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Lin Dong*ab and Yi Chenab

This work is mainly focused on investigating the influence of preparation methods on the

physicochemical and catalytic properties of CuO–CeO2 catalysts for NO reduction by CO model reaction.

Five different preparation methods have been used to synthesize CuO–CeO2 catalysts: mechanical

mixing method (MMM), impregnation method (IM), grinding method (GM), hydrothermal treatment

method (HTM) and co-precipitation method (CPM). All of these samples were characterized by a series

of techniques such as N2-physisorption, XRD, LRS, H2-TPR, ICP-AES, XPS, in situ FT-IR and NO + CO model

reaction. The obtained results show that the catalytic performances of these CuO–CeO2 catalysts can be

ranked by CuCe-IM 4 CuCe-CPM 4 CuCe-GM 4 CuCe-HTM 4 CuCe-MMM, which is in agreement with

the orders of the surface oxygen vacancy concentration, reducibility and Cu+ content, suggesting that

the synergistic effect between Cu+ species and surface oxygen vacancies of these CuO–CeO2 catalysts

plays an important role in this model reaction. In order to further understand the synergistic effect, a

possible reaction model is tentatively proposed.

1. Introduction

In recent years, copper-based catalysts have attracted considerable
attention due to their low cost and excellent catalytic performance
in many reactions.1–3 For example, copper-exchanged small-pore
zeolites (Cu-SSZ-13, Cu-SSZ-16, and Cu-SAPO-34),4 LaCo1�xCuxO3

perovskites,5 CuO/TiO2–ZrO2,
6 CuO/ZnO/Al2O3,

7 CuO/YSZ8 and so
on are regarded as potential substitutes for precious metal catalysts
and have been investigated widely in NH3-SCR, NO reduction by
CO, steam reforming of methanol and CO oxidation, etc.

Ceria has been widely applied to environmental, energy,
material and catalysis areas in past decades because of its
outstanding redox ability and high oxygen storage/release capacity
(OSC) associated with the formation of oxygen vacancies and the
Ce4+/Ce3+ redox couple.9–12 It is well known that the introduction
of foreign metal cations into the ceria system will promote its

redox behavior and catalytic activity significantly due to the
formation of more oxygen vacancies.13,14 As a result, the
combination of copper oxide and ceria to form CuO–CeO2 catalysts
has received great interest and been studied systematically in
catalytic processes such as NO reduction by CO,15 low-temperature
CO oxidation,16 CO preferential oxidation (CO-PROX),17 water–gas
shift (WGS),18 oxidative steam reforming of methanol19 and
removal of volatile organic compounds (VOCs),20 etc.

It is reported that the dispersion states, redox properties,
and catalytic performances of CuO–CeO2 catalysts are critically
dependent on the preparation methods.21–23 Till now, a variety
of methods have been reported to prepare CuO–CeO2 catalysts,
such as impregnation,23–26 co-precipitation,17,19,22,23,26 deposition–
precipitation24,26 hydrothermal treatment,23,27,28 urea-nitrates
combustion23 and sol–gel22 methods, etc. Recently, the influence
of the preparation methods on the catalytic performances of CuO–
CeO2 catalysts has been widely investigated. For instance, Matralis
et al.23 synthesized several CuO–CeO2 samples via impregnation,
co-precipitation, citrate-hydrothermal and urea-nitrates combus-
tion methods. They found that the combustion-prepared sample
showed the best catalytic performance for the selective oxidation of
CO, which was attributed to the existence of well dispersed copper
oxide species and strong interaction with the ceria surface through
Ce3+ + Cu2+ 2 Ce4+ + Cu+. Ayastuy et al.24 prepared a series
of CuO–CeO2 catalysts by deposition–precipitation and wet
impregnation methods used in the preferential oxidation of CO.
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They pointed out that the catalyst obtained by the wet impregnation
method exhibited higher activity and selectivity due to its high
surface area, small particle size and good interaction with CO.
Zheng et al.26 obtained CuO–CeO2 samples through impregnation,
co-precipitation and inverse co-precipitation methods for the
preferential oxidation of CO. They reported that the sample
prepared by the co-precipitation method displayed optimal
catalytic performance because of its smaller particle size, well
dispersed copper oxide species and more oxygen vacancies.
Based on the above-mentioned literatures, we found that: (i) the
studies of the preparation methods of CuO–CeO2 catalysts are
mainly focused on the preferential oxidation of CO; (ii) the
reason for the influence of preparation methods on the catalytic
performances of CuO–CeO2 catalysts is still not very clear.
Simultaneously, CuO–CeO2 catalysts as potential substitutes of
noble metal catalysts for NO reduction by CO (one of the
important model reactions in three-way catalysis) have also
been investigated deeply due to their outstanding catalytic
performances and rich natural resources.29–33 Furthermore,
our previous work32 demonstrated that the CuO–CeO2 catalyst
showed better catalytic performance than other copper-based
catalysts for NO reduction by CO, because the copper oxide
species on the ceria (111) surface was an unstable five-coordination
structure. However, as far as we know, little attention has been paid
to exploring the influence of preparation methods on texture,
structure, redox property, surface state and activity of NO reduction
by CO over CuO–CeO2 catalysts.

In the present work, a series of CuO–CeO2 catalysts were
prepared through the mechanical mixing method (MMM),
impregnation method (IM), grinding method (GM), hydrothermal
treatment method (HTM) and co-precipitation method (CPM),
respectively. And then, the obtained samples were characterized
by means of N2-physisorption, XRD, LRS, H2-TPR, ICP-AES, XPS,
in situ FT-IR and NO + CO model reaction. This study is mainly
focused on: (i) exploring the influence of preparation methods on
texture, structure, redox property, surface state and activity of NO
reduction by CO over CuO–CeO2 catalysts; (ii) investigating the
interaction of CO and/or NO with CuO–CeO2 catalysts via in situ
FT-IR technique to understand the nature of NO + CO model
reaction.

