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Abstract The effects of Zr doping on the existence of Cu
and the catalytic performance of Ce0.7 – xZrxCu0.3O2 for CO
oxidation were investigated. The characterization results
showed that all samples have a cubic structure, and a small
amount of Zr doping facilitates Cu2+ ions entering the
CeO2 lattice, but excessive Zr doping leads to the
formation of surface CuO crystals again. Thus, the number
of oxygen vacancies caused by the Cu2+ entering the lattice
(e.g., Cu2+–,–Ce4+; ,: oxygen vacancy), and the
amount of reducible copper species caused by CuO
crystals, varies with the Zr doping. Catalytic CO oxidation
tests indicated that the oxygen vacancy and the reducible
copper species were the adsorption and activation sites of
O2 and CO, respectively, and the cooperative effects
between them accounted for the high CO oxidation
activity. Thus, the samples x = 0.1 and 0.3, which
possessed the most oxygen vacancy or reducible copper
species, showed the best activity for CO oxidation, with
full CO conversion obtained at 110 °C. The catalyst is also
stable and has good resistance to water during the reaction.

Keywords Ce–Zr–Cu–O, CO oxidation, reducible cop-
per species, oxygen vacancy, cooperative effect

1 Introduction

Air pollution causes serious damage to people’s health. CO
is a major component of air pollution, and its elimination at
a low temperature is an important research issue [1–3]. In

the past few decades, the catalytic oxidation technique has
been widely used to control CO emitted from industrial
sources, with great success [4,5]. Hence, the development
of active catalysts for CO oxidation is an important issue in
the industry, and continues to attract the attention of
researchers [6,7].
Precious metals are efficient for low-temperature CO

oxidation reaction [8–10], but the high cost and scarcity
limit large-scale application [11]. Therefore, attention has
been given to the non-precious metal catalysts in recent
years, including Ce–Zr–Cu mixed metal oxides, which are
low-cost, and have strong sintering resistance and good
low-temperature activity [12,13].
CuO is low-cost and shows good low-temperature

activity for CO oxidation, but its activity is affected in
the presence of H2O and CO2 [14,15]. CeO2 is an
important catalytic material widely used in applications
such as three-way catalysts to purify automobile exhaust
fumes [16,17], owing to its strong reducibility, stability and
good oxygen storage/release capacity [18,19]. Therefore,
CeO2 is widely used as a support or promoter of catalysts
[20], and it was also reported that CeO2 can promote the
dispersion of Cu species and increase the storage of
oxygen species [21].
Recent reports indicate that the synergistic effect

between CuO and CeO2 can improve the oxidation-
reduction ability of the CuO/CeO2 catalyst [22], and thus
exhibit good activity for low-temperature CO oxidation
[23]. In addition, it has been found that the thermal
stability, redox activity and catalytic performance of CeO2

can be improved by replacing part of the Ce atoms with Zr
or La atoms in the lattice [24,25]. Although ZrO2 cannot
catalyze the reaction itself, it can interact with CeO2 and
form a Ce(Zr)O2 solid solution, which promotes the
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oxygen storage/release capacity and redox properties of
CeO2, and thus the low-temperature oxidation activity
[26,27]. It was also reported that the excellent performance
of CeO2 was mainly caused by oxygen vacancy [28], and
that the incorporation of ions with suitable radii and
valences (e.g., Cu2+) facilitated the production of oxygen
vacancy [29].
Qi et al. [30] studied the effects of cerium precursors

(e.g., Ce(NO3)3 and (NH4)2Ce(NO)6) on the structure,
surface state, reducibility and CO oxidation activity of
mesoporous CuO–CeO2. They found that surface Cu

+ was
the active site of CO, and the synergistic effects between
Cu and Ce facilitated the catalytic activity of CuO–CeO2.
Cecilia et al. [31] synthesized CuO–Ce0.9X0.1O2 catalysts
for CO preferential oxidation (H2), and showed that CuO-
Ce0.9Zr0.1O2 was the most active catalyst for the reaction,
with 95% CO conversion obtained at 120 °C. Carmona et
al. [32] prepared CuO–CeO2 catalysts supported on Zr-
doped SBA-15 for CO preferential oxidation, and found
that the CO conversion was improved, owing to the
improved dispersion and reducibility of Cu species caused
by Zr doping [18].
In this study, a series of Ce0.7 – xZrxCu0.3O2 catalysts

were prepared using a sol-gel method, and the effect of Zr
doping on their physicochemical properties and catalytic
activity for CO oxidation were studied. The aim of this
work was to study how Zr doping affects the structural
features and the catalytic performance of Ce0.7 – xZrx
Cu0.3O2 for CO oxidation. To illustrate this point, a series
of measurements were used to characterize the catalysts
(including X-ray diffraction (XRD), N2 physisorption,
transmission electron microscopy (TEM), scanning elec-
tron microscopic (SEM), O2-temperature programmed
desorption (O2-TPD), H2-temperature programmed reduc-
tion (H2-TPR) and X-ray photoelectron spectroscopy
(XPS)), and the results were correlated to the CO oxidation
activity. Finally, the reaction stability and the water
resistance of Ce0.4Zr0.3Cu0.3O2 (the best catalyst for CO
oxidation) were also investigated, to evaluate the potential
for industrial applications.

