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Copper iron composite oxides (CuO/Fe2 O3 ) and copper cobalt composite oxides (CuO/Co3 O4 ) for the
catalytic reduction of NO with CO at low temperature were prepared by co-precipitation. The catalytic
activity and thermal stability of the catalysts were evaluated by a microreactor-GC system. The 100%
conversion temperatures of NO are 80 ◦ C for CuO/Fe2 O3 and 90 ◦ C for CuO/Co3 O4 . The catalysts possess
high catalytic activity and favorable thermal stability for NO reduction with CO in a wide temperature range
and long time range. A systematic study of the molar ratios of the reactants, the volume of NaOH, aging
time, and calcination temperature/time was carried out to investigate the influence preparation conditions
on the catalytic activity of the catalysts.
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tures, vanadia titania composite oxide (V2 O5 /TiO2 ) is
commonly used. In this catalyst system, the active temperature range is 320-360 ◦ C with 100% conversion of
NOx . When the temperature is lower than 260 ◦ C, the
catalysts are non-active in NOx catalytic reduction [36].
New Fe2 O3 based materials have been developed for the
selective catalytic reduction (SCR) of NOx by NH3 in
diesel exhaust [6]. The highest catalytic activity is observed for ZrO2 that is coated with 1.4 mol%Fe2 O3 and
7.0 mol%WO3 (1.4Fe/7.0W/Zr). By the use of this catalyst, quantitative conversion of NOx is obtained. The
third type of catalysts is high temperature catalysts (zeolite), with an active temperature range from 345 ◦ C
to 590 ◦ C. Zeolite based catalysts present high activity only at high temperatures, and deactivate at low
temperature [35].
The reaction of NO with CO is one of the most important reactions in automobile exhaust gas catalysis,
in which the most used noble metals are rhodium, platinum, and palladium [37]. However, noble metals have
their own problems, such as high cost, narrow active
temperature range and complex pre-treatment, so we
need to search for the substitutes. Consequently, considerable attention has been paid to transition metals
as active component in three-way catalysts (TWCs) and
automobile exhaust gas catalysts.
Nano-scale transition metals and their oxides may
provide significantly improved catalytic activities over
non-nano catalysts due to their small particle size, high
specific surface area, more activity sites and excellent
redox properties. Recently, considerable attention is
given to catalytic systems with a synergistic effect. Due
to the synergistic effect, the composite oxides of transition metals exhibited obviously higher catalytic activity
on NO catalytic reduction [38].
This paper reports the preparation of copper iron

I. INTRODUCTION

In recent decades, the emission of various nitrogen
oxides (NOx ) into the atmosphere has been occurring
on a massive scale. To comply with the environmental emission standard, removal of these contaminants is
necessary. The purification of these exhaust gases is regarded as one of the main goals of air pollution control
[1-4].
To convert highly toxic NO into non-toxic N2 by catalytic reaction is the most effective method of removing
NO. Up to now, some success has been met in the catalytic reduction of NO. In the catalytic reduction of
NO, ammonia (NH3 ) [5-8], carbon monoxide (CO) [911], hydrocarbons [12-15], methane (CH4 ) [16-20], or
hydrogen (H2 ) [21,22] are used as reducing agent, and
noble metals [23-25], metal oxides [26,27], mesostructured alumino-silicates [28,29], pillared clays [30], active
carbon [31], or perovskite-type oxides [32,33] are used
as catalysts.
There are three types of catalysts for NOx catalytic
reduction [34]. Low temperature catalysts (Pt-based)
were first considered for the catalytic reduction of NOx .
They are active in the catalytic reduction of NOx at low
temperature, but the selectivity and activity are poor
at high temperature. The active temperature range of
Pt type catalysts is 260-300 ◦ C with 100% conversion
of NOx . When the temperature is lower than 150 ◦ C,
the catalysts are non-active on NOx catalytic reduction
[35]. The second type of catalyst is medium temperature catalysts (metal oxides). Among metal oxide mix-
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composite oxides (CuO/Fe2 O3 ) and copper cobalt composite oxides (CuO/Co3 O4 ) and their application in the
catalytic reduction of NO with CO. To investigate the
influence of preparation conditions on the catalytic activity and thermal stability, a systematic study of the
preparation conditions was carried out. The results indicate that the prepared CuO/Fe2 O3 and CuO/Co3 O4
exhibited obviously high catalytic activity and thermal
stability in a wide temperature range and long time
range on NO reduction with CO. Their total conversion temperatures are 80 and 90 ◦ C, respectively.
II. EXPERIMENTS

