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Without use of any surfactant or oxidant, a series of Co3O4 catalysts have been prepared from cobalt nitrate aqueous solution

via a very simple liquid-precipitation method with ammonium acid carbonate followed by calcination at various temperatures.

The catalytic performance of the Co3O4 for CO oxidation has been studied with a continuous flowing laboratory microreactor

system. The results show that the CO conversion of all the samples can reach 100% at ambient temperature. The catalyst

calcined at 300 �C is able to maintain its activity for CO complete oxidation more than 500 min at 25 �C and about 240 min

even at )78 �C. High reaction temperature results in a high catalytic stability, while the catalytic stability decreases with further

increasing the reaction temperature. Characterizations with X-ray powder diffraction and transmission electron microscopy

suggest that all the samples exist as a pure Co3O4 phase with the spinel structure, the samples are apt to aggregate and the

specific surface area gradually decreases with increasing the calcination temperature, which directly leads to the decrease of

catalytic stability. Furthermore, the amount of active oxygen species measured by CO titration experiments appears to be critical

for catalytic performance.
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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 areas of applications [1–9]. Par-
ticularly, these applications include air-purification
devices for respiratory protection, pollution control
devices for reducing industrial and automotive emis-
sions, closed-cycle carbon dioxide lasers, removing trace
quantities of CO from the ambient air in sealed cabins
such as submarines and space crafts on long duration
missions and carbon monoxide gas sensors. Recently,
the selective CO oxidation in the fuel cell at low tem-
perature also becomes important. Precious metal cata-
lysts, such as Pd/CeO2–TiO2, Pd/NaZSM-5, Pt/CeO2

and Sn–Pt/SiO2 [10–13], especially many gold-base cat-
alysts supported on different materials have been studied
for CO oxidation and show high catalytic activities [14–
20]. However, the sensitivity of precious metals to sulfur
poisoning and their high cost have long motivated the
search for substitute catalysts including various transi-
tion metal oxides [21–37].

As a promising candidate of precious metal catalysts,
cobalt oxide catalysts have attracted considerable
attention because of not only its high activity for CO

and hydrocarbon oxidation [26, 38], but also its use in
the Fischer–Tropsch synthesis [39], NO decomposition
[40], and ammonia oxidation [41]. Particularly, the low-
temperature CO oxidation over Co3O4 has been studied
by several groups. Jia et al. [27] prepared nanometer
Co3O4 using dodecylbenzene sulfonic acid sodium salt
(DBS) as the surfactant and found it was able to oxide
completely CO at low temperature, but without using
DBS the catalytic activity became very poor. Lin et al.
[28–29] and Wang et al. [30] reported the synthesis of
Co3O4 by the precipitation-oxidation method with
hydrogen peroxide as the oxidant combined with the
temperature program reduction technique. Wang et al.
found that the Co3O4 prepared by precipitation-oxida-
tion method with hydrogen peroxide exhibited higher
activity than that prepared by impregnation or hydro-
thermal due to the use of oxidant. Yu Yao [26] studied
kinetic parameters and Jansson [32] studied the deacti-
vation for the reaction over Co3O4 obtained from the
decomposition of Co2O3 or commercial Co3O4, but the
activity or stability was not good. From the results of
the literatures it can be seen that the surfactant or oxi-
dant is necessary to obtain a Co3O4 catalyst with high
catalytic activity and stability. However, about the
above mentioned method there are many disadvantages
such as the second pollution due to elimination of sur-
factant, the complicated process of operation and the
cost of surfactant and oxidant.
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In this paper, without use of any surfactant or oxi-
dant, the Co3O4 catalysts with high catalytic activity for
low-temperature CO oxidation were obtained via better
control of various preparation parameters in liquid-
precipitation process. Influences of activity test condi-
tion on the catalytic performance were also discussed.
The samples were characterized by means of X-ray
powder diffraction (XRD), Transmission electron
microscopy (TEM), N2 adsorption-desorption, Infrared
spectroscopy (FT-IR) and CO titration. The results of
this physicochemical characterization were discussed in
relation to the exhibited catalytic performance of the
Co3O4 catalysts.

2. Experimental

2.1. Preparation of catalysts

A Co3O4 sample was prepared via a liquid-precipi-
tation method in an aqueous solution. 30 ml of 4.0 M
cobalt nitrate solution was added drop by drop to 30 ml
of 2.0 M ammonium acid carbonate solution under
constant stirring at 25 �C. The temperature was then
raised to 30 �C and maintained for 3 h. The final pH is
about 8.0. The resulting suspension was filtered and the
obtained precipitate was washed several times with
deionized water, and then it was dried in air at 110 �C
for 12 h. Finally, the samples were calcined at 250, 300,
400 and 600 �C in flowing air for 3 h, respectively. The
obtained samples were coded as LPC-T, where T refers
to the calcination temperature.

