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Migration of copper species in CexCu1�xO2

catalyst driven by thermal treatment and the
effect on CO oxidation†

Yan Xiong,ab Lulu Li,a Lei Zhang,c Yuan Cao,a Shuohan Yu,a Changjin Tang*a and
Lin Dong *ad

A Cu-doped CeO2 solid solution was constructed by co-precipitation and additional acid treatment

to investigate the behavior of doped copper under thermal treatment. Acid treatment was used to

intentionally remove the surface Cu species. Surface properties and fundamental characteristics of the

catalysts were characterized by several techniques, as well as the CO oxidation performance. The results

reveal that doped Cu ions could gradually migrate from the matrix to the catalyst surface during

calcination. The degree of migration was mostly dependent on the calcination temperature, and also the

concentration gradient of Cu between the surface and matrix. Catalytic testing in CO oxidation showed

that the migration induced a distinct promotional effect on the activities of catalysts, supposedly closely

related to the increased surface active Cu species and improved redox properties generated by the

Cu migration. The present study offers renewed understanding of the dynamic behavior of ceria-based

solid solution catalysts.

1 Introduction

As one of the most important rare earth materials, ceria (CeO2)
is in great demand in many research fields, due to its unique
applications, especially in catalysis.1,2 Typically, CeO2 can serve
as an oxygen buffer by releasing or up-taking oxygen, which acts
as catalyst and catalyst promoter and plays a significant role in
many oxidation reactions.3 Nevertheless, the direct use of pure
CeO2 is usually discouraged in practical applications because of
the drawbacks of inferior catalytic activity and poor thermal
stability. Incorporating foreign elements into the CeO2 lattice to
form solid solutions CexM1�xO2 is an effective method that can
improve thermal stability and also impart new functionality to
the ceria catalysts, and thus attracts tremendous attention.4,5

One notable example is the CeO2–ZrO2 solid solution, which

has achieved widespread utilization in three-way catalysts (TWC),
due to its excellent thermal stability and high OSC.6 Moreover,
many studies have reported that the redox, electronic and catalytic
properties of CeO2 can be improved by the substitution of metal
ions such as Sn,7 Cu,8 Mn, Fe, Ni,9 Sm,10 Ti,11 etc. Among the
many dopants, Cu doped ceria is a promising candidate for
various reactions, which has sparked broad interest owing to its
advantages of low price and high activity.12,13

Although there have been vast research efforts directed
toward doped ceria catalysts, major attention has been paid to
the impact of doping on the properties of ceria and their catalytic
performances,14,15 whereas the characteristics of doped elements
demand more attention, especially the dynamic features under
reaction conditions. The dynamic changes in catalytically active
structures under reaction conditions are actually a pivotal challenge
in catalysis research.16 By taking into consideration the fact that
most of the gas–solid catalytic reactions are carried out at different
temperatures, essential changes in the catalysts during the
thermal process are undoubtedly a practical topic and of
significant importance to understanding the catalytic features.
One challenge for heterogeneous catalysts is that the surface
active metal might be covered or self-aggregated during the
catalysis, which may cause a loss of activity or even catalyst
deactivation.17 This problem is more severe under harsh reaction
conditions such as high pressure and high temperature. Regarding
previous studies on copper-ceria catalysts, Luo et al.18 have
shown that a minor part of the Cu species could migrate into
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the matrix of the CuO/CeO2 catalysts to form a CuO–CeO2 solid
solution during wet impregnation preparation with the aid of
high temperature calcination. However, little is known about
the behavior of doped copper in solid solution under thermal
treatment. Therefore, in the present study, CexCu1�xO2 solid
solution was prepared and different calcination temperatures
and acid treatment were intentionally employed to investigate
Cu migration in the catalysts during the treatment. The effects
on the properties and performance of the catalysts were studied
in the CO oxidation, which has been recognized as a benchmark
system for heterogeneous catalysis in fundamental research.19