2 Experimental

2.1 Catalyst preparation

The Ce0.7 – xZrxCu0.3O2 catalysts were prepared using a
sol-gel method. First, 0.1 g F127, 2.1 g citric acid, and
Ce(NO3)3/ZrO(NO3)2/Cu(NO3)2, with expected molar
ratios (0.02 moles in total), were added to 10 g ethanol
solution (40%), which was stirred until completely
dissolved. The solution was continuously stirred until it
gelatinized. The gel was dried at 100 °C for 8 h, calcined
at 300 °C for 3 h and at 500 °C for 5 h (heating rate:
1 °C$min–1). The product was denoted Ce0.7 – xZrxCu0.3O2

(x = 0, 0.1, 0.3, 0.5). For comparison purposes, the

monomer CeO2 and CuO catalysts were prepared using the
same procedure.

2.2 Catalyst characterization

XRD patterns were recorded on an Advance IIIX-type
apparatus (Bruker, Germany) using Cu Kα radiation, and
operating at 40 kV and 30 mA. The samples were scanned
at 2θ range of 10°–80° and a scanning speed of 0.2°$s–1.
XPS was recorded on a VG Multilab 2000 apparatus
(Thermo Scientific) equipped with an amonochromated Al
Kα X-ray source. The binding energy was calibrated using
the C 1s of adventitious carbon at 284.8 eV. Peak
deconvolution was performed using XPSPEAK software.
N2 physisorption isotherms were measured on a BeiShiDe
3H-2000PS2 apparatus at –196 °C, and the surface area
was calculated by multiple points using the Brunauer-
Emmett-Teller (BET) method. Before measurement, the
samples were vacuumed at 300 °C for 3 h. SEM images
were obtained using a JSM-IT500A electron microscope
(JEOL, Japan). TEM was performed on a Tecnai G2 F20
instrument equipped with a field emission gun operated at
200 kV.
O2-TPD and H2-TPR profiles were obtained using a TP-

5080 TPD/TPR instrument made by Tianjin Xianquan
Company. For O2-TPD, 0.10 g catalysts were treated at
500 °C for 1 h in an oxygen atmosphere. After cooling to
room temperature, the oxygen was replaced with Ar at a
flow rate of 20 mL$min–1. When the baseline was stable,
the temperature was increased from 50 °C to 900 °C at a
rate of 10 °C$min–1. For H2-TPR, 0.03 g catalysts were
pre-treated in Ar at 500 °C for 1 h and then cooled to
50 °C. The flow gas was then switched to 5% H2/N2

(20 mL$min–1). After a stable baseline was reached,
the sample was heated from 50 °C to 800 °C at a rate of
10 °C$min–1.

2.3 Catalytic activity tests

The CO oxidation reaction was performed on a fixed-bed
quartz micro-reactor (i.d. = 6 mm). The catalyst (0.15 g)
was loaded into a micro-reactor without dilution. The
reactant (0.8 vol-% CO+ 6.0 vol-% O2, balanced with Ar)
was passed at a flow rate of 60 mL$min–1, with the weight
hourly space velocity (WHSV) equating to 31000 h–1. The
reaction temperature was controlled by a temperature
programming computer. At each stage, the temperature
was maintained for 30 min before testing the reaction
activity, to ensure that the reaction had reached steady-
state. The activity was evaluated in terms of CO
conversion:

%CO conversion ¼ ð½CO�in – ½CO�outÞ=½CO�in � 100,

where [CO]in and [CO]out are the inlet and outlet CO
concentrations, respectively.
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3 Results and discussion

3.1 Textural properties and surface morphologies

Figure 1 shows the XRD patterns of the catalysts. The
CeO2 and CuO formed well-crystallized cubic fluorite
CeO2 (PDF #34-0394) and monoclinic CuO (PDF #48-
1548) structures. The Ce0.7Cu0.3O2 sample showed mainly
the diffraction peaks of CeO2, but some weak diffraction
peaks also appeared (2θ = 35.6°, 38.8°), which can be
assigned to CuO. This suggests that the Cu2+ ions did not
enter the CeO2 lattice fully and some formed on the surface
as CuO crystals. The enterance of Cu2+ ions to the CeO2

lattice was verified by the peak shift of CeO2 from 28.47°
to 28.59° (Fig. 1(a)). From the Scherrer equation (2dsinθ =
nl), we know that the lattice distance of CeO2 will shrink
when Cu2+ with a smaller ionic radius (rCu2+ = 73 Å,
rCe4+ = 87 Å) enters the lattice, causing the shift of
diffraction peaks to a higher position. Moreover, according
to the principle of electroneutrality, the substitution of Ce4+