All chemicals, obtained from Shanghai Chemical
Reagent Ltd. Co. of China, were analytical grade and
used without further purification.
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position of 284.6 eV. The thermogravimetry-differential
thermal analysis (TG-DTA) of the catalysts were conducted on a Rigaku Standard Model thermal analyzer
(in air atmosphere, flow rate: 90 mL/min; heat rate:
10 ◦ C/min). The specific surface areas (SBET ) of the
catalysts were calculated from a multipoint BraunauerEmmett-Teller (BET) analysis of the nitrogen adsorption isotherms at 77 K recorded on an Omnisorp 100CX
instrument. The catalytic activity and stability of the
catalysts were evaluated on a small fixed-bed microreactor operating under atmospheric pressure and an online GC using 100 mg sample of 0.18-0.45 mm. The flow
rate of the feed gas was 30 mL/min. The effluent gas
was analyzed with an online FuLi9790 model gas chromatograph with a Molecular Sieve 13 X column and
a thermal conductivity detector (TCD). The catalysts
were directly exposed to reaction gas containing (volume ratio) 1.0%NO, 5%CO, and 94.0%Ar.

A. Preparation
III. RESULTS AND DISCUSSION

CuO/Fe2 O3 was prepared by co-precipitation. In a
typical procedure, the aqueous solutions of 0.25 mol/L
Cu(NO3 )2 ·3H2 O and 0.25 mol/L Fe(NO3 )3 ·9H2 O were
pre-mixed in a 1:5 ratio. An aqueous solution of NaOH
(25%) was added to the pre-mixed solutions under vigorous stirring at ambient temperature. The precipitates
were aged in the mother liquid for several hours. Then,
the precipitates were filtered, washed several times with
hot, deionized water, and dried in vacuum at 80 ◦ C for
6 h. Subsequently, the samples were calcined at different temperatures for several hours in air. The catalysts
with different catalytic activities were obtained by varying the preparation conditions in the above preparation
method.
The preparation process of CuO/Co3 O4 was similar to that of CuO/Fe2 O3 , except that the premixed solution was obtained from aqueous solutions
of CuSO4 ·5H2 O (0.5 mol/L, 3 mL) and CoCl2 ·6H2 O
(0.5 mol/L, 15 mL).

A. Structure characterization

The XRD patterns of CuO/Fe2 O3 and CuO/Co3 O4
calcined at different temperature are shown in Fig.1.

B. Sample characterization

The phase purity and structure parameters of catalysts were examined by X-ray powder diffraction
(XRD), using a Rigaku Dmax γ-A X-ray diffractometer with graphite-monochromatized Cu Kα radiation
(λ=0.15418 nm), with a scanning rate of 0.05 ◦ /s in
the 2θ range from 10◦ to 70◦ and the operation voltage
and current maintained at 40 kV and 40 mA, respectively. The transmission electron microscopy (TEM)
images were recorded on a Hitachi Model H-800 instrument with a tungsten filament, using an accelerating voltage of 200 kV. The X-ray photoelectron spectral (XPS) measurements were carried out on an ESCALAB MK II X-ray photoelectron spectrometer, using Mg Kα radiation as the excitation source. The XPS
spectra were corrected by adjusting the C1s peak to a
DOI:10.1088/1674-0068/21/04/393-400

