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1. Introduction
Ceria-based mixed oxides are materials with a major

technological impact, especially in the area of environ-
mental protection, and have been studied for applications 
such as three-way catalysts, oxygen gas sensors and elec-
trodes and electrolytes for solid oxide fuel cells. A vast 
range of catalytic applications make use of the reversible 
oxygen storage ability of ceria-based materials, a phe-
nomenon which is closely connected to the Ce4+/Ce3+ redox 
couple [1]. In recent years interest has grown in the study 
of Cu-Ce oxide formulations for replacing catalysts based 
on noble metals, which have demonstrated excellent cata-
lytic performance. In particular, CuO-CeO2 mixed-metal 
oxides have been applied in several environmental reac-
tions such as the oxidation of harmful organic compounds, 
low temperature oxidation of CO, the water-gas shift reac-
tion and preferential oxidation of CO in hydrogen-rich 
streams. The enhanced catalytic activity in CO oxidation 
reactions is probably due the synergistic effect due to the 
presence of CuO on CeO2, which is associated with electron 
transfer between the coupled redox cycles Cu1+/Cu2+ and 
Ce3+/Ce4+, increasing the number of oxygen vacancies and 
the reducibility at the interface sites of CuOx–CeO2[2]. 

Furthermore, the method of preparation significantly 
influences the properties of the resulting nanostructured 
mixed oxides, which in turn could influence their catalytic 
performance. There are two main factors that govern the 
activity of the catalysts, namely, their surface area and the 
nature and number of active sites. For catalysis applica-
tions, it is necessary to obtain materials with large specific 
surface area (SSA).  

In the present work, nanostructured Cu0.1Ce0.9O1.9 
(CuDC10) were prepared by two different methods in order 
to obtain different morphologies: cation complexation (CC -
powders) and microwave assisted hydrothermal homoge-
neous co-precipitation (HMW - spheres). The catalytic ac-

tivity of these materials for the CO oxidation reaction was 
investigated and it was found that the samples obtained 
from both preparative methods showed excellent per-
formance.  

2. Experimental
2.1 Synthesis

In order to obtain different morphologies, two chemical 
methods were employed to synthesis nanostructured 
Cu0.1Ce0.9O1.9 solid solutions: cation complexation (CC) [3] 
and microwave assisted hydrothermal homogeneous co-
precipitation (HMW) [4]. 

2.2 Physicochemical characterization 

All samples were characterized by X-ray diffraction 
(XRD), specific surface area determination (SSA-BET), tem-
perature-programmed reduction with hydrogen (H2-TPR), 
scanning electron microscopy (SEM) and high resolution 
transmission and scanning transmission electron micros-
copy (TEM/STEM). In order to study the effect of different 
atmospheres on the structural properties, in situ synchro-
tron radiation X-ray diffraction (SR-XRD) and X-ray absorp-
tion Near Edge Structure (XANES) experiments were car-
ried out in atmospheres of 5%H2/He, 5%CO/N2 and 
21%O2/N2 at temperatures up to 500°C. Finally the solids 
were evaluated in an oxidation reaction of high environ-
mental interest, the catalytic oxidation of carbon monox-
ide, which was employed as a test reaction.  

3. Results and Discussion

In Fig. 1, the sample is viewed in HAADF mode in the 
STEM instrument. At low magnifications (Fig. 1a) the ubiq-
uitous spherical morphology and uniform particle diameter 
is again evident. Interestingly, when a single sphere was 
viewed at high magnification (Fig. 1b) the mottled appear-
ance of the contrast variations suggests that the spherical 
particles were made up of very small crystals (about 
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10nm). Chemical analysis by EDS gave a molar Cu:(Ce+Cu) 
ratio of 0.114, slightly above the value of 0.10 expected. 
The variation in chemical composition along the line and 
through the two spheres imaged in Fig. 1c
Fig.1d for Ce, O and Cu. The Cu signal varies in a very sim
lar way to the Ce signal across the line, indicating that the 
material is chemically homogenous, even at this relatively 
high spatial resolution. The Cu was present throughout the 
material and gave signal intensities proportional to those 
of the Ce. 

 

Fig. 1. Electron microscopy data for the CuDC10
tured spheres: (a,b) HAADF images showing the uniformity 
and internal structure of the nanostructured spheres; (c) a 
HAADF image of a group of four spheres showing the path 
of the line scan given in (d). (e) HAADF image of a group of 
three spheres and (f-h) corresponding elemental maps for 
O, Ce and Cu. 