2. Experimental section
2.1. Catalysts preparation

2.1.1. Mechanical mixing method (MMM). The CuCe-MMM
catalyst was prepared by mechanical mixing method (MMM).
Briefly, CeO2 and CuO were obtained by thermal decomposition
of Ce(NO3)3�6H2O (after grinding in agate mortar) and Cu(NO3)2�
3H2O (after grinding in agate mortar) at 500 1C for 5 h in air,
respectively. Then, the requisite amounts of CeO2 and CuO were
mixed together for 30 min and calcined at 500 1C for 5 h in air to
get this sample.

2.1.2. Impregnation method (IM). The CuCe–IM catalyst
was prepared by impregnation method (IM). Ceria (obtained by
thermal decomposition of Ce(NO3)3�6H2O at 500 1C for 5 h in
air) was impregnated with an aqueous solution containing the

desired amount of Cu(NO3)2 for 2 h, after that, it was heated at
100 1C to vaporize the water. The sample was dried at 110 1C
overnight, and then calcined at 500 1C for 5 h in air.

2.1.3. Grinding method (GM). The CuCe-GM catalyst was
prepared by grinding method (GM). As follows: the necessary
amounts of Ce(NO3)3�6H2O and Cu(NO3)2�3H2O were mixed
together, and then ground in an agate mortar for 30 min.
Finally, the sample was calcined at 500 1C for 5 h in air.

2.1.4. Hydrothermal treatment method (HTM). The CuCe–
HTM catalyst was prepared by hydrothermal treatment method
(HTM). The required amounts of Ce(NO3)3�6H2O and Cu(NO3)2�
3H2O were dissolved in distilled water and stirred together for
2 h, followed by the addition of urea. The resulting solution
was stirred for another 3 h to attain a transparent solution,
transferred to a Teflon autoclave, and then heated from room
temperature to 180 1C at a rate of 1 1C min�1 and held for 2 h,
which led to precipitation of the precursors. The precipitate was
centrifuged, washed twice with distilled water and once with
alcohol. After drying at 60 1C for 6 h in a vacuum oven, the
sample was finally calcined at 500 1C for 5 h in air.

2.1.5. Co-precipitation method (CPM). The CuCe-CPM
catalyst was prepared by the co-precipitation method (CPM).
The desired amounts of Ce(NO3)3�6H2O and Cu(NO3)2�3H2O
were dissolved in distilled water and stirred together for 2 h,
and then an aqueous solution of NaOH (1 mol L�1) was slowly
dropped into the mixture solution with vigorous stirring until
pH = 11. The resulting solution was kept stirring for another
3 h, aged for 2 h and then filtered, washed with distilled water
until no pH change. The obtained solid was first dried at 110 1C
overnight, and then calcined at 500 1C for 5 h in air.

For all of these samples, the CuO content in the catalyst was
expressed as the weight ratio of CuO/(CuO + CeO2) and fixed at
5.0 wt% of the catalyst. For the sake of clarity, the preparation
procedures of these catalysts were presented in Scheme S1
(seeing ESI†).

2.2. Catalyst characterization

Textural characteristics of these samples were obtained by
N2-physisorption at �196 1C on a Micromeritics ASAP-2020
analyzer, using the Brunauer–Emmet–Teller (BET) method for
the specific surface area and the Barrett–Joyner–Halenda (BJH)
method for the pore distribution. Prior to each analysis, the
catalyst was degassed under vacuum at 300 1C for 4 h.

Powder X-ray diffraction (XRD) patterns were recorded on
a Philips X’pert Pro diffractometer using Ni-filtered Cu Ka
radiation (l = 0.15418 nm). The X-ray tube voltage and current
were 40 kV and 40 mA. The mean crystallite size and lattice
parameter of these samples were determined by the Debye–
Scherrer equation and Bragg equation from the (111) plane,
respectively.

Laser Raman spectra (LRS) were collected on a Renishaw
invia Laser Raman spectrometer using Ar+ laser beam. The
Raman spectra were recorded with an excitation wavelength of
514 nm and the laser power of 20 mW.

H2-temperature programmed reduction (H2-TPR) measure-
ments were performed in a quartz U-type reactor connected to a
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thermal conductivity detector (TCD) with Ar–H2 mixture (7.0%
of H2 by volume, 70 ml min�1) as a reductant. Prior to the
reduction, the sample (25 mg) was pretreated in a highly
purified N2 stream at 300 1C for 1 h and then cooled to ambient
temperature. After that, the TPR started from 50 1C to a target
temperature at a rate of 10 1C min�1. The overlapped peaks
were deconvoluted fitting with Gaussian–Lorentzian curves
using the attached tool of origin PFM (Peak Fitting Module).

Bulk compositions of these catalysts were determined by
elemental analysis using a PerkinElmer Optima 5300 DV inductively
coupled plasma atomic emission spectrometer (ICP-AES) system
with a radiofrequency power of 1300 W. Each catalyst was dissolved
by heating in a mixture of 1 + 1 HNO3 (10 ml) and H2O2 (3 ml), then
the volume of the solution was fixed at 100 ml before measurement.
The ICP-AES working curves for Cu and Ce were plotted by
employing CuO and CeO2 standard solutions, respectively.