with low valence Cu2+ will lead to the generation of
oxygen vacancy in the CeO2 structure (e.g., Cu2+–,–
Ce4+;,: oxygen vacancy), and facilitate the CO oxidation
reaction.
Zr doping influenced the formation of CuO on the

surface. With Ce0.6Zr0.1Cu0.3O2, the diffraction peak of
CuO was hard to observe in the XRD pattern (Fig. 1(b)).
This indicates that Zr doping in small amounts can
promote Cu2+ ions entering the CeO2 lattice. However,
with a further increase in Zr doping (x> 0.1), the
diffraction peaks of CuO appeared and strengthened,
which indicates that excessive Zr doping causes the
segregation of CuO on the surface. It is likely that, at
low levels of Zr4+ doping, the defects of CeO2 caused by
Ce3+ (see the XPS spectra below) were mostly repaired by
replacing Ce3+ with Zr4+, which allows more Cu2+ ions to
enter the CeO2 lattice. However, because of the different

ionic radii between Ce4+ and Zr4+, the further increase in
Zr4+ doping causes lattice distortion of CeO2, which
decreases the accommodation capability of Ce(Zr)O2 to
Cu2+ ions; this leads to the re-formation of surface CuO.
Although the cubic structure was kept even at Zr doping

of 50% (i.e., Ce0.2Zr0.5Cu0.3O2), the diffraction peaks
shifted significantly to a higher position (e.g., from 28.8° to
29.5°). This indicates that the matrix structure of the
catalyst was gradually transferred to cubic ZrO2 (PDF #49-
1642), see Fig. 1(b). This demonstrates that the Zr4+ ions
entered the CeO2 lattice and formed a Ce(Zr)O2 solid
solution. In contrast, the number of Cu2+ ions entering the
CeO2 lattice is limited, due to its low oxidation state (+2),
compared to that of Ce4+ and Zr4+ ions (+4).
To confirm the actual Zr and Cu atoms doped to the

CeO2 lattice, inductively coupled plasma mass spectro-
meter measurements were conducted (The results are listed
in Table S1, cf. Electronic Suppiementary Material, ESM).
Table S1 shows that the Ce/Zr/Cu molar ratios of
Ce0.7Cu0.3O2, Ce0.6Zr0.1Cu0.3O2 and Ce0.4Zr0.3Cu0.3O2

accord well with their norminal compositions, which
demonstrates that the Zr and Cu atoms were doped as
desired.
N2 physisorption isotherms showed that all samples

have the type III isotherm with a H4 hysteresis loop
(Fig. 2), which suggests the presence of interstitial holes
created between the particles. The change in the BET
surface area after Zr doping is complex, and could be
related to the formation of surface CuO crystals. Thus,
the increase in surface area from Ce0.7Cu0.3O2 to
Ce0.6Zr0.1Cu0.3O2 was the largest of the Cu species that
entered the Ce(Zr)O2 lattice, which decreased the number
of particles on the surface and hence exposed more pores.
The CuO crystal formed again from Ce0.6Zr0.1Cu0.3O2 to
Ce0.4Zr0.3Cu0.3O2, and filled in or blocked the holes made
between the Ce(Zr)O2 particles, thus decreasing the
surface area. With a further increase in Zr doping, i.e.,

Fig. 1 XRD patterns for: (a) individual CuO, CeO2 and Ce0.7Cu0.3O2 composites and (b) the Zr doped Ce0.7 –xZrxCu0.3O2 composites,
together with a standard diffraction diagram of the cubic ZrO2.
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from Ce0.4Zr0.3Cu0.3O2 to Ce0.2Zr0.5Cu0.3O2, the matrix
structure gradually transformed to that of ZrO2, and altered
the textural properties and the surface area. It was reported
that Zr doping can improve the surface area of CeO2 [33],
thus it can be expected that the surface area increases (from
30 to 49 m2$g–1) when the matrix structure is transformed
from CeO2 to ZrO2.
Figure 3 presents the SEM images of Ce0.7 – xZrx

Cu0.3O2, showing a random surface morphology with a
wide range of particle sizes. The morphology of

