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Abstract−NO oxidation was conducted over cobalt oxides supported on various supports such as SiO2, ZrO2, TiO2,
and CeO2. The N2 physisorption, an inductively coupled plasma-atomic emission spectroscopy (ICP-AES), X-ray dif-
fraction (XRD), NO chemisorptions, the temperature-programmed desorption (TPD) with a mass spectroscopy after
NO or CO chemisorptions were conducted to characterize catalysts. Among tested catalysts, Co3O4 supported on ceria
with a high surface area showed the highest catalytic activity. This catalyst showed superior catalytic activity to un-
supported Co3O4 with a high surface area and 1 wt% Pt/γ-Al2O3. For ceria-supported Co3O4, the catalytic activity, the
NO uptake at 298 K and the dispersion of Co3O4 increased with increasing the surface area of CeO2. The active parti-
cipation of the lattice oxygen in NO oxidation could not be observed. On the other hand, the lattice oxygen participated
in the CO oxidation over the same catalyst. The deactivation was observed over Co3O4/CeO2 and 1 wt% Pt/γ-Al2O3

in the presence of SO2 in a feed. 1 wt% Pt/γ-Al2O3 was deactivated by SO2 more rapidly compared with Co3O4/CeO2.
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INTRODUCTION

Nitrogen oxides (NOx), emitted from stationary and mobile sources,
have been reported to cause several environmental problems such
as acid rain, photochemical smog, ozone layer destruction, and green
house effect, etc. [1]. Therefore, the regulation against NOx emis-
sion has recently been strengthened with increasing the concern for
environmental issues. To meet this requirement, various methods
for NOx control have been examined, such as selective catalytic re-
duction (SCR), NOx storage and reduction (NSR) and selective NOx

recirculation (SNR) [1-5]. Among them, the SCR can be regarded
as one of representative ways to decrease NOx concentration in the
flue gas. This SCR reaction rate has been reported to be directly
dependent on the fraction of NO2 in NOx [6-10]. The enhancement
in the de-NOx rate can be noticeable especially at low temperatures
such as 200-300 oC when equimolar amounts of NO and NO2 are
present in a feed (fast SCR process). This fast SCR process (1) can
give us a way to decrease the reactor size compared with the stand-
ard SCR process (2), especially at low temperatures.

2NH3+NO+NO2→2N2+3H2O (1)

2NH3+2NO+1/2O2→2N2+3H2O (2)

Besides NH3-SCR, the presence of NO2 in a feed has been frequently
reported to be beneficial for the conversion of NO into N2 for the
SCR of NO with hydrocarbons [11-18].

In the lean burning natural gas or diesel engine, NOx is mainly
composed of NO. Therefore, the oxidation of NO into NO2 can be
an important reaction for NOx control. Until now, several catalyst
systems have been examined for NO oxidation. They can be grouped

into the noble metals [19-33] and the transition metal oxides [34-46]
catalysts. H. Ohtsuka applied noble metal-loaded sulfated zirconia to
the SCR with methane and found that Ru, Ir and Pt catalysts showed
high activity for NO oxidation [19]. Among noble metal catalysts,
supported Pt-based catalysts have been intensively examined [20-
32]. The NO oxidation activity has been reported to increase with
increasing the particle size of Pt [20]. Based on high throughput ex-
periments, Schmitz et al. reported that the relative order of impor-
tance of the factors evaluated was support>pretreatment>loading>
calcinations atmosphere>calcinations temperature>precursor salt
[26]. Besides of its high price, the development of a catalyst sys-
tem based on the transition metal oxides is required to substitute
Pt-based catalysts because this Pt-based catalyst has been reported
to be deactivated by several causes. Decreasing NO oxidation activ-
ity was observed with concomitant phase transformation from Pt
to PtOx [28,29]. The presence of SO2 and H2O was also reported to
decrease the catalytic activity via formation of sulfate on the support
[29-31] and decrease in Pt surface area [32], respectively. As tran-
sition metal oxides, various catalyst systems have been examined
such as CuO/SiO2-Al2O3(-TiO2, -ZrO2) [34], CuO/NiO/alumina [35],
CuO/NiO/titania [35], Ag/Al2O3 [36], Ga-ZSM-5 [37], In-ZSM-5
[37], Fe-MFI [38,39], Fe-FER [38], Co/Al2O3 [40], Co-H-MFI [41],
Co-H-FER [42], Co/TiO2 [43], Co/ZrO2 [43], Co/KxTi2O5 [44,45]
and Co3O4 [46]. Until now, Co-based catalyst systems have been
frequently reported to have promising catalytic activity for NO oxi-
dation. However, few comparison works among supported cobalt
oxides have been conducted systematically. Yung et al. compared
the NO oxidation activity between Co/TiO2 and Co/ZrO2 and reported
that 10% Co/ZrO2 prepared by an incipient-wetness impregnation
technique was the most active [43].