Particular attention is paid to the migration of Cu species driven
by different temperature calcinations. The surface properties
and structures of the catalysts were characterized by XRD, BET,
XPS, EPR, H2-TPR and DRIFTS. With this strategy, we have
obtained direct evidence of the thermally driven migration of
copper species in CexCu1�xO2 catalyst. The obtained results have
enabled the establishment of clear trends in the structural
modifications of ceria solid solutions, which are correlated to
the catalytic properties. The procedure of calcination after acid
treatment allows the easy recovery of surface active species, thus
significantly enhancing the catalytic activity. This finding may
provide insight into developing novel strategies to design highly
efficient catalysts and catalyst regeneration.

2 Experimental
2.1 Catalyst preparation

CuO–CeO2 catalysts were prepared through the co-precipitation
method. Cu(NO3)2�3H2O and Ce(NO3)3�6H2O were dissolved in
deionized water with a molar ratio of 1 : 9. A mixed solution of
sodium hydroxide was added to a solution of weighed quantities
of copper nitrate and cerium nitrate at a rate of 3–4 mL min�1

under vigorous stirring at room temperature. A precipitate
suspension was produced until the pH value was adjusted to
9.7–10. The precipitate obtained was stirred for one hour and
aged for 5 h before being filtered and washed with distilled water
several times to remove excess ions. The product was then dried
at 110 1C under air atmosphere for 12 h. Finally, it was crushed
and calcined in air at 550 1C for 5 h to give the final powdered
Ce0.9Cu0.1O2 catalyst. For comparison, pure CeO2 was synthe-
sized via the same procedure. Before further characterization,
the as-synthesized Ce0.9Cu0.1O2 sample endured an acid treat-
ment to remove the surface Cu generated in preparation, and it
is abbreviated as CeCu hereafter. For samples treated with nitric
acid, 0.1 g samples were immersed in 15 mL of 50% HNO3 and
stirred for 24 h, followed by centrifugal separation and washing
with plenty of deionized water to remove the residual nitric acid
or other impurities, then the drying step was conducted at
110 1C. The CeCu samples were further calcined in flowing air
for 5 hours at various temperatures (250–550 1C) with the rate
of temperature increase of 1 1C min�1, and were given the
abbreviations of CeCu-250, CeCu-350, CeCu-450, CeCu-550,
respectively. The samples endured acid treatment after calcina-
tion and were further denoted with an ‘‘H’’; e.g., CeCu-250-H.

So, CeCu-250-H-550 means sample after another 550 1C
calcination for CeCu-250-H.

2.2 Catalyst characterization

The N2 adsorption�desorption isotherms of the samples were
obtained at 77 K on a Micromeritics ASAP-2020 analyzer after
3 h vacuum degassing at 300 1C. Powder X-ray diffraction (XRD)
patterns were obtained using powder X-ray diffractometer
(Bruker D8 Advance) with Cu-Ka radiation (l = 1.5406 Å) over
a 2y range of 101–801. The mean crystallite sizes (Db) were
determined by the Debye–Scherrer equation (Db = Kl/b cos y).
Laser Raman spectra (LRS) were obtained by Renishaw inVia
spectrometer under an excitation wavelength of 532 nm of Ar+

laser beam. The catalysts were subsequently characterized by
UV-analysis with a UV-1750 spectrophotometer operated at
462 nm. For H2-temperature programmed reduction (H2-TPR)
measurements, 50 mg of sample in a quartz microreactor were
pretreated at 200 1C under N2 flow for 30 min to remove adsorbed
surface species. After cooling naturally to room temperature,
Ar–H2 mixture (7.0% H2 in volume, 70 mL min�1) was switched
in and the temperature-programmed process started under a
heating rate of 10 1C min�1. The hydrogen consumption was
measured with a thermal conductivity detector (TCD). Electron
paramagnetic resonance (EPR) spectra were recorded by a
Bruker EMX spectrometer using 100 kHz modulation and 4-G
standard modulation width. X-ray photoelectron spectroscopy
(XPS) was performed on a PHI 5000 VersaProbe instrument,
which applied a monochromatic Al Ka radiation (1486.6 eV)
with accelerating power of 15 kW. Inductively coupled plasma
atomic emission spectroscopy (ICP-AES) was used for elemental
analysis on a PerkinElmer Optima 5300 DV instrument with a
radiofrequency power of 1300 W. The samples were dissolved in
a mixture of HNO3 and H2O2 (volume ratio 10 : 3) before the
determination of their chemical compositions.