2.2. Characterization of catalysts

XRD patterns of the samples were recorded on a
Rigaku D/MAX-RB 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
15–75 �. Average particle sizes of the Co3O4 samples
were measured from X-ray line broadening analysis
(XLBA) using the well-known Scherrer equation [42]:

d ¼ 0:89k
Bð2hÞcosh

N2 adsorption–desorption isotherms at )196 �C were
determined using CE SORPTOMATIC 1990 SERIES
instrument. Prior to the sorption experiments, the
samples were degassed under vacuum at 150 �C for
12 h. The specific surface area was determined from the
nitrogen adsorption isotherm.

The infrared spectra (FT-IR) of the samples were
obtained on a 1730 Infrared Fourier Transform Spec-
trometer (Perkin–Elmer) in the range of 450–1500 cm)1

with a resolution of 4 cm)1. One milligram of each
powder sample was diluted with 200 mg of potassium
bromide (KBr) powder.

Transmission electron microscopy (TEM) measure-
ments were carried out by using Hitachi H-800 TEM
operated at 80 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.

The amount of active oxygen species on the catalysts
was measured by CO titration at 25 �C. 100 mg of
sample was loaded in a 4 mm i.d. quartz microreactor
and heated in flowing air (30 mL min)1) at 200 �C for
30 min, then cooled to 25 �C in flowing N2 (30 mL
min)1). 1 ml of 3% CO/N2 was injected with a syringe
repeatedly until no CO2 was observed in the effluent
gases. The pulses were performed at intervals of 5 min.
The amount of active oxygen species was calculated
from the amount of CO2 obtained during the pulse. The
analysis of the effluent gases (CO and CO2) was per-
formed with an on-line gas chromatograph equipped
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 methanator at
360 �C before entering into the FID. The minimum
detection level was ca. 10 ppm.

2.3. Apparatus and method for activity test

The measurements of catalytic activity for low-tem-
perature CO oxidation were carried out in a continuous
flow laboratory microreactor under atmospheric pres-
sure. The microreactor was a 8 mm i.d. quartz u-tube,
and a thermocouple enveloped in glass was set into the
catalyst bed to measure the temperature. The samples
were sieved to 40–60 mesh so that pressure drop and
concentration and temperature gradients over the cata-
lyst bed were negligible. 300 mg of catalysts was used for
each run. The feed gases adjusted by mass flow con-
trollers consisted of 0.5vol% CO, 14.4vol% O2 and
85.1vol% N2 passed through the catalyst bed with a
total flow rate of 20 mL min)1. Quantitative analysis of
CO and CO2 was the same as the method described in
the CO titration experiment.

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. During the test, pretreatment and reaction gases
were dried fully through the molecular sieve and silica
gel. Control at low temperature ()78, )20 and 0 �C) was
achieved by methanol–dry ice, ice–salt or ice–water
mixture, respectively. For higher than room temperature
a temperature controller was used.

The CO conversion was calculated based on the CO
consumption as follows:

% of Conversion of CO ¼ [CO]in � [CO]out
[CO]in

� 100
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3. Results and discussion

3.1. Characterization of catalysts

The XRD patterns of a series of catalysts obtained at
different calcination temperatures are presented in fig-
ure 1. Powder XRD peaks of the cobalt oxide are well
consistent with the data of the JCPDS file of Co3O4 with
cubic phase. It is clear that Co3O4 is the only phase after
the decomposition of the precipitate at 250, 300, 400 and
600 �C, andnodiffraction peakother than those ofCo3O4

are present. All the samples are well crystallized and the
degree of crystallinity increases gradually with increasing
the calcination temperature. The average particle sizes,
i.e. XLBA sizes, according to the (311) diffraction pattern
of crystalline Co3O4, can be calculated using the Scherrer
equation, which is in broad agreement with our TEM
observation (will be presented shortly), listed in the third
column of table 1. From the results it can be seen that the
order of particle size is: LPC-600(62 nm)>LPC-
400(20 nm)>LPC-300(10 nm)>LPC-250 (8 nm).