X-ray photoelectron spectroscopy (XPS) experiments were
performed on a PHI 5000 VersaProbe high performance electron
spectrometer, using monochromatic Al Ka radiation (1486.6 eV)
operating at an accelerating power of 15 kW. Before the measure-
ment, the sample was outgassed at room temperature in a UHV
chamber (o5 � 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 an accuracy at �0.1 eV.

In situ Fourier transform infrared (in situ FT-IR) spectra were
collected from 400 to 4000 cm�1 at a spectral resolution of
4 cm�1 (number of scans, 32) on a Nicolet 5700 FT-IR spectro-
meter equipped with a DTGS as detector (Thermo Electron
Corporation, USA). The sample was pressed into a self-supporting
wafer (about 15 mg), and mounted in a commercially controlled
environment chamber (HTC-3, Harrick Scientific Corporation,
USA). The wafer was pretreated with highly purified N2 at
300 1C for 1 h. After cooling to room temperature, the sample
was exposed to a controlled stream of CO–Ar (10% of CO
by volume) or/and NO–Ar (5% of NO by volume) at a rate of
5.0 ml min�1 for 40 min to be saturated. In situ CO or/and
NO adsorption FT-IR spectra were recorded at various target
temperatures at a rate of 10 1C min�1 from room temperature
to 300 1C by subtraction of the corresponding background
reference (collected from the gas data at each target temperature
without the sample).

2.3. Catalytic activity measurements

The catalytic performances of these samples for NO reduction
by CO were determined under steady state, involving a feed
stream with a fixed composition, 5% NO, 10% CO and 85% He
by volume as a diluent. The sample (25 mg) was fitted in
a quartz tube and pretreated in a highly purified N2 stream at
300 1C for 1 h to remove the impurities and then cooled to
ambient temperature, after that, the mixed gases were switched
on. The reactions were carried out at different temperatures
with a space velocity of 24 000 ml g�1 h�1. Two columns (length,
1.75 m; diameter, 3 mm) and two thermal conductivity detectors
(T = 100 1C) were used for analyzing the products. Column A with
Paropak Q for separating CO2 and N2O, column B packed with

5A and 13X molecular sieves (40–60 M) for separating N2, NO
and CO.

3. Results and discussion
3.1. Texture characterization (N2-physisorption)

The N2 adsorption–desorption isotherms and corresponding
BJH pore size distribution curves of the synthesized samples
are shown in Fig. 1. Noting from this figure that CeO2, CuCe-
MMM, CuCe-IM and CuCe-GM samples exhibit the IV-type
isotherms with evident H1-type hysteresis loops, which indicate
that they are porous materials consisting of agglomerates or
compacts of approximately uniform spheres. While CuCe-HTM
and CuCe-CPM samples display the IV-type isotherms with
evident H2-type hysteresis loops, which demonstrate that they
possess wormhole-like mesostructure and interstice meso-
porous structure formed by nanoparticles assembly according
to IUPAC.34 The corresponding pore size distribution curves are
determined by BJH method from the desorption branch of the
isotherms for the former and from the adsorption branch of the

Fig. 1 The (a) N2 adsorption–desorption isotherms, and (b) BJH pore size
distribution curves of these samples.
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isotherms for the latter, because the desorption branch of a
H2-type hysteresis loop is one that should not be used for the
computation of pore size distribution formulated by IUPAC.
Furthermore, the pore size of these samples is located in
the mesoporous range (2–50 nm). The textural data of these
samples are listed in Table 1. We can find that the textural
properties of CuCe-MMM, CuCe-IM and CuCe-GM samples are
very similar with that of CeO2 support, while the hydrothermal
treatment and co-precipitation methods can change the textural
properties of CuO–CeO2 catalysts significantly. The obvious
difference of the textural properties of these two kinds of
samples (one is CeO2, CuCe-MMM, CuCe-IM and CuCe-GM,
the other is CuCe-HTM and CuCe-CPM) may be related to the
emancipation of gaseous nitrogen oxides during the thermal
decomposition of the nitrate precursors calcined at 500 1C.35,36

In addition, CuCe-HTM and CuCe-CPM samples exhibit the
lowest and highest specific surface area among these samples,
respectively.

3.2. Structure characterization (XRD and LRS)

Fig. 2 displays the powder XRD patterns and Raman spectra of
these samples. It can be seen from Fig. 2(a), the diffraction
peaks attributed to cubic ceria with fluorite structure [PDF-
ICDD 34-0394] can be observed for every sample, but no typical
diffraction peaks of crystalline CuO [PDF-ICDD 48-1548] can be
detected for all of the samples except CuCe-MMM, indicating
that the CuO species are highly dispersed on the surface of
CeO2, or/and incorporated into the lattice of CeO2.

16,27 More-
over, the crystallite size and lattice parameter of these samples
are also summarized in Table 1. The crystallite size of each
sample determined from the diffraction peak of CeO2 (111)
plane by Debye–Scherrer equation is very similar with each
other (ca. 10 nm). Meanwhile, the lattice parameter of CeO2,
CuCe–MMM, CuCe–IM and CuCe–GM samples has no significant
difference. Interestingly, we notice that the lattice parameter of
CuCe-HTM and CuCe-CPM samples is smaller than that of CeO2,
demonstrating that some Cu2+ ions are incorporated into the
lattice of CeO2 to form a solid solution, by considering that
the radius of Cu2+ (0.72 Å) is smaller than that of Ce4+ (0.92 Å)
and the consequent lattice contraction and distortion.15,22,37,38

XRD as a bulk characterization reflects the surface structure
of the sample rarely. And it can be well complemented by
Raman spectroscopy, which can detect the surface information of
the sample. As shown in Fig. 2(b), the Raman spectra of these
samples show a main band around 462 cm�1 (in the region I) which
is related to the F2g vibration mode of the cubic fluorite structure.