Ce0.6Zr0.1Cu0.3O2 varied greatly compared to that of the
other samples, in that it has a looser and rougher surface,
while the other samples have a more densely packed and
smoother surface. This could be attributed to the formation
of CuO crystals on the surface. For Ce0.6Zr0.1Cu0.3O2 with
few surface CuO crystals, most of the Cu species enters the
Ce(Zr)O2 lattice and shows mainly the surface morphology
of Ce(Zr)O2, which has good resistance to sintering. The
other samples that showed many surface CuO crystals
(which tend to agglomerate at high temperature) were
sintered during the calcination process and the surface
became smooth. This result can be seen as indirect
evidence that most of the Cu species of Ce0.6Zr0.1Cu0.3O2

entered the Ce(Zr)O2 lattice, instead of forming CuO
crystals on the surface.
TEM measurements were conducted to further observe

the surface morphology of the samples (Figs. 4(a–c). For
Ce0.7Cu0.3O2 without Zr doping, a large number of small
particles (~8 nm) were observed on the surface, which can
be attributed to the surface CuO crystals. The number of
particles on the surface decreased significantly when a
small amount of Zr was doped (i.e., Ce0.4Zr0.3Cu0.3O2),
with the Cu species seen in both the Ce(Zr)O2 lattice and
on the surface. However, a further increase in Zr doping
(i.e., Ce0.2Zr0.5Cu0.3O2) led to more particles forming on
the surface, and the particle size varied widely (from 5.0 to
18.1 nm), due to the transfer of the matrix structure. This
accords well with the changes observed in the XRD
patterns, which showed that the CuO crystals disappeared

Fig. 2 N2 physisorption isotherms of the Ce0.7 –xZrxCu0.3O2,
with BET surface area and pore size data inserted.

Fig. 3 SEM images of the Ce0.7 –xZrxCu0.3O2 series samples.
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initially, but re-appeared with a further increase in Zr
doping.
The high resolution transmission electron microscope

pictures supported the above results, i.e., the Cu species
entered the Ce(Zr)O2 lattice at Zr doping£30%, and
the matrix structure was transferred at Zr doping of 50%
(Figs. 4(d–e). Both Ce0.7Cu0.3O2 and Ce0.4Zr0.3Cu0.3O2

showed a lattice distance of ~0.309 nm, which can be
assigned to the d(111) of CeO2 (0.312 nm, PDF #43-1002).
The slight decrease in the d(111) value suggests that Cu

2+ or
Zr4+ with a smaller ionic radius entered the CeO2 lattice.
Additionally, a lattice distance of ~0.254 nm was also
observed for the two samples, which can be assigned to the
d(11-1) of monoclinic CuO (0.252 nm, PDF #48-1548),
since CuO crystals are present on the surface. With
Ce0.2Zr0.5Cu0.3O2, the (111) lattice fringe of CeO2 was
not observed, but it appeared with a lattice distance of
0.303 nm, which can be assigned to the d(101) of the
Ce–Zr–O solid solution [34]. This, in turn, confirms the
transformation of the matrix structure from CeO2 to ZrO2.
As expected, a lattice distance of 0.256 nm (assigned to
the d(11-1) of monoclinic CuO) was observed, due to the
re-formation of surface CuO.

3.2 Redox and surface properties

The H2-TPR profiles of Ce0.7 – xZrxCu0.3O2 are depicted in
Fig. 5. They show two reduction peaks for all samples,
with a shoulder peak at 130 °C–200 °C and a main peak at
200 °C–270 °C. The former can be assigned to the
reduction of highly dispersed CuO particles having strong

interaction with CeO2; the latter is due to the reduction of
bulk CuO crystals that are weakly associated with CeO2

[35]. The detailed peak temperatures and hydrogen
consumption figures are shown in Table 1.
The shoulder peak showed that hydrogen consumption

increased with Zr doping, and reached a maximum at
x = 0.3 (0.82 mmol$gcat

–1), which showed weak CuO
diffraction peaks in the XRD patterns. The low H2

consumption of Ce0.7Cu0.3O2 could be because it was
not feasible for Cu2+ ions to enter the CeO2 framework and
the CuO that formed on surface was made of large particles
that have weak interaction with CeO2. Ce0.6Zr0.1Cu0.3O2

also consumed little hydrogen because most of the Cu2+

Fig. 4 Normal (a–c) and high (d–f) resolution TEM images of: Ce0.7Cu0.3O2 (a, d), Ce0.4Zr0.3Cu0.3O2 (b, e), and Ce0.2Zr0.5Cu0.3O2 (c, f).

Fig. 5 H2-TPR profiles of the Ce0.7 –xZrxCu0.3O2 series composites.
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ions entered the CeO2 lattice, and less CuO formed on the
surface. With Ce0.4Zr0.3Cu0.3O2, because the surface CuO
is made of small particles that have strong interaction with
the Ce(Zr)O2, it consumed the most hydrogen.
As expected, an increase in the reduction temperature

was observed with the Zr doping, e.g., from 175.5 °C for
Ce0.7Cu0.3O2 to 193.8 °C for Ce0.4Zr0.3Cu0.3O2, due to: 1)
the larger amounts of hydrogen consumed (e.g., the
hydrogen consumption of Ce0.4Zr0.3Cu0.3O2 is ca. 5
times higher than that of Ce0.7Cu0.3O2, as per Table 1),
which delayed the appearance of the reduction peak; 2) the
stronger interaction between the copper species and the Ce
(Zr)O2, which increased the difficulty of the reduction
process and increased the reduction temperature.
The strong interaction between CuO and Ce(Zr)O2 also

affected the temperature of the main reduction peak. This is
especially prominent in sample x = 0.1, which consumed
less hydrogen, but shows a higher peak temperature
(~3 °C) than sample x = 0. The hydrogen consumption of
the main reduction peak increased again for sample x = 0.3,
due to the re-formation of surface CuO.
It is worth noting that the real H2 consumption value was

higher than the theoretical value calculated for complete
reduction of Cu2+ to Cu0 (e.g., 2.0 mmol$gcat

