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Abstract In this paper, the Co30, catalysts prepared by
the liquid phase precipitation method were investigated
with respect to their activity and stability in CO oxidation
reaction. The Co30, catalysts were comparatively investi-
gated by thermal gravimetry analysis (TG-DTG), X-ray
powder diffraction (XRD), N, adsorption, CO titration and
O,-temperature program desorption (O,-TPD). The results
of XRD show that all the catalysts exist as a pure Co3;0y4
phase with the spinel structure. The high catalytic activity
observed at ambient temperature is followed by a gradual
decrease. The CO titration experiments show that the
Co30, catalysts possess active oxygen species. The total
amount of active oxygen species and the specific surface
area decrease with increasing calcination temperature. The
O,-TPD results indicate that O; and O™ are the possible
active oxygen species.

Keywords Co3;0, - Low-temperature CO oxidation -
Catalytic activity - Active oxygen species

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. These applications include
air-purification devices for respirator [1], pollution control
devices for reducing industrial and automotive emissions
[2], closed-cycle carbon dioxide lasers [3], carbon
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monoxide gas sensors [4, 5], removing trace quantities of
CO from the ambient air in sealed cabins and fuel cell [6,
7]. Precious metal catalysts, such as Au/TiO,, Au/BaCOs3,
AU/ZI'02, AU./CCOz, AU/L21203, AU/C602/A1203, Pd/ZnO,
Pd/CeO,-Ti0O,, Pd/CeO,, Pt/CeO, and Sn-Pt/SiO,, have
been studied for CO oxidation and showed high activities
[8-17]. Due to high prices and scarce of noble metal,
attention has been given to search an alternative catalytic
component to reduce using or even replace the noble metal.
Transition metal oxides are good substitute catalysts
because of their low-price and wide use [18-32]. Among
them, cobalt oxide catalysts have attracted considerable
attention because of their high catalytic activity for CO
oxidation [25-32]. Up to now, the studies about CO oxi-
dation over Co30,4 mainly focus on the preparation method
of Co30,4 and the deactivation mechanism. However, the
origin of high activity of Co3;0,4 in low-temperature CO
oxidation is less studied.

The main purpose of the present work was to investigate
the catalytic behavior and the origin of the high activity of
the Co30, prepared via the liquid-precipitation method.
CO oxidation was used as a test reaction.

2 Experimental
2.1 Preparation of Catalysts

The Co3;0,4 samples were prepared via a liquid-precipita-
tion method in an aqueous solution. Thirty milliliters 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
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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 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

Thermal gravimetry analysis (TG/DTG) was carried out
using a ZRY-1P thermal analyzer. The rate of heating was
maintained at 10 °C/min and the mass of the sample was
~8 mg. The measurement was carried out from ambient
temperature to 750 °C under nitrogen atmosphere flowing
at a rate of 40 mL/min.

X-ray powder diffraction (XRD) analysis was performed
to verify the species present in the catalysts. XRD patterns
of the samples were recorded on a Rigaku D/MAX-RB
X-ray diffractometer with a target of Cu K, operated at
50 kV and 60 mA with a scanning speed of 0.5°/min and a
scanning angle (20) range of 15-75°.

N, 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 (Sggr) was determined from the
nitrogen adsorption isotherm.

The amount of active oxygen species on the catalysts
was measured by CO titration at 25 °C. One hundred
milligrams of sample was loaded in a 4 mm i.d. quartz
microreactor and heated in flowing air (30 mL/min) at
300 °C for 30 min, then cooled to 25 °C in flowing N,
(30 mL/min). One milliliter of 3%CO/N, was injected with
a syringe repeatedly until no CO, was observed in the
effluent gases. The time between the pulses was 5 min. The
amount of active oxygen species was calculated from
the amount of CO, obtained during the pulse. The analysis
of the effluent gases (CO and CO,) was performed 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
detection sensitivity, CO and CO, were converted to CH,
by the methanator at 360 °C prior to entering into the FID.
The minimum detection level was ca. 10 ppm.

The O,-TPD investigation was performed in a conven-
tional temperature programming system equipped with a
TCD for analysis. The catalyst sample (100 mg) was pre-
treated in helium (99.995%) at 300 °C for 1 h, then the
oxygen adsorption was proceeded with 20%O0,/N, at
200 °C for 0.5 h. After cooling to room temperature, the
0,-TPD measurement was performed using helium
(30 mL/min) as carrier gas. The temperature was increased
at a rate of 15 °C/min from room temperature to 900 °C.