It is attributed to an octahedral local symmetric breathing
mode of oxygen atoms around the ceria lattice. The two weak
bands around 598 cm�1 and 1180 cm�1 (in the regions II and III)
are linked to the surface oxygen vacancy of CeO2.

16,22,39,40

Compared with pure CeO2, we can observe that the characteristic
F2g vibration mode of these CuO–CeO2 catalysts is weakened,
broadened and shifted to lower frequency (Table 1). These
observations can be interpreted by the synergistic interaction
between CuO and CeO2 through Ce3+ + Cu2+ 2 Ce4+ + Cu+,
surface oxygen vacancy, inhomogeneous strain and phonon
confinement related to the presence of reduced state of
cerium.39,41 Importantly, the ratio among 598 cm�1, 1180 cm�1

Table 1 Textural data, crystallite size, lattice parameter, the position and FWHM of the main Raman line, and the peak area ratio in Raman of these samples

Samples
BET surface
area (m2 g�1)

Pore volume
(cm3 g�1)

Average pore
diameter (nm)

Crystallite
size (nm)

Lattice
parameter (Å)

Position of
Raman line (cm�1)

FWHM of
Raman line (cm�1) (AII+AIII)/AI

CeO2 83.7 0.229 11.18 10.1 5.4004 462 23.1 0.0444
CuCe-MMM 82.2 0.194 9.02 10.2 5.4002 461 23.3 0.0690
CuCe-IM 79.0 0.193 8.92 10.8 5.3998 458 24.7 0.1925
CuCe-GM 82.4 0.140 9.42 10.0 5.3996 459 23.6 0.1696
CuCe-HTM 31.4 0.029 3.24 10.9 5.3980 455 23.4 0.1534
CuCe-CPM 118.2 0.149 5.73 9.4 5.3984 455 23.7 0.1809

Fig. 2 The (a) powder XRD patterns, and (b) Raman spectra of these samples.
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and 462 cm�1 Raman bands (i.e., (AII + AIII)/AI) is related to the
concentration of surface oxygen vacancies over these samples.
The higher ratio indicates the more surface oxygen vacancies.39,40

In fact, all of the samples exhibit two bands during the regions II
and III, although they are very weak. Gaussian and Lorentzian
deconvolutions were performed on three peaks (the first one for the
main band at B462 cm�1, the second one for the shoulder band at
B598 cm�1 and the last one for the weak band at B1180 cm�1,
respectively). In order to observe the two weak bands clearly, we
insert the amplified spectra between 470 and 1500 cm�1 into
Fig. 2(b). It can be noticed from Table 1, the concentration
of surface oxygen vacancies of these CuO–CeO2 catalysts is
higher than that of pure CeO2 and follows the order: CuCe-IM 4
CuCe-CPM 4 CuCe-GM 4 CuCe-HTM 4 CuCe-MMM, indicating
that the introduction of CuO may lead to the formation of more
surface oxygen vacancies. Especially, CuCe-IM catalyst shows
the highest concentration of surface oxygen vacancy among
these samples.

3.3. Reduction behaviors of these CuO–CeO2 catalysts
(H2-TPR)

H2-TPR profiles of these CuO–CeO2 catalysts prepared by
different methods are exhibited in Fig. 3. Some researchers8,26,42

reported that there are four kinds of copper–oxygen entities over
the supported copper oxide catalysts can be reduced by H2:
(i) isolated copper oxide species, which can interact with the
corresponding support strongly; (ii) weak magnetic associates
including several Cu2+ ions which contact with each other
closely; (iii) small two- or three-dimensional CuO clusters with
structures so loose that they have no specific and regular lattice
array; (iv) large three-dimensional clusters or crystalline CuO
with properties and characteristics similar with those of pure
CuO powders. According to the XRD results, we know that Cu2+

ions do not incorporate into the lattice of CeO2 (i.e., the copper

oxide species are on the surface of CeO2) for CuCe-MMM, CuCe-IM
and CuCe-GM catalysts. The interaction between copper oxide
species and ceria for CuCe-MMM catalyst is very weak because this
catalyst is obtained by mechanical mixing method. As a result,
CuCe-MMM catalyst shows only two reduction peaks (labeled a
and d) below 300 1C, indicating that there are two different types
of copper oxide species over this catalyst. According to the
literatures,8,26,42 the lower temperature reduction peak a may be
assigned to isolated copper oxide species, which is generated from
the close contact between CuO and CeO2. The higher temperature
reduction peak d can be attributed to crystalline CuO, which is in
agreement with the XRD results. For CuCe-IM catalyst, there are
four reduction peaks (labeled a, b, g and d), which can be assigned
to the reduction of the isolated copper oxide species, weak
magnetic associates including several Cu2+ ions, small two- or
three-dimensional CuO clusters and large three-dimensional CuO
clusters, respectively.8,26,42 It is well known that the reduction peak
shape and reduction peak temperature of the catalyst are mainly
influenced by the flow rate of H2, the mass of the catalyst and the
rate of heating. In other words, once these three factors are fixed,
perhaps some reduction peaks of different copper oxide species
will overlap for some catalysts. Moreover, the dispersion of copper
oxide species of the sample obtained by the grinding method is
worse than the sample prepared by the impregnation method.
Therefore, with regard to the CuCe-GM catalyst, we attribute the
reduction peak a to the overlap of the isolated copper oxide species
(interacting with the CeO2 support strongly) and weak magnetic
associates including several Cu2+ ions, while we assign the
reduction peak g to the superposition of the small two- or
three-dimensional CuO clusters and large three-dimensional
CuO clusters (beyond the detection limit of XRD).8,26,42

Recalling the results of XRD, we find that part of Cu2+ ions
have been incorporated into the lattice of CeO2 to form a solid
solution for CuCe–HTM and CuCe–CPM catalysts. According to
the literatures,16,25,43 if some Cu2+ ions are incorporated into
the lattice of CeO2, there are three types of copper oxide species
that can be reduced by H2: (i) the finely dispersed copper oxide
species; (ii) Cu2+ in the lattice of CeO2; (iii) CuO clusters and
crystalline CuO species. Consequently, we think that the
reduction peaks (labeled a0, g0 and d) of CuCe–HTM and
CuCe-CPM catalysts are related to the reduction of the finely
dispersed copper oxide species interacting with CeO2 support
strongly, Cu2+ in the lattice of CeO2 and CuO clusters,
respectively.

