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Catalytic reduction of NO by CO was studied over a series of CuO-CoOx/c-Al2O3 catalysts prepared by
co-impregnation with different copper and cobalt precursors (acetate and nitrate) to evaluate the
structure–activity relationship. The obtained samples were characterized in detail by means of XRD,
LRS, XPS, H2-TPR and in situ FT-IR technologies. Results indicate that copper oxide is agglomerated while
cobalt oxide is dispersed on c-Al2O3 for the catalyst prepared from copper acetate and cobalt acetate
precursors (CuACoA); CuxCo3-xO4 spinel is formed and agglomerated on the catalyst prepared from
copper nitrate and cobalt nitrate precursors (CuNCoN); while both copper oxide and cobalt oxide could
be homogeneously dispersed for the catalyst prepared from copper nitrate and cobalt acetate precursors
(CuNCoA), which exhibits the best activity for NO reduction by CO. Probably the synergistic effect
between dispersed copper oxide and cobalt oxide is propitious to the oxygen transfer, which could be
the reason for its high activities. Finally, a possible reaction mechanism was tentatively proposed to
explore the different catalytic performances in NO reduction by CO model reaction.
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1. Introduction

Nitrogen oxides (NOx), generated in combustion processes (sta-
tionary and mobile sources), are generally believed to be one of the
important atmospheric pollutants to threat ecological environ-
ment and human health [1]. The catalytic reduction of NOx has
been a popular subject in environmental catalysis field. Especially,
the reaction of NO reduction by CO has attracted more attention
due to the simultaneous transformation of NO and CO to non-
toxic N2 and CO2 for the purification of vehicle exhaust [2]. In addi-
tion, it is also a typical model reaction in three-way catalysis (TWC)
to study the adsorption and desorption process of reactants. Noble
metal catalysts have been extensively reported for this reaction [3–
6]. However, due to their scarcity, high cost and poor thermal sta-
bility, many efforts have been devoted to employing catalysts con-
taining transition metal oxides to substitute noble metals.

Transition metal copper oxides-based catalysts show excellent
catalytic performance in the reduction of NO by CO [7–13]. Never-
theless, it was found that unitary copper oxide still showed unsat-
isfactory activity for NO reduction at low temperature. Therefore,
many studies were performed to improve the catalytic efficiency
by utilizing the binary metal oxides catalysts containing Cu-Co or
Cu-Mn mixed oxides due to the synergistic interaction between
Cu and Co (or Mn) [14–23]. For example, Liu et al. studied CuO-
CoOx/Ce0.67Zr0.33O2 or CuO-MnOx/Ce0.67Zr0.33O2 catalysts for NO
reduction by CO and found that the catalysts prepared by co-
impregnation copper nitrate and cobalt nitrate or copper nitrate
and manganese acetate on Ce0.67Zr0.33O2 support were more active
than stepwise impregnation binary metal oxides catalyst or CuO/
Ce0.67Zr0.33O2 catalyst due to the strong interactions between the
copper oxide and cobalt/manganese oxide species [14,15].

Precursors have significant influence on the dispersion, oxida-
tion states and catalytic activities of supported metal oxides during
the impregnation process. For example, Sun et al. have studied the
effect of manganese precursors on the catalytic performances of
CuO-MnOx/TiO2 catalysts prepared by co-impregnation of copper
acetate and manganese acetate or nitrate on TiO2 support and have
found the catalyst prepared from manganese nitrate precursor is
more active since the formation of the surface synergetic oxygen
vacancy (SSOV) (Cu+–h–Mn3+) in the CuMn(N)/TiO2 catalyst is
easier than that (Cu+–h–Mn2+) in the CuMn(A)/TiO2 catalyst [20].
Li et al. have reported the effect of precursors (manganese nitrate
and manganese acetate) on the surface manganese species and
activities of MnOx/TiO2 catalysts for NO reduction and have found
that the higher low-temperature activity of MnOx/TiO2 from Mn
(Ac)2 precursor is attributed to higher surface Mn concentration
and the surface Mn2O3 species [24]. We have studied the effect
of cobalt precursors on the structure and catalytic performance
of CoOx/c-Al2O3 catalysts for CO oxidation and have found that
CoO/c-Al2O3 catalyst prepared from cobalt acetate precursor exhi-
bit better dispersion and catalytic performances than Co3O4/c-
Al2O3 catalyst prepared from cobalt nitrate precursor [25]. How-
ever, to our knowledge, little attention has been paid to comparing
the effect of copper and cobalt precursors on the structure and cat-
alytic performances of CuO-CoOx/c-Al2O3 catalysts for NO reduc-
tion by CO in the previous research.

