 60 mA with a

scanning speed of 0.5�/min and a scanning angle (2h) range

of 10–80�. Average particle size of the samples was eval-

uated from X-ray line broadening analysis (XLBA) using

the well-known Scherer equation (d = 0.89k/bcosh) [29].

N2 adsorption–desorption isotherms at -196 �C were

determined using Micrometritics ASAP 2020 special sur-

face area and porosity analyzer. Prior to the sorption

experiments, the samples were degassed under vacuum at

150 �C for 12 h. The specific surface area (SBET) was

determined from the nitrogen adsorption isotherm.

Transmission electron microscopy (TEM) measurements

were carried out using Hitachi H-600-2 TEM operated at

75 kV. Samples for TEM were dispersed by ultrasonic in

acetone followed by deposition of the suspension onto a

standard Cu grid covered with a holey carbon film.

Temperature-programmed reduction (TPR) provided

information about catalyst reducibility. Five percent H2/N2

flow passed through 30 mg of catalyst with a flow rate of

20 ml min-1. The temperature was ramped from room

temperature to 800 �C at 10 �C min-1.

Fourier transform infrared spectra (FT-IR) of the sam-

ples were obtained on a Bruker TENSOR 27 spectrometer

in the range of 400–800 cm-1. One milligram of each

powder sample was diluted with 200 mg of potassium

bromide (KBr) powder.

2.3 Apparatus and Method for Activity Test

The measurements of catalytic performance for low-tem-

perature CO oxidation were carried out in a continuous

flow laboratory microreactor under atmospheric pressure.

The microreactor was 8 mm i.d. quartz u-tube, and a

thermocouple was set into the catalyst bed to measure the

temperature. The samples were sieved to 40–60 mesh so

that concentration and temperature gradients as well as

pressure drop over the catalyst bed were negligible. About

300 mg of catalysts was used for each run. The feed gas

was adjusted by mass flow controllers consisted of 0.5vol%

CO, 14.4 vol% O2 and 85.1 vol % N2, passed through the

catalyst bed with a total flow rate of 20 ml min-1. The feed

gas in water vapor condition was obtained by passing the

mixed gas through a water bubbler. The variety of water

vapor content was realized by adjusting the temperature of

the water bubbler. Quantitative analysis of CO and CO2

was performed with an on-line gas chromatograph equip-

ped with a 3 m column packed with carbon molecular

sieve, a methanator and a Flame Ionization Detector (FID).

In order to enhance the sensitivity of the detection, CO and

CO2 were converted to CH4 by the mathenator at 360 �C

before entering into the FID. The minimum detection level

was ca. 10 ppm. In addition, the reactor outlet gas was also

analyzed qualitatively using thermal conductivity detector

(TCD). Prior to all catalytic experiments the catalysts were

pretreated in flowing air at 200 �C for 30 min to yield clean

surface and then cooled in the absence of flowing air.

3 Results and Discussion

3.1 Characterization of Catalysts

The XRD patterns of the Co3O4 and CeO2/Co3O4 catalysts

are shown in Fig. 1. Characteristic spinel Co3O4 peaks are

detected in the both catalysts. But CeO2 peaks are not

observed in the CeO2/Co3O4 catalyst, meaning that the

CeO2 exists in the catalyst as a high dispersed state. From

the Fig. 1, the characteristic spinel Co3O4 peaks broaden
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due to the doping of a small quantity of ceria. The average

particle size of the Co3O4 and CeO2/Co3O4 catalysts is 18

and 10 nm, respectively, calculated using the Scherer

equation. Apparently, the Co3O4 in the composite catalyst

has a higher dispersion degree and the doping of a small

quantity of ceria can significantly increases the thermal

stability of the Co3O4 species in the CeO2/Co3O4 catalyst.

The SBET of the Co3O4 and CeO2/Co3O4 catalysts is 46

and 70 m2 g-1, respectively determined from nitrogen

adsorption isotherms. Increasing of the SBET of the CeO2/

Co3O4 catalyst is attributed possibly to the higher disper-

sion degree of Co3O4 in the composite catalyst due to the

doping of a small quantity of Ceria, which is generally

consistent with our TEM observation (will be presented

shortly).