Table 1 shows the physicochemical properties of the
samples obtained at calcination temperature ranging
from 250 to 600 �C. The specific surface area (SBET,
m2g)1) is listed in the second column of table 1. Calci-
nation of the sample at 250 and 300 �C had a small
effect on the specific surface area (61–54 m2g)1). How-
ever, it was seen that the specific surface area was
reduced dramatically to 30 m2g)1 (LPC-400) and
9 m2g)1 (LPC-600) when the calcination temperature
was further increased to 400 and 600 �C, respectively.
The decrease of the specific surface area is probably due
to the growth and aggregation of the Co3O4 nanopar-
ticles with the increasing calcination temperature, which
is also agreement with our TEM observation (will be
presented shortly).

Figure 2 shows the FT-IR spectra of the samples
treated at different temperatures. The appearance of two
distinctive bands at ca. 568 (m1) and 667 cm)1 (m2),

originating from the stretching vibrations of the metal–
oxygen bond, confirms the formation of the Co3O4

spinel oxide [43–45]. 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 [46–47]. With the
decrease of the particle size, the two bands slightly shift
to a lower wave number due to a large number of defects
at the surface of the much smaller nanoparticles to
weaken the Co–O bond strength. The redistribution of
free electrons between the surface and the bulk results in
a decrease of the bond force constant, and consequently
absorption red shifts [30]. The band near 1382 cm)1 of
the LPC-250 IR spectra suggests that the sample cal-
cined at 250 �C was contaminated with some nitrate
radical residues [46], which disappear in other samples
calcined at higher temperature.

It is clear that the TEM images of the Co3O4 samples
(figure 3) calcined at 250 and 300 �C show monodis-
perse and ultrafine particles with uniform size about 5–
13 nm, which is generally consistent with the calculation
from the broadening of powder diffraction peaks in X-
ray patterns. The particles are apt to aggregate together
randomly with increasing the calcination temperature. It

Figure 1. XRD patterns of Co3O4 calcined at different temperatures:

(a) 250 �C; (b) 300 �C; (c) 400 �C and (d) 600 �C.

Table 1

SBET, XLBA size, TEM size, Amount of active oxygen species and

stability on CO oxidation of Co3O4 calcined at different temperatures

Sample SBET
(m2g)1)

XLBA

(nm)

TEM

(nm)

Amount of

active oxygen

species (l molg)1)

Stability

(nm)

LPC-250 61 8 5–10 99 240

LPC-300 54 10 8–13 144 500

LPC-400 30 20 18–22 91 230

LPC-600 9 62 44–80 21 50

Figure 2. FTIR spectra of Co3O4 calcined at different temperatures in

KBr: (a) 250 �C; (b) 300 �C; (c) 400 �C and (d) 600 �C.
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can be seen that there exists a certain extent of coagu-
lation of the LPC-400, to a higher degree, of the LPC-
600. The particle sizes estimated from TEM are pre-
sented in the fourth column of table 1.

Figure 4 shows the amount of active oxygen species,
as obtained by CO titration and listed in the fifth col-
umn of table 1. The plot of active oxygen species shows
a volcano curve with calcination temperature. The LPC-
300 possesses the most amounts of active oxygen spe-
cies. The same as the specific surface area, the amounts
of active oxygen species decrease with increasing the
calcination temperature. However, the LPC-250 pos-
sesses fewer amount of active oxygen species than that
of the LPC-300, though the specific surface area of the
former is slightly larger.

3.2. Catalytic performance for low-temperature CO
oxidation

3.2.1. Influence of calcination temperature on CO oxi-
dation performance

The CO oxidation performance of LPC-250, LPC-
300, LPC-400 and LPC-600 as a function of reaction
time is compared and given at room temperature in
figure 5. It is evident that all the catalysts exhibit very

high activity for CO oxidation at room temperature and
the calcination temperature has a strong influence on the
catalytic performance. However, the results are different
from the reports presented by Jia [27], i.e. the high
activity Co3O4 catalyst was obtained only under using
DBS as the surfactant during the preparation process
and being calcined at 300 �C. The results are also better
than that of the literatures [28–30]. Under the similar
pretreatment and reaction conditions, Lin et al. [28–29]
and Wang et al. [30] reported that the full conversion of
CO is reached at about 130 �C. It can also be observed
that the reaction stability of CO oxidation increases
gradually with the decrease of calcination temperature
except 250 �C. The time of CO complete conversion is
50, 230, 500 and 240 min, respectively, listed in the last
column of table 1.