The quantitative analysis results of H2-TPR profiles for these
CuO–CeO2 catalysts are given in Table 2. We can find that the
actual H2 consumption during the reduction process is larger
than the theoretical H2 consumption corresponding to the
reduction of CuO to Cu0 for every catalyst, indicating that
concurrent reduction of copper oxide species and surface
CeO2 takes place due to the synergistic interaction between
CuO and CeO2 through Ce3+ + Cu2+ 2 Ce4+ + Cu+.43,44 We can
not quantify the amount of each type of copper oxide species by
its actual H2 consumption due to the reduction of surface CeO2

and the overlapped peaks. However, according to the reduction
peak temperature and the actual H2 consumption (Table 2), weFig. 3 H2-TPR profiles of these CuO–CeO2 catalysts.
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can conclude that the reduction behaviors of these CuO–CeO2

catalysts are ranked by CuCe-IM 4 CuCe-CPM 4 CuCe-GM 4
CuCe-HTM 4 CuCe-MMM. Especially, CuCe-IM catalyst pos-
sesses the best reduction property among these samples.

3.4. Bulk and surface compositions of these CuO–CeO2

catalysts (ICP-AES, XPS)

The bulk compositions of these CuO–CeO2 catalysts were
determined by ICP-AES, and the results are summarized in
Table 3. From this table, we find that the actual CuO content
and CeO2 content are very close to the nominal values (5.0 wt%
and 95.0 wt%) for each catalyst, indicating that the losses of
copper and cerium in the preparation process are negligible.
XPS was performed to further investigate the surface composi-
tions and elementary oxidation states of these catalysts. The
XPS spectra of Ce 3d, Cu 2p and O 1s for these CuO–CeO2

catalysts are displayed in Fig. 4. The spectrum for pure CeO2 is
also included for comparative purposes. The complex spectrum
of Ce 3d is numerically fitted with eight components with the
assignments defined in Fig. 4(a). The two groups of spin-orbital
multiplets, corresponding to 3d3/2 and 3d5/2, are denoted as u
and n and extend in the binding energy range of 880–920 eV.
Schulz et al.45 reported that the bands labeled u0 and n0

represent 3d104f1 initial electronic state corresponding to
Ce3+, while the other six bands labeled u0 0 0 and n0 0 0, u00 and
n00, u and n are related to Ce4+. Therefore, the chemical valence
of cerium on the surface of these samples is mainly in a +4
oxidation state, and a small amount of Ce3+ co-exists. Further-
more, the content of Ce3+ can be estimated from the area of u0

and n0, according to the following equation:46

Ce3þð%Þ ¼ Su0 þ Sv0P
ðSu þ SvÞ

� 100

The relative contents of Ce3+ calculated for pure CeO2 and
CuO–CeO2 catalysts are given in Table 3. It can be seen that the
percentage of Ce3+ for pure CeO2 is 14.04%, which is similar to
the value (15%) reported by Mastelaro et al.46 Interestingly, we
find that the Ce3+ contents of these CuO–CeO2 catalysts are
higher than that of pure CeO2, and are listed in the sequence:
CuCe-IM 4 CuCe-CPM 4 CuCe-GM 4 CuCe-HTM 4 CuCe-
MMM. According to the Raman results, this phenomenon can
be explained by the synergistic interaction of CuO and CeO2,
which leads to the formation of more surface oxygen vacancies.

For the spectrum of Cu 2p (Fig. 4(b)), all of the catalysts
exhibit the main peak of Cu 2p3/2 at B933.6 eV and the
corresponding shake-up peak between 938 and 946 eV, which

is the characteristic of Cu2+ species.23,39 Moreover, a weak peak
centered at B931.7 eV can be detected (except CuCe-MMM
catalyst), indicating the presence of Cu+ species.1,23,39 The
existence of Cu+ species is mainly due to the redox equilibrium
(Ce3+ + Cu2+ 2 Ce4+ + Cu+) shifting to the right. The relative
content of Cu+ can be represented by the area ratio between Cu+

and Cu+ + Cu2+, and follows the order: CuCe-IM 4 CuCe-CPM 4
CuCe-GM 4 CuCe-HTM 4 CuCe-MMM (Table 3). Surprisingly,
we find that the relative contents of Ce3+ and Cu+ show the same
order for these CuO-CeO2 catalysts, which seems to contradict
with the redox equilibrium Ce3+ + Cu2+ 2 Ce4+ + Cu+. In fact,
this bizarre result can be interpreted by the difference of surface
oxygen vacancy concentration. It is easy to understand that the
formation of surface oxygen vacancy is accompanied by an
increase of the relative contents of Ce3+ and Cu+.