In situ diffuse reflectance infrared Fourier transform
spectra (in situ DRIFTS) were collected at a spectral resolution
of 4 cm�1 on a Nicolet 5700 FT-IR spectrometer equipped with
highly sensitive MCT detector cooled by liquid N2. After the
elimination of physically adsorbed impurities by a highly
purified N2 stream pretreated at 300 1C, the sample was
exposed to a CO stream until saturated at room temperature.
Gases were purged by N2 stream, and then, the spectra were
recorded in ambient conditions by subtraction of the corres-
ponding background.

2.3 Catalytic activity measurements

Catalytic tests for CO oxidation were conducted in a micro-
reactor and the feed gas was a mixture of 1.6% CO, 20.8% O2 and
77.6% N2 (volume ratio) with a space velocity of 30 000 mL g�1 h�1.
The catalyst was preheated in flowing N2 at 200 1C for 1 h and
then cooled to ambient temperature before the mixed gases were
fed in for each measurement. Tail gas was analyzed by a gas
chromatograph with thermal conductivity detector (TCD). It was
separated by two columns: the one packed with 13� molecular
sieves (30–60 M) for O2, N2 and CO separation, and the other
packed with Porapak Q for CO2 separation. The catalytic activities

Paper PCCP

Pu
bl

is
he

d 
on

 0
7 

A
ug

us
t 2

01
7.

 D
ow

nl
oa

de
d 

by
 N

A
N

JI
N

G
 U

N
IV

E
R

SI
T

Y
 o

n 
05

/0
2/

20
18

 0
1:

39
:4

3.
 

View Article Online

http://dx.doi.org/10.1039/c7cp03735j


21842 | Phys. Chem. Chem. Phys., 2017, 19, 21840--21847 This journal is© the Owner Societies 2017

were evaluated on the basis of CO conversion, which was
calculated by the following equation:

CO conversion ð%Þ ¼ ½CO�in � ½CO�out½CO�in
� 100

The [CO]in and [CO]out are concentrations of CO in the feed
stream and effluent gases, respectively.

3 Results and discussion
3.1 XRD and BET results

Fig. 1 shows the XRD patterns of pure CeO2 and CeCu samples
calcined at different temperatures. Lattice parameters and grain
size determined by XRD are listed in Table 1. All the diffraction
patterns of the samples can be well indexed to the cubic fluorite
structure of ceria. Only diffraction lines ascribed to cubic
fluorite-type CeO2 (PDF-ICDD 34-0394) were observed. It was
noticed that the XRD peaks of CeCu samples became broader
and relatively weaker after the doping of Cu, which indicated the
decrease in particle size or degree of crystallinity. The diffraction
peaks of CeCu slightly shifted to lower 2y degree, compared to
CeO2 (insert in Fig. 1a). This result is consistent with previous
research,20,21 which proves that the shift could originate from
the presence of Ce3+ ions and oxygen vacancies in the CeO2

lattice, due to the doping of Cu. The lattice expansion of CeCu
can be explained when the ionic dimensions of Ce3+ (1.03 Å) and
Ce4+ (0.92 Å) ions are considered.22 Oxygen vacancies must be
introduced with the doping of Cu to compensate for the charge
balance in the CeCu catalyst, as reported elsewhere.23 The
crystalline phase of CuO was not observed in all samples, even
as the 2y region was expanded. Cu species existed in highly
dispersed species or small clusters below the detection limit of
XRD on the CeO2 surface, CeCuOx solid solution, or a combi-
nation of both.8 Therefore, the abovementioned XRD patterns
indicate that the copper species were successfully incorporated
into the CeO2 lattice to form a CeCuOx solid solution.