In this work, a series of CuO-CoOx/c-Al2O3 catalysts were
prepared by co-impregnation on c-Al2O3 with different copper
and cobalt precursors (acetate and nitrate). CuO/c-Al2O3 and
CoOx/c-Al2O3 catalysts were also prepared from different nitrate
and acetate precursors for comparison. The effects of copper and
cobalt precursors on the structures, reduction properties and
catalytic performances of CuO-CoOx/c-Al2O3 catalysts were
investigated by XRD, LRS, XPS, H2-TPR and NO + CO reaction. In situ
FT-IR was also employed to investigate the interaction between the
reactants and these catalysts. A possible reaction mechanism was
tentatively proposed to explore the different catalytic perfor-
mances in NO reduction by CO model reaction.

2. Experimental

2.1. Catalysts preparation

c-Al2O3 was purchased from Fushun Petrochemical Institute in
China, and calcined at 750 �C for 5 h before catalyst preparation. Its
BET surface area is 158.2 m2�g�1. CuO/c-Al2O3 and CoOx/c-Al2O3

catalysts were prepared by wet impregnation of c-Al2O3 with
aqueous solutions of Cu(Ac)2 or Cu(NO3)2 and Co(Ac)2 or Co
(NO3)2, respectively. CuO-CoOx/c-Al2O3 catalysts were prepared
by co-impregnation with the mixed solutions of Cu(Ac)2 and
Co(Ac)2, Cu(NO3)2 and Co(NO3)2, Cu(NO3)2 and Co(Ac)2, respec-
tively. The loading amounts of copper or/and cobalt were
0.6 mmol/100 m2 c-Al2O3. The samples were dried at 110 �C over-
night, and then calcined at 450 �C in muffle for 5 h. For simplicity,
the resultant catalysts are denoted as CuA, CuN, CoA, CoN, CuACoA,
CuNCoN, and CuNCoA, respectively. In which, A and N referred to
the acetate and nitrate precursor, respectively.

2.2. Catalysts characterization

X-ray diffraction (XRD) patterns were recorded on a Philips
X’pert Pro diffractometer using Ni-filtered Cu Ka radiation
(0.15418 nm). The X-ray tube was operated at 40 kV and 40 mA.

Laser Raman spectra (LRS) were recorded by using Renishaw
invia spectrometer. Raman excitation at 514.5 nm was provided
by Ar+ laser. A laser power of 20 mW at the sample was applied.

X-ray photoelectron spectroscopy (XPS) analysis was performed
on a PHI 5000 VersaProbe system, using monochromatic Al Ka
radiation (1486.6 eV) operating at an accelerating power of
15 kW. Before the measurement, the sample was outgassed at
room temperature in a UHV chamber (<5 � 10–7 Pa). The sample
charging effects were compensated by calibrating all binding
energies (BE) with the adventitious C 1s peak at 284.6 eV. This
reference gave BE values with accuracy at ±0.1 eV.

H2-temperature programmed reduction (H2-TPR) experiments
were performed in a quartz U-type reactor connected to a thermal
conductivity detector (TCD) with Ar-H2 mixture (7.0% H2 by vol-
ume) as a reductant. 50 mg sample was used for each measure-
ment. Before switched to the Ar-H2 stream, the sample was
pretreated in a N2 stream at 100 �C for 1 h. TPR started from
100 �C at a rate of 10 �C�min–1.

In situ Fourier transform infrared (FT-IR) spectra of CO or/and
NO adsorbed on catalysts were recorded on a Nicolet 5700FT-IR
spectrometer at a resolution of 4 cm–1 (number of scans, 32). In
situ FT-IR spectra for NO or/and CO in IR cell (equipped with KBr
windows) were recorded at various target temperature as back-
ground for each test. The catalysts (�10 mg) were mounted in a
quarts IR cell and pretreated at 100 �C for 1 h, followed by flowing
N2 atmosphere. After cooled to room temperature, the sample
wafers were exposed to a controlled stream of CO-He (10% of CO
by volume) or/and NO-He (5% of NO by volume) at a rate of
5.0 ml�min–1 for 30 min. Desorption/reaction studies were per-
formed by heating the adsorbed species at different temperatures.
All of the presented spectra were obtained by subtraction of the
corresponding background reference.

2.3. Catalytic performances measurement

The catalytic performances of these catalysts for NO reduction
by CO model reaction were determined under steady state,
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involving a feed stream with a fixed composition, 5% NO, 10% CO
and 85% He by volume as diluents. The sample (50 mg) was fitted
in a quartz tube and pretreated in a high purified N2 stream at
100 �C for 1 h and then cooled to room temperature, after that,
the mixed gases were switched on. The reactions were carried
out at different temperatures with a space velocity of 12,000 ml
g–1 h–1. Two columns (length, 1.75 m; diameter, 3 mm) and two
thermal conductivity detectors (T = 100 �C) were used for analyz-
ing the products. Column A with Paropak Q was used for separating
CO2 and N2O, and column B packed with 5A and 13X molecule
sieve (40-60M) for separating N2, NO and CO.
3. Results and discussion