–1 for
Ce0.7Cu0.3O2). This suggested that, besides the reduction
of surface CuO, some active interfacial Ce–O–Cu species
were involved in the reduction process (e.g., H2 + Ce–O–
Cu ! Ce–,–Cu+ H2O), as reported elsewhere [36,37].
This is supported by the disappearance of the reduction
peak at ~500 °C for CeO2 [38,39]. Therefore, the reduction
of CeO2 was promoted by the newly formed Ce–O–Cu
species, which consumes hydrogen and causes high
hydrogen consumption in the reduction process.
The properties of sample x = 0.5 changed significantly

compared to that of the other samples, due to the
transformation of the matrix structure (from CeO2 to
ZrO2). Thus, the peak temperature and the hydrogen
consumption for both the shoulder peak and the main peak
decreased compared to those of sample x = 0.3. This
provides indirect support for the view that the interfacial
Ce–O–Cu species was formed and reduced by H2 in the
Ce-rich samples (x£0.3).
Figure 6 shows the O2-TPD profile of the Ce0.7 – xZrx

Cu0.3O2. Three desorption peaks appeared in the profiles,

which indicates that the desorption of oxygen occurred
mainly in three stages. Based on previous results obtained
[12,40], it was inferred that the first peak (70 °C–300 °C)
was due to the molecular oxygen that was physically or
chemically adsorbed on the surface (e.g., O2, O2

–, defined
as α oxygen). The second peak (530 °C–700 °C) was due
to the atomic oxygen chemically adsorbed on the oxygen
vacancies (e.g., O2–, O–, defined as β oxygen). The third
peak (700 °C–900 °C) was due to the oxygen located on
the lattice (e.g., O2–, defined as γ oxygen). For comparison
purposes, we calculated the desorption peak area, which
reflects the amount of oxygen desorbed from the sample.
The data are listed in Table 1.
For the α oxygen, the peak area decreased from x = 0 to

0.1, but then increased as more Zr was added. In contrast,
the peak area of β oxygen increased initially, but decreased
with a further increase in Zr content. The change in peak
area could be because of the number of Cu2+ ions entering
the CeO2 lattice (or the amount of CuO produced on the
surface). For example, Ce0.7Cu0.3O2 with a higher CuO
content released more α oxygen, and Ce0.6Zr0.1Cu0.3O2

with a lower CuO content released less α oxygen.
Consequently, we speculated that the molecular oxygen
adsorbed on the CuO surface is responsible for the release
of α oxygen.
The β oxygen relates closely to the oxygen vacancy, and

Table 1 H2-TPR and O2-TPD data of the Ce0.7 – xZrxCu0.3O2 composite oxides

Sample

H2-TPR (area/counts) O2-TPD (area/counts)

Shoulder peak Main peak
α peak β peak γ peak

T/°C mmol$gcat
–1 a) T/°C mmol$gcat

–1 a)

x = 0 175.5 0.16 211.9 1.99 462.1 56.1 1363.7

x = 0.1 186.2 0.49 214.9 1.60 122.4 287.6 1209.4

x = 0.3 193.8 0.82 225.8 2.10 199.1 261.8 1810.1

x = 0.5 172.9 0.30 213.5 1.56 308.7 130.0 2015.8

a) H2 consumption calculated from the TPR measurements (mmol$gcat
–1).

Fig. 6 O2-TPD profiles of the Ce0.7 –xZrxCu0.3O2 composite oxides.
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its change could be explained by the number of oxygen
vacancies generated in the sample. According to the
principle of electroneutrality, we know that when low-
valence Cu2+ enters the CeO2 lattice, it can cause the
release of atomic oxygen and generate oxygen vacancies.
Consequently, Ce0.6Zr0.1Cu0.3O2 with more Cu2+ incorpo-
rated shows a larger β desorption peak (or releases more β
oxygen). In contrast, Ce0.7Cu0.3O2 with less Cu