After being calcined at different temperatures, all of the CeCu
samples maintained their original crystal structure and no bulk
CuO was detected. XRD analysis of acid-treated samples suggested
no significant disparity, indicating that the intrinsic structure of
the CeCu catalyst did not change after the acid treatment.

The textural and morphological properties of the catalysts
calcined at different temperatures were also examined using
the N2 adsorption–desorption isotherms and the results are
summarized in Fig. S1 and Table S1 (ESI†). As can be seen, all
samples exhibited the mesoporous type IV structure with H3
type hysteresis loops, which is related to pores and slits arising
from the packing of particles. It turns out that the prepared
mesoporous CeCu solids have relatively high specific surface
area (SBET), so the incorporation of Cu inhibited the CeO2

crystallite growth and also caused higher BET surface areas.
When the calcination temperature rose to 550 1C, the specific
surface area and pore volume suffered a slight decline for the
high temperature calcination, and the grain size of CeCu-550
had a slight increase as shown in Table S1 (ESI†). This mainly
resulted from the sintering and pore collapse of the mesoporous
structure at 550 1C calcination. This tiny variation in textural
properties for the CeCu-550 should not make an obvious differ-
ence in the catalytic performance.

3.2 Raman and UV-vis results

Raman spectroscopy of the samples was used for analysis to
obtain additional structural information. As shown in Fig. 2a, a
strong peak appeared at 463 cm�1 for CeO2, which was assigned
to the F2g mode of the cubic fluorite type ceria lattice.24 This
peak shifts from 464 to 442 cm�1 and becomes broader and
weaker after copper species was introduced. The peak shift and
weakening imply the changes in lattice parameter and particle
size, as previously explained by the phonon confinement
model.23,25 The shift and broadening of the main F2g mode
band for CeCu further supports the proposal that copper was
incorporated into the CeO2 lattice, as was evidenced by XRD.
With the increase in calcination temperature, the F2g peaks of
the CeCu catalysts gradually shift back to higher wave-number
and become narrowed. The most probable speculation is that
the influence of Cu doping seems to be weakened with the
increase in calcining temperature, which is related to the doping
amount. This is connected to structural defects originating from

Fig. 1 Powder XRD patterns of (a) pure CeO2 and the CeCu catalysts, and
(b) CeCu catalysts calcined at different temperatures.

Table 1 Lattice parameters and grain sizes of the catalysts determined
by XRD

Sample CeO2 CeCu CeCu-250 CeCu-350 CeCu-450 CeCu-550

Lattice
parameter/Å

5.408 5.437 5.414 5.415 5.424 5.427

Grain size/nm 9.1 10.8 10.4 10.3 10.1 15.8 Fig. 2 (a) Raman spectra and (b) UV-vis spectra of the catalysts.
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the partial incorporation of Cu. Additionally, through careful
studies, the (A600 + A270)/A442 values of CeCu catalysts in Raman
spectra were also found to be higher than that of CeO2. This is
particularly due to a larger amount of oxygen vacancies being
created by the insertion of Cu cations into the CeO2 lattice.26

Wang et al.27 prepared CexCu1�xO2 materials by reverse micro-
emulsion and also proved that copper ion doping would result
in the formation of oxygen vacancies in ceria. This suggests that
oxygen vacancies are created for charge balance around Cu2+,
which highly occupies the surface Ce4+ sites and leads to a large
strain on the oxide lattice. Given that oxygen vacancies can
combine reactants and assist in their dissociation,28 they
always play a significant role in the CO oxidation activity.