FIG. 1 XRD patterns of the catalysts. (a) CuO/Fe2 O3 . (b)
CuO/Co3 O4 .
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From Fig.1(a), the crystallinity of CuO/Fe2 O3 improves when the calcination temperature increases from
300 ◦ C to 600 ◦ C. Copper oxide and iron oxide
in the CuO/Fe2 O3 are indexed to monoclinic CuO
(JCPDS No.47-937+ ) and hexagonal Fe2 O3 (JCPDS
No.89-2810). Similarly, Figure 1(b) shows that the
CuO/Co3 O4 was amorphous when the calcination temperature was below 200 ◦ C, but the oxides become
more crystalline when the calcination temperature increases to 500 ◦ C. Copper oxide and cobalt oxide in the
CuO/Co3 O4 are indexed to monoclinic CuO (JCPDS
No.47-937+ ) and cubic Co3 O4 (JCPDS No.78-1970).
The XPS of the prepared CuO/Fe2 O3 calcined at
300 ◦ C and CuO/Co3 O4 calcined at 200 ◦ C are shown
in Fig.2 and Fig.3. The Cu2p and Fe2p binding energies in the CuO/Fe2 O3 are shown in Fig.2. In Fig.2(a),
the peaks of Cu2p3/2 and Cu2p1/2 are centered at 932.5
and 952.3 eV. This suggests the presence of CuO in the
CuO/Fe2 O3 catalyst. The binding energies of Fe2p3/2
and Fe2p1/2 are about 710.8 and 723.8 eV (Fig.2(b)).
This suggests the presence of Fe2 O3 in the CuO/Fe2 O3
catalyst. The Cu2p and Co2p binding energies in the
CuO/Co3 O4 catalyst are shown in Fig.3. In Fig.3(a),
the peaks of Cu2p3/2 and Cu2p1/2 are centered at 933.8
and 953.5 eV. This suggests the presence of CuO in the
CuO/Co3 O4 catalyst. The binding energies of Co2p3/2
and Co2p1/2 are about 779.2 and 794.3 eV, respectively
(Fig.3(b)). This suggests the presence of Co3 O4 in the

CuO/Co3 O4 catalyst.
The general morphologies and microstructure of the
catalysts were investigated by TEM and are presented
in Fig.4. Figure 4(a) shows that uniform CuO/Fe2 O3
nanoparticles were obtained with a narrow distribution.
The average nanoparticle size was approximately 20 nm.
From Fig.4(b), it can be seen that the CuO/Co3 O4
nanoplates are largely formed, which may result in large
SBET of the catalyst.
Figure 5 depicts the typical TG-DTA curves of
the CuO/Fe2 O3 and CuO/Co3 O4 obtained at optimal
preparation conditions. In Fig.5(a), the sharp endothermic peak below 100 ◦ C could be attributed to the loss
of surface absorbed water, which is confirmed by a dramatic weight loss with 4wt% in the TG curve over the
corresponding temperature range. The 7wt% weight
loss from 100 ◦ C to 500 ◦ C on the TG curve could result from the removal of residual hydroxyl groups and
crystallization process in this region. Correspondingly,
no obvious endothermic peaks appeared on the DTA
curve. The exothermic peaks at 540 and 610 ◦ C on the
DTA curve can be attributed to the phase transformation from γ-Fe2 O3 to α-Fe2 O3 and the form of copper
ferrite [39]. Correspondingly, the TG curve does not
show any noticeable mass loss. In Fig.5(b), the sharp
endothermic peak below 100 ◦ C could be attributed to
the loss of surface absorbed water, which is confirmed
by a dramatic weight loss with 3% in the TG curve over

FIG. 2 XPS analysis of the copper iron catalyst calcined at
300 ◦ C.