It is clear that the TEM image (b) of the CeO2/Co3O4

catalyst shows monodisperse and ultrafine particles in the

Fig. 2. But the significant aggregation of the Co3O4 cata-

lyst can be observed from the TEM image (a) and may

induce the decrease of the SBET of the Co3O4 catalyst. The

particle size of the Co3O4 and CeO2/Co3O4 catalysts esti-

mated from TEM is 20–25 and 10–15 nm, respectively,

which is generally consistent with the calculation from the

broadening of powder diffraction peaks in X-ray patterns.

Apparently, the CeO2/Co3O4 catalyst shows good sintering

resistance due to the doping of CeO2.

Figure 3 shows the TPR profiles of various catalysts.

The Co3O4 and CeO2/Co3O4 catalysts include two reduc-

tion peaks, namely a peak and b peak. According to the

literature [21], the low-temperature a peak (PH2
� a) can be

ascribed to the reduction of Co3+ ions, present in the spinel

structure, into Co2+, with the subsequent structure change

to CoO, which follows the higher-temperature b peak

(PH2
� b) and is due to the reduction of CoO to metallic

cobalt. The peaks can be attributed to the step-wise

reduction of cobalt oxide via Co3þ ! Co2þ ! Co0: There

are two H2 consumption peaks in the TPR profile of CeO2

in the Fig. 3. The peak at around 530 �C (PH2
� c) is due to

the reduction of surface oxygen species. The higher tem-

perature peak (PH2
� d) appeared at around 840 �C is

attributed to the bulk reduction of CeO2 by elimination of

O2- anions of the lattice and formation of Ce2O3 [30].

From the Fig. 3, the doping of a small quantity of Ceria

makes the reduction peak of Co3O4 in the CeO2/Co3O4

catalyst shift to higher temperature, which is in accord with

the literature [12]. In addition, the peak area ratio of PH2

�b=PH2
� a for the Co3O4 catalyst is 3.01:1, which is

quantitatively consistent with the theoretical calculation.
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Fig. 1 XRD patterns of the Co3O4 and CeO2/Co3O4 catalysts: (a)

Co3O4; (b) CeO2/Co3O4

Fig. 2 TEM images of the

Co3O4 and CeO2/Co3O4

catalysts: (a) Co3O4; (b) CeO2/

Co3O4
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But it is 4.29:1 for the CeO2/Co3O4 catalyst. If the b peak

of the CeO2/Co3O4 catalyst is ascribed to the reduction of

Co2+ to Co0 only, this result would mean that there are

more Co2+ in the CeO2/Co3O4 catalyst than in pure Co3O4.

However, we have not detected the presence of more Co2+

(in the form of CoO) in the XRD. Therefore, there must be

some other reduction reaction occurred that corresponds to

this peak. One may notice the presence of H2 consumption

peaks of ceria (PH2
� c and PH2

� d). Although these peaks

were very weak for pure ceria, their contribution to PH2
� b

of CeO2/Co3O4 could be enhanced by the presence of

cobalt. According to the literatures [30, 31], the easier

reduction of Ceria in the presence of transition metal is

generally interpreted as a spill-over process of the metal to

Ceria. Since the reduction of Co2+ to Co occurs at the

temperature of b peak, the formation of Co may enable

hydrogen to reduce CeO2. So the reduction of CeO2 also

contributes to the b peak. According to the result of TPR,

there is the significant interaction between CeO2 and

Co3O4 in the CeO2/Co3O4 catalyst.