The UV-vis spectra of the samples are shown in Fig. 2b. The
increase in UV-visible absorption at about 532 nm (a wavelength
of the Raman laser source) for calcined CeCu samples is also
plausible for the intensity decreases in the Raman main peak.29

A new band at about 465 nm for the charge transfer bands of
Cu–O–Cu complexes appeared after the Cu doping.30 Another
broad absorption band in the region of 600–800 nm appeared
and increased with calcination temperature. It was assigned to
the d–d transitions of electrons in the distorted octahedron of
Cu2+ surrounded by oxygen in CuO.31 These changes in UV-vis
spectra may suggest the existence of surface dispersed copper
oxides on the CeCu catalysts after the thermal treatment.

3.3 H2-TPR studies

CO oxidation is dependent upon the redox properties of the
catalysts. H2-TPR analysis was performed on the calcined and
acid-treated catalysts to gain the reducibility and chemical state
of Cu species. As can be seen in Fig. 3a, CeCu samples have
lower reduction temperature than pure CeO2, although just a
small amount of Cu was doped. It has been proposed that the
reducibility of surface oxygen may be enhanced through the lattice
substitution. The oxygen mobility and reducibility increased with
the formation of oxygen vacancies, which resulted from the Ce4+

vacant sites filled with the doping ions.32 The reduction temperature
of the samples was found to shift toward lower temperature, ranked
as CeCu-550 o CeCu-450 o CeCu-350 o CeCu-250 o CeCu.
More interestingly, reduction peaks of the catalysts gradually
split into two peaks to form a new peak, a, with the increase of
the calcination temperature. Furthermore, the increase in the

peak a area was accompanied by the decrease in peak b.
According to the XRD analysis, Cu species are present as highly
dispersed surface CuO or in the lattice of CeO2, and it has been
confirmed that nitrate treatment could only remove surface Cu,
but not the Cu doped in the CeO2 lattice.33 It is therefore reason-
able to suppose that the reduction peak of CeCu at 258 1C belongs
to the reduction of Cu in the CeO2 lattice. When the finely
dispersed CuO on the catalysts surface was reduced, atomic
hydrogen generated dissociatively by H2 adsorbed onto the surface
metallic Cu0 would spill over to the Cu2+ ions of the CeCu surface,
and thereby decrease the reduction temperature.34 In other words,
the reduction temperature of the surface Cu species is lower than
that of the matrix and subsurface Cu. Therefore, peak a appearing
in thermally treated CeCu samples at lower temperatures was
assigned to the reduction of finely dispersed surface Cu species
that have strong interaction with the CeO2.18,35 The peak b
is attributed to the reduction of Cu2+ in the framework and
subsurface of the CeCu solid solution.36 The increase in surface
Cu was accompanied by the decrease in Cu in the matrix,
judging from the peak splitting and change in area, shown in
Fig. 3a. Therefore, it can be deduced that there is a migration of
Cu species from the CeO2 lattice to the surface or subsurface
during thermal treatment and it is more remarkable at higher
temperature.

As shown in Fig. 3b, peak a disappeared for acid-treated
catalysts, indicating that finely dispersed surface CuO was almost
removed by acid treatment. The reduction peaks of CeCu–H shifted
toward high temperature because of the absence of hydrogen
spillover. According to the previous report,37 peaks located at
approximately 230 and 270 1C for CeCu–H were assigned to the
reduction of Cu cations in the subsurface and CeO2 framework,
respectively. Hydrogen consumption for CeCu–H catalyst in Fig. 3b
is actually much lower than the corresponding CeCu catalysts
(Fig. 3a and b are in different scale). The decrease in the
amount of reducible Cu species is a consequence of the washing
off of surface Cu through acid treatment. The TPR peak areas of
the CeCu–H indicated that the amount of remaining Cu species
in CeCu-550-H or CeCu-450-H was less than CeCu-350-H and
CeCu-250-H. Both these points clearly suggest that thermal
treatment produced more surface Cu species that could be
removed by acid treatment.