 
Normalized Ce L3-edge XANES spectra for the nano

tructured spheres (HMW) obtained at different temper
tures and under different atmospheres are given in 
Major differences result on changing the 
mosphere, with the spectra of both materials displaying 
essentially the same features. The following qualitative 
analysis is valid for both samples (CC and HMW)
temperature (Fig. 2a), the Ce L3-edge spectra exhibit two 
clear peaks, labelled A and B. Peak A is assigned to Ce
with the final state 2p4f05d1, which denotes that an ele
tron is excited from the 2p shell to the 5d shell, with no 
electron in the 4f shell. Peak B is also a Ce
final state 2p4f15d1v, which denotes that in addition to an 
electron excited from the Ce 2p shell to the 5d shell, a
other electron is also excited from the valence band (O 2p 
shell) to the Ce 4f shell, leaving a hole (v) in the valence 
band. 
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Electron microscopy data for the CuDC10-HMW nanostruc-
tured spheres: (a,b) HAADF images showing the uniformity 
and internal structure of the nanostructured spheres; (c) a 
HAADF image of a group of four spheres showing the path 
of the line scan given in (d). (e) HAADF image of a group of 

elemental maps for 

edge XANES spectra for the nanos-
tructured spheres (HMW) obtained at different tempera-
tures and under different atmospheres are given in Fig.2. 
Major differences result on changing the surrounding at-
mosphere, with the spectra of both materials displaying 
essentially the same features. The following qualitative 

(CC and HMW). At room 
edge spectra exhibit two 

abelled A and B. Peak A is assigned to Ce4+ 
, which denotes that an elec-

tron is excited from the 2p shell to the 5d shell, with no 
electron in the 4f shell. Peak B is also a Ce4+ peak, with the 

tes that in addition to an 
electron excited from the Ce 2p shell to the 5d shell, an-
other electron is also excited from the valence band (O 2p 
shell) to the Ce 4f shell, leaving a hole (v) in the valence 

Fig. 2. Normalized XANES spectra at the Ce L
HMW a) at room temperature in air, and at 500 °C under 
b) 5% H2/He, c) 21% O2/N
showing the experimental data (empty circles), four Gau
sian peaks (A–D), one arctangent function obtained by 
least-squares fitting, and the sum of all five functions (co
tinuous line). 

 
In order to determine the fraction of Ce present as 

Ce3+, data analysis was conducted by least
four Gaussian profiles and one arctangent function to the 
experimental XANES spectra 
and 5750 eV. The four Gaussians are assigned to the a
ready mentioned peaks A, B and C, plus one additional 
peak appearing at a ~5720 eV (labeled D) which is assoc
ated with both cationic species. The ratio between the area 
of peak C (due to Ce3+) and the sum of the areas of peaks A, 
B and C (A and B due to Ce
about the fraction of Ce present as Ce

The results of these fits are shown in 
normalized to a pure CeO2 reference. The negative
observed for oxidizing conditions at room temperature 
indicate that the sample contained a lower fraction of Ce
than this reference, but the differences are very small. The 
amount of Ce3+ increases on exposing the samples to 5% 
H2/He, and the presence of Cu has a very strong effect. 
While for pure ceria the increase under 5% H2/He is negl
gible, in agreement with known phase diagrams, the fra
tion of trivalent cerium reaches about 24% for CuDC10
and is slightly greater for CuDC10
of 28%. Switching the atmosphere (still at 500 °C) back to 
air fully reoxidizes the material, and the Ce
ratio falls back to values similar to the initial room te
perature values. Exposing the samples again to reducing 
conditions (5% CO/He) almost fully recovers the high Ce
fraction found for the 5% H2/He mixture, suggesting a good 
redox cycling ability of CuDC under these conditions. The 
fact that the Ce3+ content is slightly lower in 5% CO/He 
than in 5% H2/He can be explained 
oxygen partial pressure expected for the hydrogen
containing atmosphere, because CO is a weaker reducing 
agent than H2. 
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Normalized XANES spectra at the Ce L3-edge for CuDC10-
HMW a) at room temperature in air, and at 500 °C under 

/N2 and d) 5% CO/N2 atmospheres, 
showing the experimental data (empty circles), four Gaus-

D), one arctangent function obtained by 
ing, and the sum of all five functions (con-

In order to determine the fraction of Ce present as 
, data analysis was conducted by least-squares fitting 

four Gaussian profiles and one arctangent function to the 
experimental XANES spectra in the range between 5710 
and 5750 eV. The four Gaussians are assigned to the al-
ready mentioned peaks A, B and C, plus one additional 
peak appearing at a ~5720 eV (labeled D) which is associ-
ated with both cationic species. The ratio between the area 

) and the sum of the areas of peaks A, 
B and C (A and B due to Ce4+) gives direct information 

fraction of Ce present as Ce3+. 
The results of these fits are shown in Table 1 and are 

reference. The negative values 
observed for oxidizing conditions at room temperature 
indicate that the sample contained a lower fraction of Ce3+ 
than this reference, but the differences are very small. The 

increases on exposing the samples to 5% 
presence of Cu has a very strong effect. 