3.1. Structural characteristics (XRD and LRS)

Fig. 1 shows XRD patterns of these CuO-CoOx/c-Al2O3 samples
prepared from different precursors. For comparison, the XRD pat-
terns of CuO/c-Al2O3 and CoOx/c-Al2O3 catalysts prepared from
different precursors are also given. It can be observed that the
characteristic peaks of crystalline CuO (2h = 35.5� and 38.7�)
[JCPDS (Card No. 80-1916)] appear for CuA sample, but no other
diffraction peak appears except c-Al2O3 support for CuN sample,
indicating that the supported CuO agglomerates on c-Al2O3 from
copper acetate precursor but disperses from copper nitrate precur-
sor, which is in accordance with our previous report that the dis-
persion capacity of CuO from copper nitrate precursor is
0.75 mmol/100 m2 c-Al2O3 [26,27]. For CoA sample, only the
diffraction peak of c-Al2O3 support can be observed. But for CoN
sample, the characteristic peaks of crystalline Co3O4 appear at
2h = 31.3�, 36.8� and 65.2� [JCPDS (Card No. 80-1541)], indicating
that cobalt oxide can be dispersed on c-Al2O3 from cobalt acetate
but agglomerates from cobalt nitrate precursor. The different dis-
persion behaviors of copper oxide and cobalt oxide obtained from
the precursors with the same anion indicate that the shielding
effect of anions is not the main factor to influence the dispersion,
while the decomposition products during the calcination process
may be the main factor. For CuO/c-Al2O3 catalysts, it’s reported
Fig. 1. XRD patterns of various samples.
that copper acetate precursor decomposes into metal Cu firstly
[28,29], probably metal Cu tends to coalesce on c-Al2O3 due to
the strong metal bond between Cu atoms, which is then easily oxi-
dized to crystalline CuO in air. However, copper nitrate precursor is
directly decomposed into CuO and dispersed on c-Al2O3 support.
For CoOx/c-Al2O3 catalysts, cobalt acetate precursor decomposes
into CoO firstly, which is easily dispersed on c-Al2O3; while cobalt
nitrate is directly decomposed into Co3O4, which has a high ten-
dency to form crystalline Co3O4 [30,31].

As for CuO-CoOx/c-Al2O3 samples, the characteristic peaks of
crystalline CuO appear in CuACoA sample, but no diffraction peak
of cobalt oxide can be clearly observed, indicating supported CuO
agglomerates on c-Al2O3 from copper acetate and supported cobalt
oxide disperses from cobalt acetate. In CuNCoN sample, the charac-
teristic peaks of spinel appear, which should be CuxCo3-xO4 (x < 1)
spinel [21,32–34], indicating that copper oxide and cobalt oxide
strongly interact with each other to form CuxCo3-xO4 (x < 1) spinel
and easily coalesce, probably the rest of CuO disperses on c-Al2O3

support. For CuNCoA sample, no distinct crystalline peak appears
except c-Al2O3, suggesting that both copper oxide and cobalt oxide
could be dispersed on c-Al2O3 simultaneously. As Cu(NO3)2 and Co
(Ac)2 mix solution is the same as Co(NO3)2 and Cu(Ac)2 mix solu-
tion in water during the impregnation process, XRD result of CuA-
CoN sample is also shown for comparison in Fig. 1. We can observe
that the XRD result of CuACoN sample is very similar to CuNCoA
sample. In conclusion, XRD results indicate that the dispersion
behaviors of CuO and CoOx on c-Al2O3 are related to the types of
precursors.

Raman spectroscopy, a sensitive tool for determining metal-
oxygen arrangement, was performed to obtain additional surface
structural information. Fig. 2 shows the Raman spectra of the
CuO/c-Al2O3, CoOx/c-Al2O3 and CuO-CoOx/c-Al2O3 samples. For
CuA sample, three Raman peaks appear at 287, 327 and 610 cm–1,
which should be assigned to the Ag, Bg and Bg vibration modes of
small crystalline CuO species [35–37]. For CuN sample, no obvious
Raman peak is observed, suggesting CuO is highly dispersed on
c-Al2O3. For CoA sample, two broad Raman bands appear at 478
and 685 cm–1, which should be ascribed to the small surface cobalt
oxide clusters. XRD results show no distinct diffraction peak, which
Fig. 2. LRS spectra of various samples.
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might be due to lower XRD detection limit [38,39]. While for CoN
sample, three sharp Raman bands appear at 478, 519 and 685 cm–1,
suggesting the appearance of crystalline Co3O4 [38,40]. Two broad
Raman bands appear at 478 and 685 cm–1 in CuACoA sample,
which are quite similar to that of CoA sample, indicating the addi-
tion of copper species does not influence the interaction of cobalt
oxide with c-Al2O3 for CuACoA sample. Raman spectra do not
detect crystalline CuO as XRD result because the weak peaks of
crystalline CuO are overshadowed by the bands of supported
cobalt oxide species [41]. While For CuNCoN sample, one wide
band appears at 657 cm–1, which dramatically weakens and shifts
28 cm–1 to lower frequency compared with CoN sample. Probably
the heavier Cu2+ ions enter the lattice of Co3O4 to form
CuxCo3-xO4 spinel that leads to the red-shift [41,42], which further
confirms the XRD results that CuxCo3-xO4 spinel is formed in
CuNCoN sample. For CuNCoA sample, the band red-shifts to about
680 cm–1 and becomes very weak. Probably because dispersed
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Fig. 3. XPS spectra of
copper oxide and cobalt oxide interact strongly with each other
although no spinel is formed. The Raman results agree with the
above XRD results that the dispersion behavior of supported binary
metal oxide on c-Al2O3 is closely related to the types of precursors.
3.2. Surface chemical states analysis (XPS)