2+ entrance
shows a smaller β desorption peak (or releases less β
oxygen).
The change in the peak area of the γ oxygen is similar to

that of the α oxygen: with the increase of Zr doping, the
peak area first decreased and then increased. This could be
related to the Cu–O–Ce bond that formed in the samples.
Compared to CuO, CeO2 is a better oxygen storage/release
material, and the release of lattice oxygen (Olatt) is easier at
high temperature. Thus, when more Cu2+ ions enter the
CeO2 lattice, the percentage of CeO2 decreases and less
Olatt is released, due to the stronger Cu–O–Ce bonds.This
is one reason why Ce0.6Zr0.1Cu0.3 with more Cu2+

incorporated releases less γ oxygen. Thus, the large γ
desorption peak seen with Ce0.2Zr0.5Cu0.3O2 could be
because: 1) the Cu2+ ions existed mainly on the surface as
CuO and fewer ions entered the Ce(Zr)O2 lattice to form
Cu–O–Ce species; 2) the CeO2 lattice was distorted with a
high level of Zr doping, which faciliates the release of Olatt.
Figure 7 presents the XPS spectra of Ce 3d, Zr 3d, Cu 2p

and O 1s of the samples. Peak deconvolution of the Ce 3d
spectra was performed using a fitting process described in
the literature [41]. According to the report of Burroughs
et al. [42], the Ce 3d5/2 and Ce 3d3/2 signal peaks can be
marked as u and v, respectively. The vl and ul components
correspond to the electronic configuration of the Ce3+

species, that is, Ce3+ = (ul + vl). From the principle of
electroneutrality, we know that the presence of Ce3+ also
indicates the formation of oxygen vacancies in CeO2; thus
the appearance of vl and ul peaks implies that oxygen
vacancies were generated in Ce0.7 – xZrxCu0.3O2.
The XPS spectrum of Zr 3d showed that the peak area

increased with the increase in Zr doping in the sequence

Fig. 7 Ce 3d, Zr 3d, Cu 2p and O 1s fine XPS spectra of the Ce0.7 –xZrxCu0.3O2 composites.
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Ce0.6Zr0.1Cu0.3O2 < Ce0.4Zr0.3Cu0.3O2 < Ce0.2Zr0.5-
Cu0.3O2. This suggests that the Zr atoms were added to the
samples, as desired. According to the literature [43], the
peaks at binding energy of 183.3 and 185.5 eV are
attributed to Zr 3d5/2 and Zr 3d3/2, respectively, which
suggests that the Zr atoms exist as Zr4+ species.
Considering that no segregated CeO2 or ZrO2 was
observed in the XRD patterns, it was inferred that the Zr
atoms entered the CeO2 framework and formed a Ce(Zr)O2

solid solution [29].
The Cu 2p3/2 XPS spectra can be fitted into two peaks,

with a main peak at 933.7 eVassigned to the Cu2+ species,
and a weak peak at 931.6 eV assigned to the Cu+ species.
The appearance of the Cu+ and Ce3+ species (see above)
implies that there is an oxidation-reduction equilibrium in
the sample, i.e., Cu2+ + Ce3+ ↔ Cu+ + Ce4+. In addition,
the distinct satellite peak at 942.8 eV also indicates the
presence of the Cu2+ species. These results indicate that
both Cu2+ and Cu+ are present in the sample. The peak
area of the Cu2+ species increased with the Zr doping
(Table 2), which indicates the formation of more surface
CuO crystals, in accordance with the XRD and H2-TPR
results described above.

The XPS spectra of O 1s can be fitted into three peaks,
which locate at a binding energy of 528.7, 530.6 and
532.9 eV, and correspond to Olatt, chemically Oads on the
oxygen vacancies and molecular oxygen adsorbed on the
surface or the hydroxyl species, respectively [44]. All
samples exhibited a large peak, which was assigned to the
Oads species. This implies the presence of a large amount of
oxygen vacancies. By calculating the molar ratio of Oads/
Olatt, we see that the ratio increased with Zr doping, from
2.6 for Ce0.6Zr0.1Cu0.3O2 to 2.9 for Ce0.4Zr0.3Cu0.3O2, and
then to 3.2 for Ce0.1Zr0.5Cu0.3O2 (Table 2). This indicates
that Zr doping facilitates the generation of oxygen
vacancies. However, considering that Zr and Ce have the
same oxidation states (+4) and that the amount of Cu2+

entering the CeO2 lattice decreases with the Zr doping, we
inferred that the generation of oxygen vacancies is mainly
due to distortion of the CeO2 lattice caused by Zr doping,
because of their different ionic radii.
It is noted that the above results were contrary to the

change in β oxygen detected in the O2-TPD experiment.
The reasons for this could be: 1) the XPS technique detects
only the oxygen vacancies on the surface, while the O2-

TPD results reflect the vacancies in the overall catalyst
(both on the surface and in the bulk); 2) at low Zr doping,
although more low-valance Cu2+ cations enter the CeO2

lattice and generate more oxygen vacancies, they exist
mainly in the interior of the sample, rather than on the
surface, as Ce and Zr atoms are easier to accumulate on the
surface than Cu atoms; 3) the generation of oxygen
vacancies by lattice distortion is more feasible than it being
caused by Cu2+ incorporation, as the latter can be partly
compensated for by a reduction of Ce4+ ions (i.e., Ce4+!
Ce3+).
The generation of oxygen vacancy in CeO2 by Cu and