2.3 Measurement of Catalytic Activity

The measurements of catalytic activity of low-temperature
CO oxidation were carried out in a continuous flow labo-
ratory microreactor under atmospheric pressure. The
microreactor was a 8§ mm i.d. quartz u-tube, and a ther-
mocouple 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 catalyst bed were negligi-
ble. Three hundred milligrams of catalyst was used for
each run. The feed gases adjusted by mass flow controllers
consisted of 0.5 vol% CO, 14.4 vol% O, and 85.1 vol% N,
passed through the catalyst bed with a total flow rate of
20 mL/min. Quantitative analysis of CO and CO, was the
same as the method described in the CO titration experi-
ment. Prior to all catalytic experiments the catalysts were
pretreated in flowing air at 300 °C for 30 min to yield clean
surface and then cooled to room temperature in the absence
of flowing air. During the test, pretreatment and reaction
gases were dried fully through the molecular sieve and
silica gel.

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

[COJ;, — [CO]

% of conversion of CO = icol,, out 5 100

3 Results and Discussion
3.1 TG-DTG Analysis of Co304

Figure 1 shows the TG-DTG curves for the decomposition
of Co;0, precipitate dried at 80 °C in a dynamic nitrogen
(40 mL/min) environment. The TG curve shows the two
weight loss steps and the DTG curve shows the maximum
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Fig. 1 The TG-DTG curves of Co30, dried at 80 °C
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loss rate at 110 and 220 °C (labeled as T; and T5),
respectively. Weight loss of 8.4% in T, step is mainly the
removal of the surface adsorbed water. Weight loss of
31.6% in T, should be the decomposition of Co,(OH),CO5
into Co30, that is close to the theoretical value (35.4%).
No obvious weight loss was observed above 300 °C.
Therefore, the results indicate that Co3;0, calcined at
300 °C or higher temperatures becomes stable.

3.2 XRD and Sggr Analysis of Co30y4

The XRD patterns of a series of Co;0,4 catalysts obtained at
different calcination temperatures are presented in Fig. 2.
Powder XRD peaks of the cobalt oxide are well consistent
with the data of the JCPDS file of Co;04 with cubic phase.
The peaks at 20 value of 18.9°, 31.2°, 36.9°, 38.6°, 44.8°,
55.6°, 59.3° and 65.2° correspond to the crystal planes of
(111), (220), (311), (222), (400), (422), (511) and (440) of
crystalline Co;0y, respectively. It is clear that Co;0y is the
only phase after the decomposition of the precipitate at
300, 400 and 600 °C, and no diffraction peak other than
those of Co304 are present. All the samples are well
crystallized and the degree of crystallinity increases grad-
ually with increasing the calcination temperature. It is seen
that LPC-300 diffraction peaks (Fig. 2a) are broader and
lower than others, indicating the presence of very small
crystal size of Co3;04. However, the diffraction peaks of
LPC-600 become sharper apparently (Fig. 2c), and the
sample LPC-400 is position medium.

The average particle sizes of the Co3;0, calcined at
different temperature, according to the (311) diffraction
pattern of crystalline Co30,4, can be calculated using the
well-known Scherrer equation [34]. From the calculational
results it can be seen that the order of the particle size is:
LPC-600(62 nm) > LPC-400(20 nm) > LPC-300(10 nm).

220
111 400 51

440

Intensity (a.u.)

Fig. 2 XRD patterns of Co30, calcined at different temperatures: (a)
300 °C; (b) 400 °C; (¢) 600 °C

@ Springer

120

100

x©
(=)

2
=)
.S
2 —=— LCP-300
g 60
g —— LCP-400
O 40
o —— LCP-600
O 20

0 | |

0 200 400 600

Reaction time (min)

Fig. 3 The catalytic performance of the catalysts calcined at different
temperatures

However, the order of Sggr of the Co3z0, catalysts is: LPC-
30054 m* g~') > LPC-400(30 m* g~') > LPC-

600(9 m* g~'), which is opposite to that of the particle
size. The decrease of the Spgr is probably due to the
growth and aggregation of the Co;O,4 nanoparticles with
the increasing calcinations temperature.

3.3 Activity Measurement

The relationships between CO oxidation performance and
reaction time on various catalysts are shown in Fig. 3.
Figure 3 indicates that the LPC-300, LPC-400 and LPC-
600 exhibit very high catalytic activity at room temperature
and the calcination temperature has a strong influence on
the catalytic performance. The reaction stability increases
gradually with the decrease of calcination temperature. The
time of CO complete conversion is 50, 230 and 500 min,
respectively.