XPS was employed to characterize the elementary oxidation
states and dispersion properties of these synthesized samples.
The Cu 2p3/2, Co 2p and O 1s signals were displayed in Fig. 3 and
the overlapped peaks were fitted by Gaussian-Lorentz curves.
The binding energy (BE) values and atomic ratio of copper and
cobalt for samples calculated from XPS were summarized in
Table 1. As for copper species (Fig. 3A), the Cu 2p3/2 peak had a
symmetric main line at about 934–934.2 eV and a shake-up peak
located in the binding energy range of 938–946 eV, which are the
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Table 1
Peak positions (in eV) relative to C 1s (284.6 eV) for Cu 2p3/2 and Co 2p3/2 of various catalysts from XPS.

Samples Cu 2p3/2

BE (eV)
Co 2p3/2

BE (eV)
Co 2p3/2

Cosat/Comain
a

DE (eV)b Atomic ratio Cu/Co

CuA 934.0 – – – –
CuN 934.2 – – – –
CoA – 780.6 0.33 15.7 –
CoN – 780.4 0.27 15.3 –
CuACoA 934.2 780.7 0.34 15.6 0.7/1
CuNCoN 934.0 780.0 0.22 15.3 2.1/1
CuNCoA 934.0 780.4 0.30 15.3 1.1/1

a Comain: Co 2p3/2 main line, Cosat: Co 2p3/2 satellite.
b DE (eV) = Co 2p1/2 � Co 2p3/2.
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characteristics of Cu2+ species [16,17,20], revealing that Cu species
mainly existed as Cu2+ on the catalysts surface.

Fig. 3B and Table 1 show the Co 2p XP spectra of the mentioned
catalysts. It has been well established that the binding energies
(BE), the spin-orbit coupling DE (Co 2p1/2 - Co 2p3/2), and the
Cosat/Comain ratio (Co 2p3/2 satellite intensity/main peak intensity)
are important parameters to identify the valence and interaction of
cobalt oxide with the support [16,17,25]. For CoA sample, the BE,
Fig. 4. H2-TPR profiles of various catalysts.

Table 2
The peak area of H2 relative consumption for these catalysts calibrated with CuO.

Samples CuA CuN CoA

Peak area/a.u. 84.1 83.4 9.4
the spin-orbit coupling DE and Cosat/Comain ratio are 780.6 eV,
15.7 eV and 0.33, respectively, indicating cobalt mainly exists as
CoO and they interact strongly with c-Al2O3. While for CoN sample,
the BE, the spin-orbit coupling DE and Cosat/Comain ratio decrease
to 780.4 eV, 15.3 eV and 0.27, which are the characteristic of
Co3O4. The results are consistent with XRD and LRS results. For
CuACoA sample, the BE, the spin-orbit couplingDE and Cosat/Comain

ratio are 780.7 eV, 15.6 eV and 0.34, respectively, which are very
similar to the CoA sample, indicating cobalt mainly exists as CoO
and they interact strongly with c-Al2O3 support. With regard
to CuNCoN sample, the BE, the spin-orbit coupling DE and
Cosat/Comain ratio are 780.0 eV, 15.3 eV and 0.22, respectively. Com-
pared with CoN sample, the BE and Cosat/Comain ratio slightly
decrease, which indicate that the content of Co3+ ions increases
and the interaction of cobalt oxide with c-Al2O3 decreases due to
the formation of crystalline CuxCo3-xO4 spinel. The BE, the spin-
orbit coupling DE and Cosat/Comain ratio in CuNCoA sample are
780.4 eV, 15.3 eV and 0.30, respectively, which is very similar to
CoN sample, indicating cobalt mainly exists as Co3O4 as our previ-
ous report [16].