3.4 XPS, ICP and EPR analyses

The surface composition of the catalysts, primarily atomic Cu
concentration on the surface, was studied by XPS, and the amount
of Cu remaining in the CeO2 matrix for these catalysts after acid
treatment was measured accordingly by ICP. Both results are
shown in Fig. 4a for comparison. It is clearly observed that the
amount of surface Cu increased with the increase in calcination
temperature. At the same time, the amount of Cu species
remaining in the matrix decreased by approximately the same
quantity of Ce. We can therefore infer that more Cu ions
migrated out of the CeCu matrix under higher calcination
temperatures such as 350 1C or 450 1C, i.e., the amount of Cu
migration depends on the treatment temperature. Moreover, the
increase in migrated Cu slowed down after 450 1C calcination.

Fig. 3 H2-TPR profiles of the (a) calcined catalysts and pure CeO2,
(b) acid-treated catalysts.
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The driving force of Cu migration was gradually weakened
when the ratio of surface Cu to matrix Cu was fairly large after
450 1C calcination; therefore, we hold that the concentration
gradient of Cu between the surface and the matrix is another
determinant of the amount of out-migrated Cu. The above
discussion agrees well with the experimental results of H2-TPR.

The Ce 3d XPS spectra of the catalysts can be divided into
eight peaks as shown in Fig. S2 (ESI†). The marked v0 and u0

peaks are associated with the Ce3+ species and v0, v00, v0 0 0, u0, u00,
u0 0 0 peaks are assigned to the Ce4+ species. Characteristic peaks
of Ce3+ and Ce4+ species are observed in all of the catalysts. The
Ce3+/(Ce3+ + Ce4+) ratio can be calculated by the peak intensity,
according to the following equation where S is the intensity of
the corresponding peak:38

Ce3þð%Þ ¼ Sv0 þ Su0P
Sv þ Suð Þ � 100

It can be seen that Ce3+ % values of the Cu doped samples are
much higher than for the pure CeO2.39 Moreover, Ce3+ quantities
for higher temperature calcined CeCu samples are slightly higher
than those of the lower temperature calcined samples. This result
provides evidence for the assumption that Ce3+ increases in
CuO–CeO2 catalysts after the doping of Cu, which has been
claimed in the above discussion on XRD patterns. The presence
of Ce3+ can create a charge imbalance, unsaturated chemical
bonds, and vacancies in the catalysts, and help in the formation
of chemisorbed surface oxygen.40

A deeper understanding of paramagnetic Cu2+ species in the
catalysts was obtained by EPR, and the influence of thermal
treatment was investigated simultaneously. The EPR spectra in
Fig. 4b have characteristics of d9-like species, corresponding
to Cu2+ ions. The A1 and A2 signals are typical of monomeric
Cu2+ ions in CeO2. Signal K at 3000 and 3600 G is assigned to
copper(II) ion dimers generated from the coupled unpaired
electrons of two Cu2+ ions.41 The line shapes of the EPR spectra
have shown no visible change for calcinated catalysts, but a
remarkable weakening of the K signal intensity was observed.
The evolution of the intensity for the paramagnetic Cu2+ signal
in the catalysts was closely related to the change in location and
states of the Cu species. When the Cu migrated out from the
incorporated sites to the catalyst surface, there was a strong
magnetic dipolar interaction. Generation of surface CuO crystallites

on the catalyst during thermal treatment can effectively reduce
the intensity of the isolated Cu2+ signal.42 The EPR result could
also provide additional evidence for the temperature induced
migration of Cu species.