In this study, cobalt oxides catalysts prepared with different sup-
ports and cobalt contents were compared for the NO oxidation.
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EXPERIMENTAL

1. Preparation of Catalysts
All the catalysts were prepared with a wet impregnation method

from an aqueous solution of cobalt acetate (Co(CH3COO)2·4H2O,
Junsei Chem.). For example, the Co3O4/SiO2 containing 10 wt%
Co was prepared as follows. An aqueous solution of cobalt acetate
was prepared by dissolving 2.34 g of Co(CH3COO)2·4H2O in 50 ml
of deionized water. 5.0 g of SiO2 was put into the solution and mixed
with 60 rpm in a rotary evaporator at an atmospheric pressure at
333K for 6 h. The excess water was evaporated at 333 K in a vacuum
condition and the impregnated sample was recovered and dried in
an oven at 393 K for 12 h. The dried sample was calcined in air at
573 K before a reaction.

Metal oxides such as TiO2 (Degussa, P-25, SBET=51.3 m2/g), CeO2

(Rhodia, denoted as CeO2 (H), SBET=300 m2/g), and SiO2 (Aldrich,
SBET=348.7 m2/g) were purchased and utilized as a support. Addition-
ally, CeO2(M) and ZrO2 were prepared with a precipitation method
from Ce(NO3)3·H2O (Kanto Chemical) and ZrOCl2·8H2O (Junsei
Chem.), respectively. 1 M NaOH solution and 1 M NH4OH solu-
tion were utilized as a precipitation agent for each sample and the
precipitant was filtered, dried at 393 K and calcined in air at 773 K
before use as a support. The BET surface area was determined to
be 74 m2/g and 94 m2/g for CeO2 (M) and ZrO2, respectively.

The cobalt oxide (Co3O4) was prepared by a precipitation method.
The pH of an aqueous solution of Co(NO3)2 was increased to 8 by
an addition of 1 M NaOH solution. The slurry was aged for 1 h at
353 K, filtered, and washed with deionized water several times to
remove sodium ion. The cake was then dried at 373 K overnight.
Cobalt oxide was finally calcined in air at 573 K before a reaction.

1 wt% Pt/g-Al2O3 was purchased from Aldrich and utilized as a
reference catalyst. All the catalysts were calcined at 573 K in air
for 1 h before a reaction. Its BET surface area was determined to
be 94 m2/g.
2. Characterization of Catalysts

The BET surface area was calculated from N2 adsorption data
that were obtained by using the Autosorb-1 apparatus (Quantach-
rome) at liquid N2 temperature. Before the measurement, the sam-
ple was degassed in vacuum for 4 h at 473 K.

Chemical composition of the prepared samples was analyzed by
inductively coupled plasma-atomic emission spectroscopy (ICP-
AES, JY-70Plus, Jobin-Yvon); the results are listed in Table 1 and 2.