Zr doping was further confirmed by the Raman spectra
(Fig. S1, cf. ESM). Two obvious peaks were detected. The
strong peak at 465 cm–1 is related to the symmetric
stretching vibration of the Ce–O–Ce bond with the F2g
mode; the weak and broad peak at 605 cm–1 is related to the
oxygen vacancy of fluorite CeO2 [44,45]. From the ratio of
the peak area, A605/A465, we see that the amount of oxygen
vacancy in the samples detected by the Raman spectra has
the same trend as that detected by the XPS spectra, which
verifies the above conclusions.

3.3 Catalytic activity for CO oxidation

The effects of Cu content on the catalytic performance of
Ce1 – xCuxO2 for CO oxidation were first screened, so as to
optimize the Cu content. The results showed that CO
oxidation activity increases at first, but then decreases with
a further increase in Cu content, with the best result
obtained at a Ce/Cu molar ratio of 7:3, i.e., Ce0.7Cu0.3O2

(Fig. 8(a)). This value was thus selected to prepare the
Ce0.7 – xZrxCu0.3O2 catalysts for investigation in the
following experiments.
The catalytic activity of Ce0.7 – xZrxCu0.3O2 for CO

oxidation is shown in (Fig. 8(b)). At first, the activity
increased rapidly with the Zr doping, but then decreased
with a further increase in Zr doping, with the best activity
obtained in the range x = 0.1–0.3. The rapid increase in
activity from x = 0 to 0.1–0.3 suggests that Zr doping
improved the catalytic performance of Cu0.7Cu0.3O2 for
CO oxidation by increasing the number of oxygen
vacancies (for x = 0.1, see O2-TPD) or the amount of
reducible Cu species (x = 0.3, see H2-TPR), which were
used for O2 and CO activation, respectively [46,47].
Although Ce0.7Cu0.3O2 has a small β peak area, it also
showed good activity for CO oxidation, with 100% CO
conversion obtained at 120 °C. This implies that the α
oxygen also contributed to the reaction. However, from the
overall activity of the samples, it is believed that β oxygen
was more reactive than α oxygen for CO oxidation [48,49].
The similar activity of samples x = 0.1 and 0.3 can be

explained by the variation in the number of oxygen
vacancies and the amount of surface reducible Cu species:
sample x = 0.1 has more oxygen vacancies and provides
more sites for O2 adsorption and activation, which

Table 2 Surface atomic copper and oxygen molar ratios obtained from

the XPS spectra

Catalysts Cu2+/Cu+ + Cu2+ Oads/Olatt
a)

Ce0.6Zr0.1Cu0.3O2 0.82 2.6

Ce0.4Zr0.3Cu0.3O2 0.85 2.9

Ce0.2Zr0.5Cu0.3O2 0.87 3.2

a) Oads: adsorbed oxygen.
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facilitates the generation of reactive oxygen atoms; while
sample x = 0.3 has more reducible Cu species and offers
more sites for CO adsorption and activation, which also
favors the reaction proceeding. Therefore, both samples
had an advantage in catalyzing the CO+O2 reaction
(facilitating either O2 activation or CO activation), and
showed similar catalytic activities.
The low activity seen with sample x = 0.5 could be

because many CuO crystals were produced, while few
oxygen vacancies were generated on the surface (see the
XRD and O2-TPD results), and the CuO crystals may have
covered some of the oxygen vacancies. Consequently,
fewer oxygen vacancies were used for O2 adsorption and
activation, which means that the supply of O atoms to the
reaction was insufficient, and this slowed the reaction rate.
We also investigated the role of Cu species in the

reaction, by substituting the Cu atoms with La atoms
(Fig. 8(c)). The CO conversions decreased slightly when
small amounts of Cu atoms were substituted, i.e.,
Ce0.4Zr0.3Cu0.25La0.05O2, but decreased to almost zero
when the Cu atoms were fully replaced with La atoms, i.e.,
Ce0.4Zr0.3La0.3O2. This demonstrates that the Cu species
plays a crucial role in the reaction. Hence, it is believed that

both the oxygen vacancy and the Cu species are essential
for CO oxidation.
The cooperative effects of CeO2 and CuO were also

proved by comparing their activity with that of Ce0.4Zr0.3-
Cu0.3O2 (Fig. 8(d)). A significant increase in activity was
observed from CeO2 to CuO and to Ce0.4Zr0.3Cu0.3O2,
which confirms that a cooperative effect was induced
between CeO2 and CuO. CeO2 showed the lowest CO
oxidation activity, because it has no reducible Cu species,
which is used for CO adsorption and activation. CuO
possessed a certain number of reducible species for CO
adsorption and activation, but the lack of oxygen vacancy
(a negligible β oxygen desorption peak was observed in the
O2-TPD profile) made the activationof oxygen difficult.
Hence, it also showed low activity for the reaction.
To further illuminate the importance of oxygen vacancy

and Cu species for CO oxidation, two reference catalysts
were designed: an etched Ce0.4Zr0.3Cu0.3O2 sample that
was prepared by etching the Ce0.4Zr0.3Cu0.3O2 with HNO3,
so as to remove the surface CuO crystals; and a CuO/CeO2

sample prepared by depositing CuO particles on the
surface of CeO2 via a two-step process, so as to control the
amount of Cu2+ entering the CeO2 lattice, and the