The surface atomic ratio of Cu/Ce for all of the catalysts
(except CuCe-MMM) determined by XPS is higher than the
nominal value in parenthesis (Table 3), indicating the enrich-
ment of copper species on the surface of these CuO–CeO2

catalysts. In addition, the XRD results demonstrate that part
of the copper species incorporate into the lattice of CeO2 for
CuCe-HTM and CuCe-CPM catalysts. However, we find that the
surface Cu/Ce atomic ratio of CuCe-GM and CuCe-MMM is
lower than that of CuCe-CPM catalyst, which may be related to
the dispersion degree of copper species on the surface of CeO2.
Hou et al.47 reported that the dispersion degree of copper
species can be determined by H2-TPR - N2O oxidation -

H2-TPR measurement. But the dispersion degree of copper
species is difficult to determine in this study due to the
concurrent reduction of CuO and surface CeO2 during
H2-TPR process and the presence of Cu+.

The spectrum of O 1s is fitted with two Gaussian peaks, as
shown in Fig. 4(c). All of the samples show a main peak at
B529.0 eV attributed to lattice oxygen bonding to the metal
cations, and an additional peak at higher binding energy
B531.0 eV assigned to the chemisorbed oxygen and oxygen of
surface adsorbed water and C–O species.39,45 From Table 3, we
can find that the O/(Cu + Ce) ratio of these samples is higher
than the nominal values (2.00 for pure CeO2, 1.90 for catalysts)
in the full oxidation states. The reason is the adsorption of
chemisorbed oxygen, adsorbed water and C–O species on the
surface of these samples. Furthermore, it is widely reported
that the adsorption of CO and CO2 on the reduced state Ce3+

sites has a higher thermal stability than those on the oxidized
state Ce4+ sites.48,49 The relative percentage of the oxygen
species at higher binding energy can be quantified by the area
of O0 and O00. The proportion of O00/(O0 + O00) of these samples
presents a sequence: CuCe–IM 4 CuCe-CPM 4 CuCe-GM 4
CuCe-HTM 4 CuCe-MMM 4 CeO2 (Table 3), which is in
agreement with the order of Ce3+ content.

3.5. Catalytic performances of these samples (NO + CO model
reaction)

In this study, the catalytic performances of these samples were
evaluated by NO + CO model reaction, and the corresponding
results are displayed in Fig. 5. We find that the NO conversion

Table 2 The information of H2-TPR over these CuO–CeO2 catalysts

Samples
Ta(a0)

(1C)
Tb

(1C)
Tg(g0)

(1C)
Td

(1C)

The actual
H2 consumption
(mmol g�1)

The theoretical
H2 consumption
(mmol g�1)

CuCe-MMM 153 / / 227 998 625
CuCe-IM 95 124 146 176 1288 625
CuCe-GM 119 / 166 / 1093 625
CuCe-HTM 135 / 167 / 1087 625
CuCe-CPM 106 / 128 147 1159 625
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Table 3 The bulk (ICP-AES) and surface (XPS) compositions of these samples

Samples

Weight ratio by ICP-AES

Atomic concentration and atomic ratio by XPS

Atomic concentration Atomic ratio

Cu
(wt%)

CuO
(wt%)a

Ce
(wt%)

CeO2

(wt%)b
C
(at%)

Cu
(at%)

Ce
(at%)

O
(at%)

Cu+/
(Cu++Cu2+) (%)

Ce3+/
(Ce3+ + Ce4+) (%) Cu/Ce O/(Cu+Ce) O00/(O0 + O00)

CeO2 / / / / 25.16 / 20.72 54.12 / 14.04 / 2.61 (2.00) 0.2436
CuCe-MMM 4.04 5.05 77.28 94.95 25.27 2.12 19.58 53.03 0 14.64 0.108 (0.114) 2.44 (1.90) 0.2445
CuCe-IM 4.03 5.04 77.29 94.96 27.86 4.83 16.61 50.70 32.38 16.36 0.291 (0.114) 2.36 (1.90) 0.2811
CuCe-GM 3.97 4.96 77.36 95.04 24.24 4.42 18.52 52.82 29.00 15.04 0.239 (0.114) 2.30 (1.90) 0.2594
CuCe-HTM 3.95 4.94 77.38 95.06 30.86 2.93 16.48 49.73 27.93 14.93 0.177 (0.114) 2.56 (1.90) 0.2586
CuCe-CPM 4.03 5.04 77.29 94.96 26.34 4.41 17.47 51.78 30.21 15.48 0.252 (0.114) 2.37 (1.90) 0.2748

a Calculated from the concentration of Cu which was measured by ICP-AES. b Calculated from the concentration of Ce which was measured by
ICP-AES.

Fig. 4 XPS spectra of (a) Ce 3d, (b) Cu 2p, and (c) O 1s for these samples.
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and N2 selectivity of CeO2 are negligible below 225 1C, and an
enhancement is found at temperatures above 225 1C, which
may be attributed to the fact that CeO2 can be reduced by CO in
reaction gases at higher temperatures to form more surface
oxygen vacancies, and the higher temperature can provide
enough energy to cause NO to dissociate on the surface oxygen
vacancy of CeO2.

9,33,39,50 In addition, according to the litera-
tures,14,16,21,25 Cu+ can adsorb CO molecules efficiently, which
is beneficial to the enhancement of the activity for the reaction
involving CO. Therefore, the most interesting results are
obtained over these CuO–CeO2 catalysts, the activities and
selectivities of these samples are significantly superior to those
of CeO2. In order to clearly evaluate the catalytic performances of
these catalysts, the light-off temperatures of 50% NO conversion
(T50) for these catalysts are listed in Table S1 (seeing ESI†). It can
be seen from this table that the catalytic performances of these
catalysts are ranked: CuCe-IM 4 CuCe-CPM 4 CuCe-GM 4
CuCe-HTM 4 CuCe-MMM during the reaction temperature
range, which may be related to the reduction behavior, Cu+

content and surface oxygen vacancy concentration of these
CuO–CeO2 catalysts. Moreover, the activities of these CuO–CeO2

catalysts are considerable at low temperature (o 175 1C), but the
corresponding selectivities are very poor (o 20%), indicating that
NO is mainly reduced to N2O at low temperature. Interestingly,
the activities increase very slowly between 175 and 300 1C,
however, the selectivities enhance remarkably, demonstrating that
N2O is further reduced to N2 in this temperature range.