Bulk crystalline structures of catalysts were determined with an
X-ray diffraction (XRD) technique. XRD patterns were recorded

on a Rigaku D/MAC-III using Cu Kα radiation (λ=0.15406 nm),
operated at 40 kV and 100 mA (4.0 kW). The crystalline size of
CeO2 and Co3O4 was calculated by applying the Scherrer line broad-
ening equation as follows [47].

where L denotes the average particle size, the value 0.9 is chosen when
B(2θ) is the full width at half maximum (FWHM) of the peak broad-
ening in radians, λKα1

 is the wavelength of X-ray radiation (0.15406
nm), and θmax is the angular position at the (111) peak maximum of
CeO2 and at the (311) peak maximum of Co3O4, respectively.

NO uptake measurements were performed in an AutoChem 2,910
unit (Micromeritics) equipped with a thermal conductivity detector
(TCD) to measure NO consumption and an on-line mass spectrom-
eter (QMS 200, Pfeiffer Vacuum) to detect any organic or inorganic
species in the effluent stream during NO uptake experiment. Quartz
U-tube reactors were loaded with 0.1 g of sample. In the case of
1 wt% Pt/γ-Al2O3, 0.5 g of sample was used to obtain more reliable
data because much smaller amounts of NO appeared to be chemi-
sorbed on this catalyst compared with those of supported cobalt oxides
catalysts. All the catalysts were pretreated by calcinations in 20 vol%
O2 in N2 at 573 K for 1 h, then cooled to room temperature. The
NO uptake measurement was carried out at 298 K in 30 cm3/min
of He stream through a pulsed-chemisorption technique, in which
50µl pulses of NO were used, after any residual oxygen in a line
was removed by flowing He at 298 K for 1 h.

The temperature programmed desorption (TPD) of NO was car-
ried out after NO chemisorption at 298 K in an AutoChem 2,910
unit (Micromeritics) and an on-line mass spectrometer (QMS 200,
Pfeiffer Vacuum) to analyze the desorbed species in the effluent
stream during TPD experiment. After NO chemisorption at 298 K,
the TPD was performed using 30 cm3/min of He from 313 K to 573
K at a heating rate of 10 K/min monitoring the mass signals after any
residual species in a line were removed by flowing He at 313 K
for 1 h.

The CO chemisorption was also conducted for 1 wt% Pt/γ-Al2O3

in the same way as described in the NO chemisorption, except that
0.2 g of sample was used after reduction in H2 at 573 K for 1 h and
that CO was used instead of NO after any residual hydrogen in a
line was removed by flowing He at 300 K for 1 h.

The temperature programmed desorption (TPD) of CO was car-
ried out for Co3O4 after CO chemisorption at 298 K in the same way
as mentioned in the NO-TPD, except that 0.1 g of Co3O4 calcined
in 20 vol% O2 in N2 at 573 K for 1 h was utilized.

L = 
0.9λKα1

B 2θ( )cosθmax
---------------------------

Table 1. The physicochemical properties of cobalt oxides supported
on various supports and unsupported Co3O4

Catalysts Co content
(wt%)

Surface
area (m2/g)

NO uptake at 298 K
(µmolNO/gcat.)

Co3O4/CeO2(H) 09.5 230 504
Co3O4/CeO2(M) 09.6 066 047
Co3O4/ZrO2 09.5 086 017
Co3O4/TiO2 09.1 057 009
CoOx/SiO2 08.1 272 048
Co3O4 72.6 065 146

Table 2. The physicochemical properties of Co3O4/CeO2(H) con-
taining different amounts of Co

Co content
(wt%)

Surface area
(m2/g)

NO uptake at 298 K
(µmol/gcat.)

04.1 256 369
06.2 253 499
07.8 252 513
09.5 230 504
12.2 230 388
16.1 228 366
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3. Activity Test
The catalytic activity was measured in a small fixed bed reactor

of 8-mm i.d. with catalysts that had been retained between 45 and
80 mesh sieves. Reactant gases were fed to the reactor by means
of electronic mass flow controller (MKS). The reactant gas typi-
cally consisted of 500 ppm NO and 5 vol% O2 in N2. All the lines
were heated above 423 K to prevent any gas from condensation.
For a typical screening experiment, 0.15 g of catalyst was con-
tacted with the reactant gas with a total flow rate of 200 ml/min.
The NOx concentration in the inlet and outlet gas was analyzed by
means of a NO/NO2 combustion gas analyzer (Euroton). From the
concentration of the gases at steady state, NO conversion can be
calculated according to the following formula:

The subscripts in and out indicated the inlet concentration and
outlet concentration at steady state, respectively.