3.4 CO Titration Analysis

From the results of XRD, Sggr analysis and the activity
measurement, it can be seen that the time of CO complete
conversion is related to the particle size and the surface
specific area, however, which could not simply elucidate
the low-temperature high activity of the Coz0, catalyst.
There maybe is the surface oxygen species that affects the
catalytic performance [35].

In order to study the origin of high activity of the Co30,
in low-temperature CO oxidation, CO titration analysis was
performed and the results were summarized in Figs. 4 and
5. It is clear that all the Co30, catalysts produce CO, at
ambient temperature in a similar manner, in the absence of
gas phase oxygen. It indicates that the active oxygen spe-
cies formed during the pretreatment process on the
catalysts can react with the CO at ambient temperature.
From Fig. 4 we can also see that CO can be oxidized
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Fig. 4 CO titration reaction over Co30y catalysts (25 °C, *-CO, @-
CO,) (a)-LPC-300, (b)-LPC-400, (¢)-LPC-600

completely over LPC-300 in the thirteenth pulse. However,
over LPC-600, CO cannot be converted completely in the
third pulse. According to the amount of CO, obtained
during the pulse, the amount of active oxygen species can
be calculated. The relationships between the amount of
active oxygen species and calcination temperature are
shown in Fig. 5. With increase of calcination temperature,
the amount of active oxygen species over the catalysts also
decreases, which is one of the main factors that affects the
catalytic stability.

3.5 O,-TPD

The results of CO titration analysis show that the all the
catalysts possess active oxygen species, and the amount of
the active oxygen species have largely depended on the
calcination temperature.

To investigate the type of oxygen species and identify
the active oxygen species, the samples were pretreated in
helium (99.995%) at 300 °C for 1 h, and the oxygen
adsorption was proceeded with 20%0O,/N, at 200 °C for
0.5 h, then they were used for O,-TPD measurement.
Figure 6 shows the O,-TPD profiles of the samples. At
least four kinds of oxygen species desorb, which are
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Fig. 5 Effect of calcination temperature on the amount of active
oxygen species
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Fig. 6 The O,-TPD profiles of the samples (a)-LPC-300, (b)-LPC-
400, (c)-LPC-600

designated as peaks a, f§, y and 9, respectively. As shown in
the figure, peak o is located at about 225 °C and with
calcination temperature increasing the area of the peak
decrease gradually. However, the temperatures of peak f§
are at 390, 420 and 440 °C, respectively. The temperatures
of peak 7 increase with the calcination temperature
increasing.

Generally, the adsorbed oxygen changes by the following
procedures: O,(ad) —» Oz (ad) —» O (ad) — Ozf(lattice)
[36]. The physically adsorbed oxygen and O (ad) species
are relatively easy to desorb. In Fig. 6 peak « may be O; (ad)
species. The temperature of f and y peak are relatively high,
therefore, it is more reasonable to assign them to the
desorption of O™ species. Besides the three peaks, there is
another one at very high temperature (>700 °C), which
perhaps comes from the lattice oxygen. Figure 7 is the O,-
TPD profiles of the fresh and deactivated catalyst (LPC-400).
From the figure we can see that after deactivation the peak

Intensity (a.u.)
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Fig. 7 The O,-TPD profiles of the fresh and deactivated samples (a)
the fresh, (b) the deactivated
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o and f and part of the peak y disappear, but the peak 0 is
same as the fresh. So we can concluded that O, and O™ are
the possible active oxygen species, however, the lattice
oxygen has no effect on the activity and stability of the cat-
alyst in low-temperature CO oxidation.

4 Conclusions

The Co30, catalysts have been prepared by the liquid
phase precipitation method and calcined at different tem-
peratures. All samples exist as a pure Co;0,4 phase with the
spinel structure. These catalysts exhibit high catalytic
activities toward the oxidation of CO at low temperature.
The CO titration experiments show that the Co3;0, catalysts
possess active oxygen species, which is the origin of high
activity. The total amount of the active oxygen species and
the specific surface area decrease with increasing calcina-
tion temperature. According to the O,-TPD results of the
fresh and the deactivated samples, we determine the O,
and O™ species responsible for the possible active oxygen
species. The lattice oxygen has no effect on the catalytic
performance of Co;0, in low-temperature CO oxidation.
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