Figure 4 shows the FT-IR spectra of the Co3O4 and

CeO2/Co3O4 catalysts. Both of the samples show two

distinctive bands at ca. 567 (m1) and 665 cm-1 (m2), origi-

nating from the stretching vibrations of the cobalt–oxygen

bond of Co3O4 spinel oxide [12, 16]. The m1 band is

associated with OB3 vibrations in the spinel lattice, where

B denotes the Co3+ in an octahedral position, and the m2

band is attributed to the ABO3 vibrations, where A denotes

the Co2+ in a tetrahedral position [18]. The m1 band of

Co3O4 in the CeO2/Co3O4 catalyst shifts slightly to higher

wavenumber, compared to that of the single component

Co3O4 catalyst, meaning the existence of the interaction

between CeO2 and Co3O4 in the composite catalyst.

3.2 Catalytic Performance for Low-Temperature CO

Oxidation

Figure 5 illustrates the stability of various catalysts for CO

oxidation with 0.6% water vapor in the feed gas at room

temperature. As seen from the Fig. 5, CO complete con-

version over the Co3O4 and CeO2/Co3O4 catalysts could be

maintained for only 20 min. So the both catalysts are very

sensitive to water vapor in the feed gas at room tempera-

ture. When the reaction temperature is raised to 110 �C

(seeing the Fig. 6), CO complete conversion is maintained

at least 8,400 min over the CeO2/Co3O4 catalyst with 0.6%

water vapor in the feed gas. However, the CO complete

conversion can be maintained for only 100 min over the

Co3O4 catalyst under the same condition. In addition,

seeing from the Fig. 6, the CO complete conversion over

the physically mixed CeO2-Co3O4 catalyst (5 wt% CeO2)

can be maintained for only 130 min which is close to the

catalytic performance of the single component Co3O4

catalyst. At room temperature, pure CeO2 has an original

conversion of 4.1%, but deactivates rapidly for CO oxi-

dation with 0.6% water vapor in the feed gas (seeing the

Fig. 5). When the reaction temperature is raised to 110 �C,

the conversion increases to 6.5%, then gradually decreases

to 2.9% within 120 min over pure CeO2 (seeing the Fig. 6).
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Fig. 3 TPR profiles of various catalysts: (a) Co3O4; (b) CeO2/Co3O4;
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Fig. 4 IR characterization of the Co3O4 and CeO2/Co3O4 catalysts:

(a) Co3O4; (b) CeO2/Co3O4
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Fig. 5 Catalytic performance of various catalysts in the presence of

0.6% water vapor in the feed gas at room temperature: j CeO2/

Co3O4; h Co3O4; pure CeO2

324 X.-D. Hou et al.

123



Apparently, the water resistance of the CeO2/Co3O4

catalyst is much better than the single component Co3O4

and physically mixed catalysts for low-temperature CO

oxidation. Pure CeO2 has a very low activity for CO oxi-

dation at both room temperature and 110 �C. This

illuminates that there is a synergistic effect between Co3O4

and CeO2, which strongly affect the water resistance of the

CeO2/Co3O4 catalyst for CO oxidation. According to the

characterization results, the CeO2/Co3O4 catalyst possesses

higher dispersion degree, smaller particles and larger SBET

than the single component Co3O4 catalyst due to the dop-

ing of a small quantity of Ceria. In addition, Ceria has a

high oxygen storage capacity and well-known redox

properties, and the activity of catalysts to water–gas shift

reaction (WGSR) is improved by the addition of Ceria [32–

34]. Moreover, a trace quantity of H2 is detected by TCD in

the reactor outlet gas in the CO oxidation reaction. But, the

H2 is not detected in the reactor outlet gas for the single

component Co3O4 catalyst. Thus we can conclude that

water–gas shift reaction occurs over the CeO2/Co3O4 cat-

alyst in the CO oxidation reaction at 110 �C. The WGSR

between adsorbed CO and the hydroxyl groups on ceria

may proceed through the redox mechanism.