3.5 DRIFT studies

To further confirm the surface states of the catalysts and their
interactions with molecular CO, in situ DRIFT was performed for
CO chemisorption, and spectra were obtained for different series
of catalysts. An obvious variation trend for infrared peaks was
found by experiments repeated many times. As shown in Fig. 5a,
an adsorption peak at 2105 cm�1 emerged in calcined samples
and the peak intensity increased with the rising calcination
temperature. The peak at 2105 cm�1 was assigned to chemisorbed
CO over Cu+ and the adsorption capacity could be estimated by
the peak intensity.43 Surface Cu2+ was reduced to Cu+ during the
pretreatment at 300 1C in N2 stream, and the reducing gas CO was
switched in. Therefore, the spectra in Fig. 5a demonstrate that the
amount of dispersed Cu species on the catalyst surface increased
as the calcined temperature increased from 250 to 550 1C. This
ascending sequence of surface dispersed CuO was also in accor-
dance with the above deductions. Just as shown in Fig. 5b, the
adsorption peak at 2105 cm�1 disappeared for all acid treated
samples, indicating the removal of Cu from the surfaces by acid
treatment. Furthermore, it emerged once again when the acid-
treated samples were treated by another calcination at 550 1C,
and the peak intensity was in the order of CeCu-250-H-550 4
CeCu-350-H-550 4 CeCu-450-H-550 4 CeCu-550-H-550. Thus,
the appearance of this peak at 2105 cm�1 in the second calcined
catalysts (Fig. 5c), which was not detected in the spectrum of the
acid treated sample (Fig. 5b), provided direct evidence that the
Cu species were transferred from the matrix to the surface again
during the second 550 1C calcination. From our point of view,
the low temperature calcined samples such as CeCu-250-H have
more Cu remaining in the matrix than other samples, since the
migrated Cu removed by acid treatment is less, resulting in more
available Cu to migrate out of the ceria lattice again during the
second calcination. However, CeCu-550-H has the smallest
concentration gradient of Cu between the CeO2 matrix and the
surface, which provides the least surface Cu after the secondary
calcination; i.e., the quantity of the migrated Cu also depends

Fig. 4 (a) Surface and bulk Cu concentrations of the catalysts obtained by
XPS and ICP, respectively. (b) EPR spectra of the catalysts.

Fig. 5 In situ DRIFT spectra of CO chemisorption on the three series of
CeCu catalysts.
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on the concentration gradient between the CeO2 matrix and the
surface of the catalysts. In general, the CuO species provide
active adsorption sites for CO at the interfacial location of
CuO–CeO2. Martı́nez-Arias et al. hold that the catalytic activity
for CO oxidation is proportional to the intensity of the Cu+

adsorbed carbonyl band.44 The Cu species on the catalyst
surface are thought to be the active sites for the reaction
of chemisorbed CO and active oxygen. Therefore, the above
discussion on CO adsorption DRIFT associated with the migra-
tion and removal of Cu for the catalysts is in direct relation to
catalytic performance in CO oxidation.

3.6 Catalytic activity for CO oxidation

Variations in CO conversions with reaction temperature for CO
oxidation over the catalysts are presented in Fig. 6. The T50%

(temperature of CO conversion is 50%) values were obtained
as listed in Table 2. The pure CeO2 showed rather poor CO
oxidation activity: CO conversion was only 10%, even up to
250 1C (not shown in Fig. 6). Catalytic activity was significantly
enhanced after Cu doping, where CO conversion reached 90%
at 180 1C. The aforementioned improved redox properties and
surface area of CeCu in comparison to pure CeO2 were considered
as promotion effects on the catalytic reaction. In addition, it
might also be attributed to the synergetic effect of Cu and Ce
species.37 Even more importantly, it was found that calcination
temperature has an important impact on the CO oxidation of
the catalysts. The catalytic activity is improved with increasing
calcination temperature. The CO conversion follows the
trend of CeCu-550 4 CeCu-450 4 CeCu-350 4 CeCu-250, and
CeCu-550 possesses the highest activity with a T50% of 85 1C.
A decrease in the light off temperature for the CO oxidation
with an increase in calcination temperature was also observed.
It is widely believed that highly dispersed CuO on CeO2 support
is the active phase for the catalytic reaction.37 Higher concen-
tration of surface Cu contributes to the high activity over the
catalysts. The formation and increase of finely dispersed