Fig. 8 CO conversion obtained from the catalysts: (a) Ce1–xCuxO2 composites; (b) Ce0.7–xZrxCu0.3O2 composites; (c) La substituted
Ce0.4Zr0.3Cu0.3–yLayO2; (d) CuO, CeO2 and Ce0.4Zr0.3Cu0.3O2.
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formation of oxygen vacancy (e.g., Cu2+–,–Ce4+). Thus,
the former contains interfacial Cu2+–,–Ce4+ species and
negligible surface CuO particles, while the latter contains
surface CuO particles and negligible Cu2+–,–Ce4+

species. Figure 9 shows that the CO conversion obtained
from the three catalysts was in the order: etched
Ce0.4Zr0.3Cu0.3O2<CuO/CeO2<Ce0.4Zr0.3Cu0.3O2. This
suggests that CuO is more crucial than Cu2+–,–Ce4+

species for CO oxidation, or in other words, the adsorption
and activation of CO is the crucial step of the reaction.
However, the co-existence of CuO and Ce–,–Cu species
contributes better to the reaction, due to the cooperative
effect induced from them.

Consequently, the Ce0.4Zr0.3Cu0.3O2 that contains both
reducible copper species (e.g., CuO) and oxygen vacancies
(e.g., Cu2+–,–Ce4+) showed improved activity for the

reaction, as it provides active sites for both CO and O2

adsorption and activation. On this basis, a sketch picture
showing the role of CuO and oxygen vacancies in the
Ce0.7 – xZrxCu0.3O2 samples for CO and O2 activation was
proposed and presented in Scheme 1.

Finally, the long-term stability and water resistance of
Ce0.4Zr0.3Cu0.3O2 for CO oxidation were investigated, to
check the potential for practical applications. Figure 10(a)
shows that no appreciable activity loss was observed after
running for 30 h, which indicates that the catalyst is stable
in the reaction. As for the water resistance, an obvious
decrease in the CO conversion was observed when 5%
H2O was added to the reactant gases, while the conversion
can be recovered when the water is removed (Fig. 10(b)).
This suggests that: the active sites of the catalyst were
stable and were not destroyed by water in the reaction; the
decrease in CO conversion was because the active sites

Fig. 9 Comparison of the activity of Ce0.4Zr0.3Cu0.3O2 before
and after etching, and of the impregnated CuO/CeO2.

Scheme 1 Sketch of CO and O2 activation and their reaction to
form CO2 over the Ce0.7 –xZrxCu0.3O2 composites.

Fig. 10 (a) Long-term stability of Ce0.4Zr0.3Cu0.3O2 for CO oxidation at 95 °C, and (b) the water resistance of Ce0.4Zr0.3Cu0.3O2 for
CO oxidation at 95 °C (Reaction conditions: using the 0.15 g Ce0.4Zr0.3Cu0.3O2 reacted as the catalyst. The reactant (0.8 vol-% CO+

6.0 vol-% O2 or 5% H2O, balanced with Ar) was passed at 60 mL$min–1 flow rate, during which the WHSV is equivalent to 31000 h–1).
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were covered by water, however, this can be refreshed
when the water is cut off.

4 Conclusions

This work investigated the effect of Zr doping on the
catalytic performance of Ce0.7 – xZrxCu0.3O2 for CO
oxidation. It was found that a small amount of Zr doping
(x£0.1) facilitates Cu2+ ions entering the CeO2 lattice, but
excess Zr doping (x> 0.1) leads to the formation of surface
CuO again and the transformation of the matrix structure
(from CeO2 to ZrO2). By correlating the number of
reducible Cu species and the oxygen vacancy with the CO
oxidation activity, it was inferred that the reducible Cu
species was the active site for CO adsorption and
activation, and the oxygen vacancy was the active site
for O2 adsorption and activation. Thus, the Ce0.4Zr0.3-
Cu0.3O2 that contains suitable reducible Cu species and
oxygen vacancy showed good activity for CO oxidation,
due to the cooperative effect induced between them. The
catalyst also has good thermal and hydrothermal stability,
and no appreciable activity loss was observed after running
for 30 h, but the ability to resist water needs to be
improved.
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