In the case of oxygen species as shown in Fig. 3C, only one
intense peak is observed at around 530.8 eV, which is attributed
to the O2� anions of the crystalline network [16]. Moreover, as
shown in Table 1, the surficial atomic ratios of copper and cobalt
are 0.7, 2.1 and 1.1 for CuACoA, CuNCoN and CuNCoA, respectively.
The results further confirm above XRD and LRS results, indicating
that precursors influence the dispersion of CuO and CoOx on
c-Al2O3.
3.3. Reduction property of the catalysts (H2-TPR, CO-IR)

Fig. 4 shows the H2-TPR results of various CuO/c-Al2O3, CoOx/
c-Al2O3 and CuO-CoOx/c-Al2O3 samples from different precursors.
The peak areas of H2 consumption for these samples were calcu-
lated after calibration with CuO, as listed in Table 2. A wide reduc-
tion peak appears at 227 �C with a shoulder peak at about 240 �C
for CuA sample, and its area is 84.1. Combined with the above
XRD result, these peaks should be attributed to the reduction of
dispersed and crystalline copper oxide species to metal Cu, respec-
tively. While a reduction peak appears at 211 �C for CuN sample,
and its area is 83.4, corresponding to the reduction of dispersed
CuO to metal Cu as reported [18,27]. The reduction peak areas of
CuA and CuN are very similar, which further confirm the XPS
results that copper species exist as CuO both in CuA and CuN
CoN CuACoA CuNCoN CuNCoA

73.7 95.3 193.7 147.2
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samples. For CoA sample in 100–500 �C, only a small reduction
peak appears at about 350 �C, the reduction peak area is 9.4. It
was reported that the reduction temperature of dispersed cobalt
Fig. 5. In situ FT-IR results of CO (10%) adsorption on CuO/c-Al2O3, CoO
oxide interacted strongly with c-Al2O3 was above 450 �C [43,44].
As no apparent crystalline cobalt oxide appears for CoA sample,
the peak should be related to the reduction of a small amount of
x/c-Al2O3 and CuO-CoOx/c-Al2O3 catalysts at different temperature.
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Co3O4 clusters that oxidized by air during the calcination process.
For CoN sample, a wide asymmetric reduction peak appears at
about 380 �C, and its area is 73.7, which is lower than that of
CuN sample, corresponding to the stepwise reduction of some
crystalline Co3O4 interacted weakly with c-Al2O3 to CoO and then
to metal Co [39,43,44].

The H2-TPR results of CuO-CoOx/c-Al2O3 samples from different
precursors are obviously different. For CuACoA sample, a reduction
peak appears at 236 �C, and its area is 95.3, which is almost equal
to the reduction area summation of CuA and CoA samples, and its
reduction temperature is similar to CuA. Combined with the above
characterizations, this peak should mainly correspond to the
reduction of dispersed and crystalline CuO and a small amount of
the Co3O4 clusters that oxidized by air during the calcination pro-
cess. It further confirms that supported cobalt oxide and copper
oxide mainly segregate and interact weakly with each other for
CuACoA sample. For CuNCoN sample, an asymmetric reduction
peak appears at 233 �C, and the reduction peak area is 193.7, which
is approximately 2.3 times of that of CuN sample. The result further
confirms the above XRD results that CuxCo3-xO4 (x < 1) spinel is
formed, and this peak should be assigned to the reduction of
CuxCo3-xO4 spinel and the rest dispersed CuO [45]. For CuNCoA
catalyst, a reduction peak appears at 217 �C with a wide shoulder
peak between 250 and 400 �C, and the reduction peak area is
147.2, about 1.7 times of that of CuN catalyst. The peak at 217 �C
corresponds to the reduction of surface dispersed CuO, and the
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Fig. 6. Integrated intensity of IR spectra for copper carbonyls over CuO-CoOx/
c-Al2O3 catalysts as a function of temperature.

Fig. 8. Schematic structures of C
wide shoulder peak should be related to the part reduction of dis-
persed Co3O4 to CoO [16,45]. Compared with CoA or CoN sample,
we can observe that the dispersed copper oxide significantly pro-
motes the reduction of the dispersed Co3O4. Probably it is due to
the hydrogen spillover that the reduced metallic copper promoted
the reduction of adjacent Co3O4 [27,46]. The results indicate
dispersed CuO and Co3O4 interact strongly with each other, though
no crystalline CuxCo3-xO4 spinel is formed, probably Cu-O-Co
species are formed.

In order to further study the reduction and adsorption proper-
ties of the catalysts, Fig. 5 shows in situ FT-IR results of CO mole-
cule interaction with CuACoA, CuNCoN and CuNCoA catalysts as
the temperature increasing from 25 to 350 �C. For comparison,
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the in situ FT-IR results of CO adsorption on CuN and CoA is also
shown in Fig. 5. Generally, one group of peaks is observed during
1300–1700 cm–1 and the other at about 2100–2110 cm–1 on these
Fig. 9. In situ FT-IR results of NO (5%) adsorption on CuO/c-Al2O3, CoOx/c-Al2O3 and
catalysts except CoA. On CuN and CoA, the bands appear at 1361–
1380, 1520 cm–1 at low temperature assigned to the symmetric
and asymmetric vibration modes of monodentate carbonate,
CuO-CoOx/c-Al2O3 catalysts from 25 to 300 �C at a heating rate of 10 �C�min�1.