surface CuO that migrated from the matrix must be a key factor
for the improved catalytic performance. The differential of the
catalytic activities gradually narrowed when the calcination
temperature increased from 250 to 550 1C. This result is most
likely because of the ‘‘saturation’’ of highly dispersed CuO
species on the catalyst surface obtained at higher temperature
calcination. This is possibly the reason that the enhancement
in catalytic activity for CeCu-450 and CeCu-550 is not as signifi-
cant as CeCu-250 and CeCu-350. Furthermore, the activities of
acid treated catalysts were found to be exactly similar after acid
treatment (Fig. 6b), which must be the consequence of Cu
removed from the surface. The activity results are associated with
the change in surface Cu concentration caused by thermal and
acid treatment as revealed by the above analysis. By combining
the catalytic performance with the structure and surface proper-
ties, it is clear that the copper species undergo significant changes
during the thermal treatment. It is therefore confirmed that Cu
species in CeCu solid solution can migrate to the surface
during thermal treatment and be removed by acid treatment,
which is responsible for the remarkable increase or decrease in
catalytic activities.

Nitric acid treatment of the samples removed finely dis-
persed CuO species, which resulted in a dramatic decline in the
catalytic activity. When the acid-treated sample was calcined at
550 1C, partial Cu2+ in the CexCu1�xO2 solid solution migrated
to the surface once again to form finely dispersed CuO. The
combined analysis of the catalytic performance and character-
ization strongly suggests that the change in activity is due to the
enrichment of finely dispersed CuO on the surface, which plays
a dominant role in CO oxidation. The migration of Cu from the
CeO2 matrix to the surface of the catalysts driven by calcination
is schematically illustrated in Fig. 7. Based on the analysis of
literature,5 the catalytic performance is also closely related to
the synergy between the dispersed surface Cu species and
CexCu1�xO2 solid solution. The former provides chemisorption
sites for CO and the latter facilitates the activation of molecular
oxygen. The important effect of thermal treatment on the
CexCu1�xO2 catalyst for CO oxidation is that the migration of
copper species provides more surface adsorption sites, and the
amount of migrated Cu depends on the temperature and
concentration gradient.

Fig. 6 CO conversions as a function of reaction temperature over the
catalysts: (a) CeCu catalysts calcined at different temperatures, (b) acid
treated CeCu catalysts.

Table 2 Activity of the catalysts expressed as the temperature at which
50% CO conversion is obtained, T50%

Sample CeCu CeCu-250 CeCu-350 CeCu-450 CeCu-550

T50%/1C 150 126 96 90 85
— CeCu-250-H CeCu-350-H CeCu-450-H CeCu-550-H

T50%/1C — 198 195 192 187
Fig. 7 Schematic illustration of the migration of Cu species in the catalyst,
driven by thermal treatment.
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4 Conclusions

In this work, an in depth study has been conducted on the
surface properties and fundamental characteristics of CuO–CeO2

catalysts with calcination and acid treatment, as well as their
performance in CO oxidation. Special interest was placed on
the migration of copper species driven by thermal treatment at
different temperatures. To explain the results, the following
important conclusions and considerations are suggested. No
major modifications of texture and structure properties were
detected in the CeCu solid solution after calcination (highest
temp. 550 1C) and acid treatment. The results indicate the
thermally induced migration of Cu ions from the CeO2 matrix
to the surface, and then they can be removed by acid treatment.
Moreover, migration of Cu species was proven to depend
mostly on the calcined temperature, and also the concentration
gradient between the matrix and the surface of the catalysts.
Finally, the CO oxidation activity of CeCu catalysts increased
with the increase of calcination temperature, which was remark-
ably higher than the corresponding acid treated samples. The
catalytic performance enhancement was shown to be closely
related to the improved CO chemisorption caused by the increase
in surface Cu species and redox properties. This process of
calcination after acid treatment for solid solution catalysts may
provide a possible means for allowing the regeneration of
deactivated catalysts caused by deposits in long-time reactions.
Overall, by revealing changes in the catalyst and structure–
activity relationship, this study provides further useful informa-
tion on surface treatment effects for the deep understanding
of the fundamental concepts of catalysis. Further investigation
is still needed for chemical industry and clean environment
applications.
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1 S. Scirè, C. Crisafulli, P. M. Riccobene, G. Patanè and
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