RESULTS AND DISCUSSION

The cobalt contents and the surface areas for all prepared cata-
lysts are presented in Table 1 and 2. The effect of kinds of support
on NO oxidation in the dry condition was examined over cobalt
oxides supported on different supports as shown in Fig. 1. Unsup-
ported Co3O4 and 1 wt% Pt/γ-Al2O3 were also tested at the same
reaction condition. The catalytic activity for NO oxidation decreased
in the following order: Co3O4/CeO2(H)~1 wt% Pt/γ-Al2O3>>Co3O4>
CoOx/SiO2>Co3O4/CeO2(M)>Co3O4/ZrO2>Co3O4/TiO2. The most
active catalyst, Co3O4/CeO2(H), has a comparable catalytic activity
for this reaction over all reaction temperatures with a well-known
noble metal catalyst, Pt/γ-Al2O3. The amount of chemisorbed CO
on 1 wt% Pt/γ-Al2O3 was determined to be 26.4µmolCO/gcat., which
could be interpreted that the Pt dispersion was 51% based on the

assumption that CO could be chemisorbed on surface Pt atom lin-
early. This Co3O4/CeO2(H) exhibited superior catalytic activity to
Co3O4 even at the same contact time. Irfan et al. [46] reported that
unsupported Co3O4 was the most active catalysts for NO oxidation
and also found that its catalytic activity as well as its surface area
decreased with increasing calcination temperature. In this work, we
could prepare Co3O4 with a higher surface area than that reported
by Irfan et al. [46]. Therefore, it can be concluded that the catalytic
activity of cobalt oxides catalysts can be increased further by choos-
ing the proper supports. While comparing the catalytic activity among
Co3O4 supported on ceria with different surface areas, we have found
that the catalytic activity for NO oxidation is strongly dependent
on the surface area of CeO2. The catalytic activity for NO oxida-
tion increased with increasing the surface area of ceria.

The NO uptake was obtained at 298 K for unsupported Co3O4

and cobalt oxides supported on various supports and listed in Table 1.
The specific NO uptake decreased in the following order: Co3O4/
CeO2(H)>>Co3O4>CoOx/SiO2~Co3O4/CeO2(M)>Co3O4/ZrO2>Co3O4/
TiO2. The Co3O4/CeO2(H) shows the largest NO uptake, which is
larger than any other supported catalysts by at least 10 times. No
detectable NO uptake can be obtained for CeO2(H). Therefore, the
NO chemisorptions can be regarded to be due to the presence of
Co3O4 in the catalyst. Because the order among different supported
cobalt oxides catalysts for the specific NO uptake is same with that
of the catalytic activity for NO oxidation, it can be said that the cat-
alytic activity increases with the NO uptake among examined sup-
ported cobalt oxides catalysts. In the case of 1 wt% Pt/γ-Al2O3, the
NO uptake at 298 K was determined to be 1.6µmolNO/gcat., which

NO Conversion %( ) = 
NO[ ]in − NO[ ]out

NO[ ]in
-------------------------------------- 100×

Fig. 1. NO conversion at different reaction temperatures over cobalt
oxide catalysts supported on various supports such as (●)
CeO2(H), (■) SiO2, (▲) CeO2(M), (▼) ZrO2, and (◆) TiO2.
The cobalt content for each catalyst is listed in Table 1. Co3O4

(▽) and 1 wt% Pt/Al2O3 (◇) are also included. Reactants:
500 ppm NO, 5% O2 in N2. 0.15 g of catalyst was contacted
with the reactant gas with a total flow rate of 200 ml/min.