CO adsð Þ þ 2CeO2 ¼ CO2 þ Ce2O3,

OHþ Ce2O3 ¼ 2CeO2 þ 1/2 H2

where CeO2 is reduced to Ce2O3 by CO to give CO2 and

the hydroxyl group then react with Ce2O3 to give CeO2 and

H2 [35]. H2O molecules are competitively absorbed to the

active sites and poison the cobalt oxide surface [23], which

makes the single component Co3O4 catalyst deactivate

within a period of time. But, with the doping of CeO2, H2O

absorbed on the composite catalyst can be decomposed via

WGSR. Thus, CO can be completely converted for a long

time in the water vapor condition. So we think the water–

gas shift reaction is the more direct reason for the excellent

water resistance of the CeO2/Co3O4 catalyst for low-tem-

perature CO oxidation.

The catalytic stability of the CeO2/Co3O4 catalyst was

further investigated at various temperatures. After CO

complete oxidation was maintained for 8,400 min over the

CeO2/Co3O4 catalyst, the reaction temperature decreased

from 110 to 100 �C and the water vapor content was kept

to 0.6%. As seen from the Table 1, the CO conversion

decreases to 87.9% after the temperature maintains at

100 �C for 60 min. Then the reaction temperature ramps

from 100 to 110 �C at 1 �C/min. The CO conversion is

able to return to 100% after the temperature maintains at

110 �C for 240 min.

The effect of water vapor content on water resistance of

the CeO2/Co3O4 catalyst for CO oxidation was also studied

at 110 �C showing in the Table 2. CO conversion over the

composite catalyst is 97.3% after maintaining the water

vapor content at 1.8% for 4,220 min. But CO conversion

decreases to 94.4% when water vapor content rises to 4.0%

and passes for 240 min. However, CO conversion can

return again to 100% after 60 min when the water vapor

content returns to 0.6%. From the Tables 1 and 2, one can
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Fig. 6 Catalytic performance of various catalyst in the presence of

0.6% water vapor in the feed gas at 110 �C: CeO2/Co3O4;

Co3O4; physically mixed CeO2-Co3O4; pure CeO2 Inset: The

inset shows a magnification of the left curves for a clear comparison

Table 1 The effect of reaction temperature on water resistance of the

CeO2/Co3O4 catalyst

Reaction

temperature (�C)

Sustaining

timea (min)

CO conversionb

(%)

105 98.1

100 30 90.8

60 87.9

110 30 98.1

60 97.8

240 100

a Sustaining time at the certain temperature
b CO conversion tested after corresponding time maintained at the

certain temperature

Table 2 The effect of water vapor content on water resistance of the

CeO2/Co3O4 catalyst

Water

vapor

content

(%)

Timea

(min)

CO

conversionb

(%)

1.8 4,220 97.3

4.0 30 97.0

60 95.7

120 94.5

240 94.4

a Keeping time at the certain water vapor content
b CO conversion tested after corresponding time maintained at the

certain water vapor content
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be suggested that the CeO2/Co3O4 catalyst is very sensitive

to the reaction temperature and the water vapor content in

the feed gas, but the deactivation is reversible.

4 Conclusions

The CeO2/Co3O4 catalyst was prepared with a simple

precipitation–impregnation method and the effect of CeO2

doping on the structure and catalytic performance of Co3O4

catalyst had been investigated. The tests for CO oxidation

indicate that at room temperature, the Co3O4 and CeO2/

Co3O4 catalysts are both very sensitive to water vapor in

the feed gas and they can maintain CO complete conver-

sion for only 20 min with 0.6% water vapor. Surprisingly,

when the reaction temperature rises to 110 �C, CO com-

plete oxidation over the CeO2/Co3O4 catalyst can be

maintained at least 8,400 min, showing very good water

resistance. But the CO complete oxidation can be main-

tained for only 100 min over the Co3O4 catalyst. The

characteristic results reveal that the CeO2/Co3O4 catalyst

possesses higher dispersion degree, smaller particle and

larger surface area, due to the doping of a small quantity of

CeO2, and exists the interaction between CeO2 and Co3O4,

which may contributed to the excellent resistance to water

vapor poisoning for CO oxidation over the composite

catalyst. Furthermore, the H2 detected in the reactor outlet

gas seems to indicate that the water–gas shift reaction is the

more direct reason.
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