Clearly, all the samples possess high catalytic activity
existing as a pure Co3O4 phase with a spinel structure.
However, the geometrical form and the particle size of
Co3O4 are quite different for various catalysts. With
increasing calcination temperature, the particles tended
to aggregate and grow, which result in the decrease of
the specific surface area, and the amount of active
oxygen species on the samples. Hence, raising the
calcination temperature results in a lower stability

Figure 3. TEM images of Co3O4 catalysts calcined at different temperatures: (a) 250 �C; (b) 300 �C; (c) 400 �C and (d) 600 �C.
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(figure 5). However, the stability of CO oxidation over
the LPC-250 is lower than that over the LPC-300,
though the particle size of the former is smaller and the
specific surface area is slightly larger. It should be noted
that the amount of active oxygen species on the LPC-

250 is fewer than that on the LPC-300, probably due to
the presence of some nitrate radical residues on the
surface of the LPC-250.

Jia et al. [27] reported that the particle size of Co3O4

catalysts was crucial to the catalytic performance for
low-temperature CO oxidation. Lin et al. [28] found
that the catalytic activities toward the CO oxidation
were decreased significantly with the oxidation state of
cobalt, i.e. CoO(+2) ‡ Co3O4(+8/3)� CoO(OH)(+3)
‡ CoOx(>+3), and Wang et al. [30] reported that the
T50 was decreased significantly with increasing the SBET
of the Co3O4. With the increase of calcination temper-
ature, unlike the trend of particle size and specific sur-
face area, the amount of active oxygen species showed a
volcano curve. This indicates that the amount of active
oxygen species is one of the main factors which affect the
catalytic performance.

3.2.2. Influence of reaction temperature on CO oxidation
Figure 6 shows the CO oxidation performance of the

LPC-300 catalyst as a function of reaction time at var-
ious reaction temperatures, which are )78, )20, 0, 25
and 50 �C, respectively. Apparently, the catalyst showed
very high activity for CO oxidation at low temperature
and it was able to maintain its activity for CO complete

Figure 4. Effect of calcination temperature on the amount of active oxygen species on the Co3O4 catalysts.

Figure 5. Catalytic performance of Co3O4 catalyst calcined at differ-

ent temperatures (reaction conditions: CO 0.5%, O2 14.4%, GHSV

5000 h)1, room temperature.).

Y.-Z. Wang et al./Preparation and catalytic performance of Co3O4 catalysts140



oxidation at )78 �C about 240 min followed by periodic
oscillations of CO conversion, just as the result reported
by Cunningham [31]. The most probable explanation is
the intermittent decomposition of carbonate intermedi-
ates at the catalyst surface. It can be seen that the sta-
bility of the LPC-300 catalyst increases with increasing
reaction temperature from )78 to 25 �C, though the
difference of the stability at )20 and 0 �C is not obvious.
The results are better than that of the literatures, and the
T50 is )54, 80, and )63 �C [31–32, 34], respectively.
However, raising the reaction temperature to 50 �C, the
time of CO complete conversion decreased compared to
that of 25 �C. This is, perhaps, related to the strong
thermal release originated from the CO oxidation, and
the further investigation is still under discussion.

4. Conclusions

Without use of any surfactant or oxidant, a series of
Co3O4 catalysts with a high catalytic activity were pre-
pared by a very simple liquid-precipitation method. It
can be seen that all the samples calcined at different
temperatures exist as a pure Co3O4 phase with the spinel
structure. The samples calcined at 250 and 300 �C show
monodisperse and ultrafine particles with the particle
size being 5–13 nm. The particles tend to aggregate and
the average size increases gradually with increasing the
calcination temperature from 250 to 600 �C, and the
specific surface area decreases from 61 to 9 m2g)1.
Particularly, the sample obtained at 250 �C is contami-
nated with some nitrate radical residues which disappear
at other samples calcined at higher temperature. The
present preparation method is facile, inexpensive and
practical in scale up.

The samples are very effective for the low-tempera-
ture CO oxidation. The catalytic stability of the sample

toward CO oxidation increases with decreasing calci-
nation temperature from 600 to 300 �C due to the
decrease of the average particle size and the increase of
the specific surface area. CO titration experiments show
that the amount of active oxygen species on the samples
appears to be critical for catalytic performance. The
LPC-300 possesses the most amounts of active oxygen
species and shows the highest catalytic stability com-
pared to that of other samples. The LPC-300 is able to
maintain its activity for CO complete oxidation more
than 500 min at 25 �C and about 240 min even at
)78 �C. Compared with Co3O4 catalyst reported in the
literatures, our catalysts exhibit better low-temperature
catalytic performance.
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