3.6. Adsorption behaviors of these samples (CO or/and NO
adsorption in situ FT-IR)

In order to further understand the nature of NO reduction by
CO over these samples, in situ FT-IR technique was carried out.
Fig. 6 exhibits the CO adsorption in situ FT-IR spectra of CeO2

Fig. 5 The (a) NO conversion, and (b) N2 selectivity of these samples.

Fig. 6 In situ FT-IR spectra of 10% CO/Ar interaction with (a) CeO2, and (b) CuCe–IM samples at different temperatures.
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and CuCe-IM samples. In the view of CeO2 support, it is widely
reported16,48,51,52 that the bands at about 1043, 1300 and
1475 cm�1 are the different mode assignments of monodentate
carbonates, i.e., n(C–O), ns(CO3

2�) and nas(CO3
2�); the band at

B1530 cm�1 is ascribed to the n(CQO) vibration mode
of bidentate carbonates; and the bands at ca. 1385 and
1582 cm�1 are attributed to carboxylates with ns(COO�) and
nas(COO�) vibration modes. Increasing the temperature to
150 1C, two new bands for COx coordinated to the reduced
ceria appear at 990 and 1080 cm�1, simultaneously, gaseous
CO2 generates at 2360 cm�1, indicating that CeO2 support can
be reduced by CO in the heating treatment.32 However, as is
well known, CeO2 shows two reduction peaks around 500 and
800 1C during H2-TPR attributed to the reduction of surface and
bulk CeO2, respectively.9,15,17,33,40 We can find that the surface
CeO2 is easier to be reduced by CO than by H2 due to the
necessary dissociation of adsorbed H2.

49 Moreover, further
raising the temperature leads to the bands assigned to these
carbonates and carboxylates being enhanced and the band of
gaseous CO2 disappearing because of the adsorption of CO and
CO2 on the reduced state Ce3+ sites.48,49 Dramatically, regarding
CuCe–IM catalyst, the bands of monodentate carbonates,
bidentate carbonates and carboxylates, as well as COx coordi-
nated to the reduced state ceria, are also detected at corre-
sponding temperature. Interestingly, a new band ascribed to the
linear CO adsorption on Cu+ sites at 2105 cm�1 is observed at
25 1C,14,25 demonstrating the presence of Cu+ on the surface of
CuCe-IM catalyst, which is in accordance with the XPS results.
Furthermore, improving the temperature to 100 1C results in
the increase of Cu+–CO species accompanied by the enhance-
ment of gaseous CO2 at 2360 cm�1 and the appearance of COx

coordinated to the reduced state ceria at 990 and 1080 cm�1,
suggesting that the synergistic interaction between copper

oxide and ceria can promote copper oxide to be reduced from
Cu2+ to Cu+ and ceria to provide oxygen at the interface. Further
elevating the temperature up to 200 1C causes the disappearance
of Cu+–CO species, but not for carbonates and carboxylates even
at higher temperature. This phenomenon can be interpreted by
the further reduction of copper oxide from Cu+ to Cu0 or/and the
thermal desorption.

In situ FT-IR spectra of NO interaction with CeO2 and CuCe-IM
samples at various temperatures are shown in Fig. 7. For CeO2

support, the bridging bidentate nitrates display a NO2 symmetric
vibration mode at 1006 cm�1 and a NQO stretching mode at
1626 cm�1; the chelating bidentate nitrates exhibit two bands of
symmetric and asymmetric vibration at 1220 and 1545 cm�1,
respectively; the linear nitrites give a vibration band at 1273 cm�1;
the bridging monodentate nitrates show a shoulder band at
1469 cm�1; furthermore, the physical adsorbed NO species
display a weak band at 1747 cm�1.32,53,54 Some interesting results
can be obtained during the heating procedure: firstly, the physical
adsorbed NO species disappear at 100 1C due to their weak
adsorption; secondly, the bridging monodentate nitrates and
linear nitrites can be eliminated at 200 and 300 1C, respectively;
lastly, the bridging bidentate nitrates and chelating bidentate
nitrates get weakened slightly but do not disappear even at
300 1C, indicating that they are very stable on the surface of
CeO2. The vibration bands of bridging bidentate nitrates, chelating
bidentate nitrates, linear nitrites, bridging monodentate nitrates
and physically adsorbed NO species can also be observed for
CuCe-IM catalyst. The bridging monodentate nitrates and physical
adsorbed NO species disappear at the same temperatures with
those of CeO2. Besides, we can find that the linear nitrites can be
eliminated at a lower temperature (200 1C). Moreover, the inten-
sities of the bands for bridging bidentate nitrates and chelating
bidentate nitrates decrease obviously when the temperature is up

Fig. 7 In situ FT-IR spectra of 5% NO/Ar interaction with (a) CeO2, and (b) CuCe–IM samples at different temperatures (the models of these adsorbed NO species were
displayed in the figure).
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to 300 1C. All of the results indicate that these adsorbed NO species
on the surface of CuCe-IM catalyst are easier to desorb/convert/
dissociate than those on CeO2 because the CuCe-IM catalyst
possesses more surface oxygen vacancies,9,50 which is supported
by Raman results. In addition, compared with CeO2, we can notice
that all of the vibration bands of adsorbed NO species on the
surface of CuCe-IM catalyst shift to lower wavenumber direction.
This observation can be explained by the synergistic interaction
between CuO and CeO2, which causes the back-donation of the
d-electron from the metal cation to the antibonding orbital of NO,
this effect weakens the N–O bond.55