Fig. 2. X-ray diffraction patterns of Co3O4 (a) and cobalt oxides
supported on various supports such as CeO2(H) (b), CeO2

(M) (c), SiO2 (d), ZrO2 (e), and TiO2 (f). The cobalt content
for each catalyst was listed in Table 1. All these catalysts were
calcined in air at 573 K before an experiment.
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is far less than those of supported cobalt oxides catalysts.
X-ray diffraction patterns were obtained for all tested samples as

shown in Fig. 2. Except for CoOx/SiO2, Co3O4 was the only observ-
able crystalline structure for cobalt species. No noticeable XRD peak
corresponding to Co3O4 can be found for CoOx/SiO2. Based on the
Scherrer line broadening equation, the crystalline size of Co3O4 for
unsupported Co3O4 was determined to be 19.3 nm. In the case of
Co3O4 supported on ceria with a different surface area, the XRD peak
corresponding to CeO2 and Co3O4 was strengthened with decreas-
ing its surface area. The crystalline size of ceria for Co3O4/CeO2(H)
and Co3O4/CeO2(M) was determined to be 4.5 nm and 12.0 nm,
respectively. The crystalline size of ceria increased with decreasing
its surface area. Although the presence of crystalline phase of Co3O4

can be confirmed in Co3O4/CeO2(H), the crystalline size of Co3O4

cannot be calculated because of its broad and weak peak intensity.
On the other hand, the crystalline size of Co3O4 in Co3O4/CeO2(M)
was determined to be 10.2 nm. The crystalline size of Co3O4 de-
creased with increasing the surface area of CeO2.

The effect of cobalt content on the BET surface area and the
specific NO uptake was investigated over cobalt oxides supported
on the high-surface area CeO2 as shown in Table 2. The BET sur-
face area decreased with increasing cobalt contents. The specific
NO uptake increased, showed the maximum value when the cobalt
content was 7.8 wt%, and then decreased with further increasing the
cobalt content. The effect of cobalt content on the catalytic activity
for NO oxidation was also examined over cobalt oxides supported
on the high-surface area CeO2 as shown in Fig. 3. At the same contact
time, the NO conversion increased, showed the maximum value,
and then decreased with increasing the cobalt content. This cata-
lytic activity for NO oxidation with increasing the Co content is in
line with the specific NO uptake at 298 K.

Fig. 4 shows the XRD patterns for Co3O4/CeO2(H) containing
different amounts of Co. For Co3O4/CeO2(H) with the cobalt con-
tent of 7.8 wt% and less, no representative XRD peaks correspond-
ing cobalt species can be found. Only when the cobalt content was
9.64 wt% and above it, the XRD peaks representing Co3O4 appeared

and these peaks were strengthened with increasing Co content. This
implies that the crystalline size of Co3O4 increased with increasing
the cobalt content. Based on the Scherrer line broadening equation,
the crystalline size of Co3O4 for Co3O4/CeO2(H) containing 12.2 wt%
Co was determined to be 7.5 nm, which is much smaller than that
of unsupported Co3O4. It can be assumed that the crystalline size of
Co3O4 is smaller than 7.5 nm for Co3O4/CeO2(H) containing less
than 12.2 wt% Co. The increasing crystalline size of Co3O4 for Co3O4/
CeO2(H) with increasing the Co content can be confirmed by the
fact that the crystalline size of Co3O4 for Co3O4/CeO2(H) contain-
ing 16.1 wt% Co was determined to be 11.0 nm, which is larger
than that of Co3O4 for Co3O4/CeO2(H) containing 12.2 wt% Co.