FIG. 3 XPS analysis of the copper cobalt catalyst calcined
at 200 ◦ C.
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(a)

100 nm

(b)

200 nm

FIG. 4 TEM images of the catalysts. (a) CuO/Fe2 O3 . (b)
CuO/Co3 O4 .

FIG. 5 TG-DTA curves of the catalysts. (a) CuO/Fe2 O3 .
(b) CuO/Co3 O4 .

the corresponding temperature range. The 7% weight
loss from 100 ◦ C to 500 ◦ C on the TG curve could result
from the removal of residual hydroxyl groups and crystallization process in this region. Correspondingly, no
obvious endothermic peak on the DTA curve appeared.
Based on the TG-DTA results, the major phase compositions of the CuO/Fe2 O3 are CuO/Fe2 O3 and hydroxides. The major phase compositions of the CuO/Co3 O4
catalysts are CuO/Co3 O4 and hydroxides.
On the basis of the above analysis, we propose that
the active phase of the catalysts is metal oxides and
hydroxides. As a matter of fact, hydroxide precursors
sometimes could show higher activity than the oxides
as confirmed by the reports from Uphade et al. [40-42].
Although the CuO/Fe2 O3 calcined at 300◦ C is not pure
CuO and Fe2 O3 and the CuO/Co3 O4 calcined at 200 ◦ C
is not pure CuO and Co3 O4 , they still exhibit high catalytic activity on the reduction of NO with CO. This
may be attributed to related influential factors, such as
the molar ratios of the reactants, calcination temperature, active sites, particle size, the specific surface areas,
and the presence of the more active hydroxides, and so
forth.

above, the molar ratios of the reactants, the volume
of NaOH (2.0 mol/L) (pH value), the aging time, and
the calcination temperature/time were changed while
other factors were kept constant. Figure 6 shows the
catalytic activity of CuO/Fe2 O3 in different preparation conditions. From Fig.6, the optimal preparation
conditions of CuO/Fe2 O3 catalysts can be fixed as follows: molar ratios of copper to iron 1:5, pH value 9.0,
ageing time 90 min, calcination temperature 300 ◦ C
and calcination time 5 h. Figure 7 shows the catalytic activity of CuO/Co3 O4 in different preparation
conditions. From Fig.7, the optimal preparation conditions of CuO/Co3 O4 catalysts can be fixed as follows:
molar ratios of copper to cobalt 1:5, volume of NaOH
(2.0 mol/L) 15 mL, ageing time 5 h, calcination temperature 200 ◦ C and calcination time 3 h.
Among these influence factors, the molar ratios of the
reactants have important effect on the catalytic activity
of the catalysts. The catalytic activity of CuO/Fe2 O3
increased with increasing the molar ratios from 1:1 to
1:5 and decreased from 1:5 to 1:8. The CuO/Fe2 O3
with molar ratio of 1:5 exhibited the highest catalytic
activity with the lowest T100% (80 ◦ C) (Fig.6(a)). The
T100% here is defined as the temperature where the conversion of NO reaches 100%. Similarly, the catalytic
activity of CuO/Co3 O4 increased with increasing the
molar ratios form 1:1 to 1:5 and decreased from 1:5
to 1:7. The CuO/Co3 O4 catalyst with molar ratio of
1:5 exhibited high catalytic activity with lowest T100%
(90 ◦ C) (Fig.7(a)). These results indicate that increas-

B. Activity and stability tests of the catalysts

The preparation conditions of catalysts have important effects on the catalytic activity, so these effects
were investigated. According to the co-precipitation as
DOI:10.1088/1674-0068/21/04/393-400
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FIG. 6 The preparation conditions of the catalysts CuO/Fe2 O3 : (a) Cu:Fe, (b) pH value, (c) aging time, (d) calcination
temperature, and (e) calcination time.