Fig. 10. In situ FT-IR results of NO (5%) and CO (10%) co-adsorption (panel b) on
CuO-CoOx/c-Al2O3 catalysts from 25 to 300 �C at a heating rate of 10 �C�min�1.
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respectively. The bands appear at 1454–1460, 1574 cm–1 at high
temperature assigned to the different vibration modes of bidentate
carbonate [47–49]. The band appears at 2100–2110 cm–1 assigned
to the copper carbonyl (Cu+-CO) species [12,47]. In addition, the
band at 1640–1650 cm–1 appears at low temperature and disap-
pears above 100 �C corresponding to the bicarbonate which is
unstable [50].

For all CuO-CoOx/c-Al2O3 samples in the CO flow, the adsorption
modes are very similar. The bands appear at 1454 and 1562 cm–1

assigned to the bidentate carbonate species at low temperature
[47–49], and their intensities first increase below 150 �C and then
keep stable above 150 �C, which indicate the adsorbed bidentate
carbonate species are very stable due to the basic property of
c-Al2O3 support. It is noticed that for all samples the band at
2100–2110 cm–1 assigned to the copper carbonyl (Cu+-CO) species
appears at room temperature and its intensity first increases and
then decreases with temperature increase. Meanwhile, the bands
at 2300–2400 cm–1 assigned to CO2 can be detected. This phe-
nomenon can be interpreted as that the intensity of Cu+-CO species
increaseswith the temperature increase due to the reduction of Cu2+

to Cu+, and then it decreases and disappears with further raising
temperature, owing to the further reduction of Cu+ to Cu0 and the
thermal desorption. Fig. 6 displays the evolution of Cu+-CO IR inten-
sity as a function of temperature over CuO-CoOx/c-Al2O3 catalysts.
For CuACoA, CuNCoN and CuNCoA catalysts, the maximum intensi-
ties appear at about 200 �C, 200 �C and 175 �C, and completely dis-
appear at 325 �C, 300 �C and 275 �C, respectively. These results
indicate that the reduction order by CO is ranked as CuNCoA > CuN-
CoN � CuACoA, which is consistent with the above H2-TPR results.

3.4. Catalytic performances of NO + CO model reaction

Fig. 7 shows the NO conversion and N2 selectivity results as a
function of temperature over CuO/c-Al2O3, CoOx/c-Al2O3 and CuO-
CoOx/c-Al2O3 catalysts. Both the NO conversion and N2 selectivity
increasewith the reaction temperature increase. Several other inter-
esting features canbe deduced from the figures: (1) For CuO/c-Al2O3

catalysts, NO conversion and N2 selectivity over CuA catalyst are
lower than CuN catalyst below 250 �C, but higher than CuN catalyst
above 250 �C. Their differences in activity probably result from the
different dispersion states of CuO on c-Al2O3 support. (2) For CoOx/
c-Al2O3 catalysts, NO conversion is negligible (<20%) below 350 �C.
But the NO conversion over CoA catalyst is slightly higher than
CoN catalyst, indicating dispersed CoO is more active than crys-
talline Co3O4 forNO+CO reaction. (3) ComparingCoOx/c-Al2O3with
CuO/c-Al2O3 catalysts, it can be deduced that copper oxide is the
main active species for NO + CO reaction. (4) As for CuO-CoOx/
c-Al2O3 catalysts, the catalytic performances are closely related to
their precursors. It can be observed that CuACoA catalyst displays
almost the same NO conversion and N2 selectivity as CuA catalyst
during the reaction temperature, indicating dispersed cobalt oxide
does not significantly influence the activity of copper oxide, which
further confirms cobalt oxide and copper oxide interactweaklywith
each other for CuACoA catalyst. The catalytic performances of
CuNCoN catalyst are similar to those of CuN catalyst. But it displays
higherNO conversion and slightly lowerN2 selectivity than CuN cat-
alyst.While the catalytic performances of CuNCoA and CuACoN cat-
alysts are almost the same. They display the highest NO conversion
andN2 selectivity. Probably dispersed copper oxide and cobalt oxide
contact with each other to form Cu-O-Co species, which are benefi-
cial to formmore surface synergistic oxygen vacancy (SSOV) that are
conducive to the adsorption of CO species and the dissociation of NO
species [16,17,19]. In addition, both H2-TPR and CO-IR results
demonstrate CuNCoA catalyst can be easily reduced in the reaction
gases to form more SSOV and Cu+, which is also beneficial to the
enhancement of the catalytic performance.
As the catalytic stability is very important in the practical den-
itrification process, the catalytic stability of the CuNCoA catalyst
for NO + COmodel reaction was evaluated through a long-time test
of 48 h at the temperature when NO was completely conversed,
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and the corresponding results are displayed in Fig. S1 (see supple-
mentary material in the Appendix). It can be observed that NO con-
versions slightly decline step by step but N2 selectivities are nearly
stable during the whole test range. This is probably due to CuNCoA
catalyst was progressively reduced to metallic Cu under the reac-
tion condition, which tends to sinter and decrease surface syner-
getic oxygen vacancies and reaction activities [12,51].