Temperature programmed desorption (TPD) after NO chemi-
sorptions at 298 K was conducted to find out whether the lattice
oxygen can take part in NO oxidation or not over Co3O4/CeO2(H)
and unsupported Co3O4 as shown in Fig. 5. Interestingly, NO2 was
not detected during TPD till 573 K, which supports the fact that
the lattice oxygen does not contribute on NO oxidation. Only NO
was desorbed at different temperature, which implies that there are
different adsorption sites for NO chemisorptions. For comparison,
temperature programmed desorption (TPD) after CO chemisorptions
at 298 K was conducted to find out whether the lattice oxygen can
take part in CO oxidation or not over unsupported Co3O4 as shown
in Fig. 6. CO was desorbed and the evolution of CO2 was observed
at different temperatures. This can be strong evidence that the lattice

Fig. 3. NO conversion at 493 K over Co3O4/CeO2(H) containing
different cobalt contents. Reactants: 500 ppm NO, 5% O2

in N2. 0.15 g of catalyst was contacted with the reactant gas
with a total flow rate of 200 ml/min.

Fig. 4. X-ray diffraction patterns of Co3O4/CeO2(H) containing dif-
ferent amounts of cobalt such as (a) 4.1, (b) 6.2, (c) 7.8, (d)
9.6, (e) 12.2, and (f) 16.1 wt%. All these catalysts were cal-
cined in air at 573 K before an experiment.
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oxygen can participate in CO oxidation. Based on these results, NO
oxidation occurs via surface oxygen-mediated mechanism not through
lattice oxygen-mediated one.

The catalytic stability in the presence of SO2 in a feed was in-
vestigated over 1 wt% Pt/γ-Al2O3 and Co3O4/CeO2(H) as shown in
Fig. 7. Both catalysts were deactivated in the presence of SO2 in a
feed. Co3O4/CeO2(H) was more resistant to SO2 poisoning com-
pared with 1 wt% Pt/γ-Al2O3. The deactivation rate increased with
increasing SO2 concentration in a feed. This deactivation due to SO2

in a feed was confirmed to be irreversible based on the experimental
result that the decreased NO conversion did not increase but main-
tained after interrupting SO2 supply in a feed. The cause of the de-
activation phenomenon over Co3O4/CeO2(H) in the presence of SO2

in a feed can be explained by the fact that the NO uptake decreased
significantly after exposure to SO2 in a feed. The active site for NO
chemisorptions might be blocked by the adsorbed SO2 species, and
thus the reaction rate decreases steadily in the presence of SO2 in a
feed.

CONCLUSIONS

Cobalt oxides supported on ceria with a high surface area showed

Fig. 5. Temperature programmed desorption (TPD) patterns of
NO adsorbed on (a) Co3O4/CeO2(H) containing 9.6 wt% Co
and (b) Co3O4.

Fig. 6. Temperature programmed desorption (TPD) patterns of
CO adsorbed on Co3O4.

Fig. 7. The normalized activity at 543 K over 1 wt% Pt/Al2O3 (a)
and Co3O4/CeO2(H) containing 9.6 wt% Co (b) in the pres-
ence of SO2 in a different ppm level such as (●) 100 ppm
and (■) 10 ppm. This normalized activity was calculated
by determining the NO conversion in the presence of SO2

with the NO conversion in the absence of SO2. Reactants:
500 ppm NO, x ppm SO2, 5% O2 in N2. 0.15 g of catalyst was
contacted with the reactant gas with a total flow rate of 200
ml/min.
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the highest catalytic activity for NO oxidation among cobalt oxides
supported on SiO2, ZrO2, TiO2, and CeO2. This catalyst showed com-
parable catalytic activity with 1 wt% Pt/γ-Al2O3. It also showed su-
perior catalytic activity to unsupported Co3O4 with a high surface
area. For ceria-supported Co3O4, the catalytic activity, the NO uptake
at 298 K and the dispersion of Co3O4 increased with increasing the
surface area of CeO2. The catalytic activity for NO oxidation appears
to be closely related with the NO uptake at 298 K for tested sup-
ported cobalt oxides catalysts. The active participation of the lattice
oxygen in NO oxidation cannot be observed. On the other hand,
the lattice oxygen participated in the CO oxidation over the same
catalyst. Irreversible deactivation was observed over Co3O4/CeO2

and 1 wt% Pt/γ-Al2O3 in the presence of SO2 in a feed. 1 wt% Pt/γ-
Al2O3 was deactivated by SO2 more rapidly compared with Co3O4/
CeO2.
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