FIG. 7 The preparation conditions of the catalysts CuO/Co3 O4 : (a) Cu:Co (mol/mol), (b) NaOH solution volume, (c)
aging time, (d) calcination temperature, and (e) calcination time.
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ing the copper content in the catalysts can promote the
catalytic activity of the catalysts to some extent, but
after the content of copper species achieved a certain
value, the catalytic activity of the catalysts was decreased with the increasing of copper species content.
These results show that the catalytic activity of the
catalysts is strongly influenced by the dispersion of the
copper species on the catalysts. We propose that the
observed changes of the catalytic activity were probably
due to the influence of different copper content in the
catalysts, which results in different dispersion of copper
on the catalysts and probably changes the active sites
on the surface of the catalysts and the catalytically active components of the catalysts.
The calcination temperature of the catalysts also has
an important effect on the catalytic activity. Figure
6(d) shows that the catalytic activity of CuO/Fe2 O3 increased by increasing the calcination temperature from
200 ◦ C to 300 ◦ C and decreased sharply from 300 ◦ C
to 600 ◦ C. The catalyst calcined at 300◦ C exhibited the
highest catalytic activity on the reduction of NO with
CO and the total conversion temperature was 80 ◦ C.
From Fig.7(d), it can be seen that the catalytic activity of CuO/Co3 O4 increased by increasing the calcination temperature from 150 ◦ C to 200 ◦ C and decreased sharply from 200 ◦ C to 500 ◦ C. The catalyst
calcined at 200 ◦ C exhibited the highest catalytic activity on the reduction of NO with CO and the total conversion temperature was 90 ◦ C. This may result
from the catalytic activity of the catalysts. The catalytic activity of the catalysts is strongly influenced by
the microstructure of the catalysts, and the structure
of the catalysts is strongly influenced by the calcination temperature. The SBET and T100% of the catalysts
calcined at different temperatures and the individual
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TABLE I SBET and T100% of the catalysts calcined at different temperatures and the individual CuO, Fe2 O3 , Co3 O4
catalysts.

CuO, Fe2 O3 , Co3 O4 catalysts are shown in Table I. In
Table I, the CuO/Fe2 O3 calcined at 300 ◦ C exhibited
the highest catalytic activity with the lowest T100% and
possessed the largest SBET . Correspondingly, the SBET
of the catalysts increases slowly by increasing the calcination temperature from 200 ◦ C to 300 ◦ C and decreases rapidly from 300 ◦ C to 600 ◦ C. The CuO/Co3 O4
calcined at 200 ◦ C exhibited the highest catalytic activity with the lowest T100% and possessed the largest
SBET . Correspondingly, the SBET of the catalysts increase slowly by increasing the calcination temperature
from 150 ◦ C to 200 ◦ C and decreases rapidly from
200 ◦ C to 500 ◦ C. The modification of the catalytic
activity results from the modification of the catalyst
SBET , which is dependent on calcination temperature.
Additionally, the particle sizes of the CuO/Fe2 O3 catalysts calcined at different temperature were obtained
from the TEM images and the results are shown in Table I. From Table I, it can be seen that the particle size
of the CuO/Fe2 O3 catalysts was increased from 20 nm
to 80 nm with the calcination temperature increasing
from 200 ◦ C to 600 ◦ C, which also has a great influence
on the catalytic activity of the catalysts.
The catalytic activity and thermal stability of the catalysts obtained at optimal preparation conditions were
investigated, and the results are presented in Fig.8. In
Fig.8, the reaction temperatures were measured in the
catalyst bed and were raised from 20 ◦ C to 600 ◦ C. It
is clearly observed from Fig.8 that the catalytic activity of CuO/Fe2 O3 and CuO/Co3 O4 increased with the
increasing of reaction temperature from 20 ◦ C to 80 ◦ C
and from 20 ◦ C to 90 ◦ C. When the reaction temperature was raised from 80 ◦ C to 600 ◦ C for CuO/Fe2 O3
and from 90 ◦ C to 600 ◦ C for CuO/Co3 O4 , the catalysts
still exhibited high catalytic activity with 100% conversion of NO. To further investigate the thermal stability
of the catalysts, the catalytic reaction was maintained
at 600 ◦ C for 500 min. The results showed that NO
could be totally converted by the catalysts.
Thermal stability tests of the CuO/Fe2 O3 and
CuO/Co3 O4 are shown in Fig.9, for which the reaction