Based on the above description, structures of CuO-CoOx/c-Al2O3

catalysts from different precursors can be schematically summa-
rized as shown in Fig. 8. For CuACoA sample, supported copper
oxide mainly exists as agglomerated CuO and cobalt oxide in the
form of dispersed CoO on c-Al2O3 support. For CuNCoN catalyst,
supported copper oxide and cobalt oxide prefer to form agglomer-
ated CuxCo3-xO4 (x < 1), and the rest of CuO disperses on c-Al2O3

support. While for CuNCoA sample, supported copper oxide and
cobalt oxide mainly disperse on c-Al2O3 support in the form of
CuO and Co3O4 to form a large amount of bridging Cu-O-Co bands.

3.5. Adsorption behaviors of these samples (NO and NO + CO
adsorption in situ FT-IR)

In order to obtain information on the adsorbed NO species, the
NO adsorption FT-IR spectra have been recorded at elevated tem-
perature from 25 �C to 300 �C on CuO/c-Al2O3, CoOx/c-Al2O3 and
CuO-CoOx/c-Al2O3 catalysts, as shown in Fig. 9. It can be observed
that three bands appear at 1506–1520, 1292–1294 and 1618 cm–1

at 50 �C on all the catalysts, which should be attributed to the mon-
odentate nitrate, NO2 symmetric vibration mode and N@O stretch-
ing mode of bridging bidentate nitrates, respectively [16,17,52]. As
the temperature increasing, monodentate nitrate disappears due to
their poor stability; meanwhile another band appears at 1556–
1562 cm–1 assigned to the chelated nitrate above 150 �C. Further
increasing the temperature, another peak at 1240 cm–1 assigned
to the chelated nitrite appears at the expense of the peak at
1294 cm–1 [16,17,52]. During the heating process we can observe
Fig. 11. Possible reaction mechanism (schematic diagram) o
that there is no obvious difference about the transformation tem-
perature of NO adsorption on CuO/c-Al2O3, CoOx/c-Al2O3 and
CuO-CoOx/c-Al2O3 catalysts from different precursors. In conclu-
sion, the adsorbed NO species on all the catalysts are very stable
under 300 �C although they would like to convert to chelated
nitrate/nitrite species or desorb with the temperature increase.

In order to get more information about the reaction mechanism
of NO reduction by CO, in situ FT-IR of NO and CO co-adsorption
were recorded on CuO-CoOx/c-Al2O3 catalysts under simulated
reaction conditions, as shown in Fig. 10. Taking CuNCoA as an
example, three bands at 1294, 1510 and 1608 cm–1 attributed to
nitrate species appear at room temperature. With the temperature
increase, the band at 1510 disappears above 100 �C and another
band at 1533 cm–1 assigned to chelated nitrate appears. Further
increase the temperature to 175 �C, the bands at 1294, 1533 and
1608 cm–1 decrease. Meanwhile the band at 2110 cm–1 assigned
to Cu+-CO species begins to appear. When the temperature reaches
200 �C, the nitrate species at 1294, 1533 and 1608 cm–1 completely
vanish, and the carbonate species at 1456 cm�1 and 1552 cm–1

appear [12,47–49], which keep stable even at 325 �C. But the
Cu+-CO band at 2110 cm–1 firstly increases above 175 �C then
slightly decreases with the temperature increase due to its further
reduction to metal Cu. But the signals of NCO and N2O appear at
2200 and 2246 cm–1, respectively [16,17,19]. Compared with the
separate NO or CO adsorption on CuNCoA catalyst, the phenomena
indicate that: (1) NO preferentially adsorbs on the catalyst below
175 �C. (2) At 175 �C, NO and CO co-adsorb on the catalyst. (3)
When the temperature reaches 200 �C, CO replaces NO to adsorb
on the catalyst with the appearance of the reaction media of N2O
and NCO. As reported elsewhere, NO and CO preferentially
adsorbed on Cu2+ sites and Cu+ sites respectively, when co-
existed in gas phase over supported CuO catalysts [12,53]. So it
concludes that supported copper oxide mainly exists as Cu2+ ions
below 175 �C, and as Cu+ ions and Cu above 200 �C, which means
copper oxide has been reduced by gaseous CO below 200 �C during
f NO reduction by CO over CuO-CoOx/c-Al2O3 catalysts.
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NO and CO co-adsorption. Subsequently, the similar results can be
found over CuACoA and CuNCoN catalysts. At temperature lower
than 200 �C, NO preferentially adsorbs as nitrate species on the cat-
alyst; above 200 �C, the adsorption of nitrate species disappear,
meanwhile the carbonate species, Cu+-CO species, N2O and NCO
appear. However, the temperature for NO desorption and copper
carbonyl appearance is different. It is at 175 �C for CuNCoA catalyst
and at 200 �C for the others, which is consistent with the above CO
adsorption and reaction results, indicating that CuNCoA catalyst is
easier to be reduced by CO.
3.6. Possible reaction mechanism for NO removal by CO