The nature and relative population of the surface species on
CeO2 and CuCe-IM samples have been investigated by CO and
NO co-adsorption in situ FT-IR technique under the simulated
reaction conditions, as shown in Fig. 8. CO and NO co-inter-
action with CeO2 support generates several kinds of adsorbed
NO species on the surface, which is similar with NO adsorption
in situ FT-IR results, indicating that NO can preferentially
adsorb on the surface of CeO2 support due to its unpaired

electron, and the adsorption of CO species is inhibited.53,56 All
of the bands corresponding to the adsorption of NO species
decrease to some extent with the temperature increasing to
250 1C. At the same time, carbonates and carboxylates are
detected on the surface of CeO2 support, because the desorption/
conversion/dissociation of adsorbed NO species exposes active
sites to adsorb CO species. Further heating to 300 1C, the
adsorption of NO species weakens but does not disappear,
however, the adsorption of CO species is enhanced. According
to the literature,53 N2 has no IR active mode because it is a
diatomic homonuclear molecule; gaseous N2O and CO2 give
bands at 2235 and 2360 cm�1, respectively. In the whole
temperature range, the vibration modes of N2O and CO2 are
not observed on the surface of CeO2 support, indicating that
the reaction between NO and CO is not obvious, which is in
agreement with the activity results. For CuCe-IM catalyst, only
bridging bidentate nitrates, chelating bidentate nitrates, linear
nitrites, bridging monodentate nitrates can be detected below
150 1C, which is similar with CO and NO co-adsorption in situ
FT-IR results of CeO2 support. In addition, some interesting
phenomena can be observed during the heating procedure:
firstly, the above-mentioned adsorbed NO species disappear
completely at a lower temperature (150 1C), simultaneously,
carbonates and carboxylates appear on the surface of CuCe-IM
catalyst, indicating that the adsorbed NO species on CuCe-IM
catalyst are easier to desorb/convert/dissociate than those on
CeO2 support because the CuCe-IM catalyst possesses more
surface oxygen vacancies; secondly, several bands at 2105, 2235
and 2360 cm�1 ascribed to CO adsorbed on Cu+, gaseous N2O
and CO2 can be observed at 150 1C, suggesting that the reaction
between NO and CO takes place remarkably due to the syner-
gistic effect of Cu+ species and surface oxygen vacancy; lastly,
further increasing temperature leads to the disappearance of
gaseous N2O owing to being further reduced to N2, which is
supported by the results of activity and selectivity.

3.7. Possible reaction model of NO reduction by CO over these
CuO–CeO2 catalysts

On the basis of the above results, a possible reaction model of
NO reduction by CO under the current conditions is proposed
to further understand the difference of catalytic performances
among these CuO–CeO2 catalysts (Fig. 9). When exposing CuO–
CeO2 catalyst to CO and NO mixture gases, NO molecules are
preferentially adsorbed on the surface of CuO–CeO2 catalyst
due to its unpaired electron to inhibit the adsorption of CO
species.56 It is widely reported that surface oxygen vacancy is
beneficial to the dissociation of NO species.9,33,39,50 Therefore,
these adsorbed NO species can be dissociated with increasing
temperature to expose active sites to adsorb CO species.
Simultaneously, the contact of CO and CuO–CeO2 catalyst can
result in the reduction of CuO–CeO2 catalyst by CO to form
more surface oxygen vacancies. On the other hand, Cu+ is a
suitable site to adsorb CO molecules.14,16,21,25 Furthermore,
Cu2+ can be reduced to Cu+ during the heating procedure to
generate more CO adsorption sites. CO molecules adsorbed on
Cu+ can react with O radicals resulted from the dissociation of

Fig. 8 In situ FT-IR spectra of 10% CO/Ar and 5% NO/Ar co-interaction with (a)
CeO2, and (b) CuCe-IM samples at different temperatures.
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NO species on surface oxygen vacancy to produce CO2, the rest
N radicals are able to combine with NO molecules to form N2O,
or their own combination to generate N2. The by-product N2O
can be further reduced to N2 at higher temperature. Summarily,
the synergistic effect between Cu+ species and surface oxygen
vacancy promotes the occurrence of NO reduction by CO
reaction, and enhances the activity and selectivity of CuO–
CeO2 catalyst remarkably, which is supported by the fact that
the catalytic performances of these CuO–CeO2 catalysts are
ranked by CuCe-IM 4 CuCe-CPM 4 CuCe-GM 4 CuCe-HTM 4
CuCe-MMM, associated with the orders of Cu+ content, surface
oxygen vacancy concentration and reducibility.

4. Conclusions

In this study, a series of CuO–CeO2 catalysts were prepared
by different methods with the purpose of investigating
the influence of preparation methods on texture, structure,
reducibility, surface state and catalytic performance for NO
reduction by CO. Based on the above-mentioned characteriza-
tions, we can conclude that:

(i) The crystallite size of CeO2 in the synthesized samples is
very similar to each other, indicating that the influence of the
crystallite size of CeO2 support can be neglected in the
present work;

(ii) CuCe-IM catalyst shows the highest activity and selectivity
due to its largest surface oxygen vacancy concentration, excellent
reducing ability and most Cu+ species;

(iii) The synergistic effect between Cu+ species and surface
oxygen vacancies over these CuO–CeO2 catalysts plays an
important role in the NO + CO model reaction.
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