Calcination SBET /(m2 /g) T100% Particle
Temp./◦ C
size/nm
200
55.8
120
−
200
46.7
210
−
300
58.6
150
−
200
176.2
100
∼20
300
256.8
80
∼20
400
113.5
100
∼40
500
35.6
180
∼60
600
3.8
260
∼80
150
80.5
110
−
200
145.5
90
−
300
85.6
110
−
400
61.2
140
−
500
40.3
190
−

FIG. 8 Catalytic activity and theremal stabilty tests of the
catalysts.

Catalysts
CuO
Co3 O4
Fe2 O3
CuO/Fe2 O3
CuO/Fe2 O3
CuO/Fe2 O3
CuO/Fe2 O3
CuO/Fe2 O3
CuO/Co3 O4
CuO/Co3 O4
CuO/Co3 O4
CuO/Co3 O4
CuO/Co3 O4
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FIG. 9 Theremal stabilty tests of the catalysts.

FIG. 10 Catalytic activity tests of the individual CuO,
Fe2 O3 , and Co3 O4 catalysts.

temperature was maintained at 70 ◦ C. The catalytic
activity decreased during first 20 min on line, but after
this steady state period the catalytic activity was maintained over 500 min in the testing period. The decrease
of catalytic activity results from the interaction between
the reactants and the oxides, through which redox balance and stable surface composition were established in
the initial stage. The steady state was attained after the
initial stage and maintained over 500 min. The above
experimental results suggest that the CuO/Fe2 O3 and
CuO/Co3 O4 possess high catalytic activity and favorable thermal stability on NO catalytic reduction with
CO in a wide temperature range and long time range.
For comparison, the individual CuO, Fe2 O3 , and
Co3 O4 catalysts were prepared through the same
method as above. Their catalytic activity on the reduction of NO was evaluated in the same way and the
results are shown in Fig.10. In Fig.10, the total conversion temperature of CuO, Fe2 O3 , and Co3 O4 catalysts
were 120, 150, and 210 ◦ C, respectively. The SBET and
T100% of the individual CuO, Fe2 O3 , and Co3 O4 catalysts are presented in Table I. From Table I and Fig.10,
it can be seen that the CuO/Fe2 O3 and CuO/Co3 O4
exhibited obviously higher catalytic activity than the
individual CuO, Fe2 O3 , or Co3 O4 catalyst, which may
be ascribed to a synergistic effect of the composite oxide caused by the interfacial metal-support interaction.
In the initial stage of the catalytic reduction reaction,
the molecules of NO and CO were adsorbed on the surface of the catalysts, then the adsorbed molecules of
NO and CO interacted over the binary mixture of the
catalysts. The active intermediate compounds formed
on the surface of the catalysts. Between the adsorbed
molecules of NO and active intermediate compounds, a
synergism interaction is possible which would result in
the formation of N2 and CO2 [38,43-47].

IV. CONCLUSION

In this work, CuO/Fe2 O3 and CuO/Co3 O4 were successfully prepared by co-precipitation. The catalytic
DOI:10.1088/1674-0068/21/04/393-400
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activity and thermal stability of the catalysts on the
reduction of NO with CO as reducing agent were evaluated. The results indicate that the CuO/Fe2 O3 and
CuO/Co3 O4 present obviously high catalytic activity
and thermal stability on NO reduction compared to individual CuO, Fe2 O3 , or Co3 O4 catalysts. The influence of various preparation conditions on the catalytic
activity was investigated. This preparation method is
simple and low cost.
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