According to the obtained results, a possible reaction
mechanism (schematic diagram) for NO removal by CO over these
CuO-CoOx/c-Al2O3 catalysts prepared from different precursors is
tentatively proposed to further understand the differences of their
catalytic performances intuitively, as shown in Fig. 11. Taking
CuNCoA catalyst as an example, when exposing it to a simulated
reaction condition of NO and CO at room temperature (25 �C),
NO preferentially adsorbs on the surface of the catalyst due to their
unpaired electrons to generate several kinds of nitrate species,
which further inhibit the adsorption of CO species [53,54]. How-
ever, raising temperature up to 175 �C leads gaseous CO molecules
to reduce the easily reduced site of CuNCoA catalyst to form sur-
face Cu+ and small amounts of oxygen vacancies. It is well known
that the surface Cu+ is conducive to the adsorption of CO species,
and the surface oxygen vacancies can weaken the NAO bond to
promote the adsorbed NO species to dissociate into N and O atoms
[19,53], then O combines with neighboring adsorbed CO coordi-
nated to Cu+ and evolves into CO2, the rest N radicals are able to
combine with NO molecules to form N2O, or combine with CO
molecules to form NCO, or their own combination to generate
N2. When the temperature is further increased above 200 �C, the
CuO-CoOx/c-Al2O3 catalyst is further reduced by CO to form
more surface Cu+/Cu and a large quantity of oxygen vacancies.
Since the oxygen vacancy can weaken the NAO bond to promote
the dissociation of NO. As a result, no adsorbed NOx and a consid-
erable amount of N2 and CO2 can be observed. The by-product N2O
and NCO can further react to N2 at higher temperature. The
assumption is in agreement with the catalytic activity/selectivity
and NO + CO co-adsorption in situ FT-IR results.

According to our previous work, the surface synergetic oxygen
vacancy (SSOV) is more conducive to the enhancement of the
catalytic performance for NO elimination than other kinds of oxy-
gen vacancy [19]. In the present work, for CuNCoA catalyst, both
CuO and Co3O4 are homogeneously dispersed on c-Al2O3 support,
which results in the formation of more Cu2+–O–Co3+ species.
Furthermore, its excellent reduction behavior is conducive to the
generation of more surface synergetic oxygen vacancies (SSOV,
Cu+–h–Co2+) during the reaction process, which can enhance the
catalytic performance remarkably. While in CuACoA catalyst, cop-
per oxide and cobalt oxide are mainly segregated, there is almost
no synergism. In CuNCoN catalyst, even the interfacial synergism
of copper oxide and cobalt oxide exists in CuxCo3-xO4 spinel, but
the active species mainly exist as agglomerated form, which greatly
decrease the catalytic efficiency. As a result, the catalyst acquired
by co-impregnation of copper nitrate and cobalt acetate solution
exhibits the best catalytic performance for NO reduction by CO.
4. Conclusions

In this study, a series of CuO-CoOx/c-Al2O3 catalysts were
prepared by co-impregnation methods for investigating the
influence of precursors on the structure, reducibility and catalytic
performance for NO reduction by CO. Based on the above-
mentioned characterizations, we can conclude that:

(1) Precursors significantly influence the structure, reducibility,
catalytic performance of CuO-CoOx/c-Al2O3 catalysts. For
CuACoA catalyst, supported copper oxide and cobalt oxide
are segregated, copper oxide from copper acetate is mainly
agglomerated and cobalt oxide from cobalt acetate is dis-
persed on c-Al2O3, the main active species are agglomerated
copper oxide. For CuNCoN catalyst, CuxCo3-xO4 spinel is
formed and agglomerated, the rest of copper oxide exists
as dispersed state. Even though the interfacial synergism of
copper oxide and cobalt oxide exists in CuxCo3-xO4 spinel,
the agglomerated form significantly decreases the catalytic
efficiency. For CuNCoA catalyst, copper oxide and cobalt
oxide could be homogeneously dispersed, which are con-
ducive to the generation of more surface synergetic oxygen
vacancies (SSOV, Cu+–h–Co2+) during the reaction process.
So it shows the highest activity for NO reduction by CO.

(2) The reaction of NO reduction by CO over these CuO-CoOx/
c-Al2O3 catalysts passes the similar reaction pathway. The
dispersed copper oxide and cobalt oxide over CuNCoA
catalyst is facile to be reduced due to their synergistic effect
and produce more surface synergic oxygen vacancy sites,
which is the main reason for its highest activity.
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