While for pure ceria the increase under 5% H2/He is negli-
gible, in agreement with known phase diagrams, the frac-
tion of trivalent cerium reaches about 24% for CuDC10-CC, 
and is slightly greater for CuDC10-HMW, reaching a value 
of 28%. Switching the atmosphere (still at 500 °C) back to 
air fully reoxidizes the material, and the Ce3+/(Ce3++ Ce4+) 
ratio falls back to values similar to the initial room tem-
perature values. Exposing the samples again to reducing 

(5% CO/He) almost fully recovers the high Ce3+ 
/He mixture, suggesting a good 

redox cycling ability of CuDC under these conditions. The 
content is slightly lower in 5% CO/He 

/He can be explained by the slightly lower 
oxygen partial pressure expected for the hydrogen-
containing atmosphere, because CO is a weaker reducing 
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Table1. Fraction of Ce present as Ce3+ in CuDC10
HMWsamples at 25 oC in air and under reducing and ox
dizing conditions at 500 oC, estimated from fittings to the 
Ce L3-edge XANES spectra. 

Sample T (oC) Atmosphere Ce
CuDC10-CC 
(powder) 

25 21% O2/N2 
500 5% H2/He 
500 21% O2/N2 
500 5% CO/ N2 

CuDC10-HMW 
(spheres) 

25 21% O2/N2 
500 5% H2/He 
500 21% O2/N2 
500 5% CO/ N2 

(*) Values are calculated with respect to a standard material: pure, 
nanoparticulate ceria. Negative values indicate that the sample contained 
a smaller percentage of Ce3+ than this standard. 
 

Fig. 3 shows the catalytic activity of the CC and HMW 
materials synthesized in this work together with ceria and 
CuO reference materials. Although CeO2 has poor activity 
in this reaction a moderate activity has been reported for 
nanostructured crystals and it can be observed that in the 
non-doped CeO2nanopowder total conversion was 
achieved at 450 °C. 

Fig. 3. CO oxidation curves for nanostructured Cu
ides, bulk CuO and CeO2 samples. 

 
On the other hand, it is known that CuO has activity for 

this reaction and it can be observed (Fig.3
tals of this oxide gave a T50 (temperature at which 50% 
conversion is reached) of 200 °C with a total conversion 
(T100) at 300 °C. Meanwhile, in the solids synthesized by CC 
and HWM a remarkable increase of the activity was o
served, with reaction beginning at temperatures as low as 
75 °C. The most active materials exhibit similar T
within a narrow range (109-118 °C). However at higher 
temperatures, some differences can be seen. The T
lowed the order CuDC10-CC<CuDC10-HMW<CuO<CeO
should be noted that these conversion data were obtained 
at short residence times (with W/F = 3.3 x 10
being the catalyst mass and F the total flow), and that they 
are comparable with the highest values found in the liter
ture for this type of catalyst. The high activity is exp
by the synergy established between Cu and Ce, which is 
reported to generate interfacial sites that present a higher 
activity than the oxides separately. Cerium oxide in int
mate contact with Cu2+ facilitates the formation of Cu
to the redox capacity of the Ce4+/Ce3+couple that transfers 
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in CuDC10-CCand CuDC10-
C in air and under reducing and oxi-

C, estimated from fittings to the 

Ce3+/(Ce4++Ce3+)% * 
-3.5 
24.3 
-3.1 
22.4 
-3.0 
28.2 
-3.3 
22.0 

(*) Values are calculated with respect to a standard material: pure, 
nanoparticulate ceria. Negative values indicate that the sample contained 

shows the catalytic activity of the CC and HMW 
materials synthesized in this work together with ceria and 

has poor activity 
in this reaction a moderate activity has been reported for 
nanostructured crystals and it can be observed that in the 

nanopowder total conversion was 

 
CO oxidation curves for nanostructured Cu0.1Ce0.9O1.9 ox-

On the other hand, it is known that CuO has activity for 
.3) that microcrys-

(temperature at which 50% 
conversion is reached) of 200 °C with a total conversion 

) at 300 °C. Meanwhile, in the solids synthesized by CC 
and HWM a remarkable increase of the activity was ob-
served, with reaction beginning at temperatures as low as 

5 °C. The most active materials exhibit similar T50 values, 
118 °C). However at higher 

temperatures, some differences can be seen. The T100 fol-
HMW<CuO<CeO2. It 

n data were obtained 
at short residence times (with W/F = 3.3 x 10-6 g h mL-1, W 
being the catalyst mass and F the total flow), and that they 
are comparable with the highest values found in the litera-
ture for this type of catalyst. The high activity is explained 
by the synergy established between Cu and Ce, which is 
reported to generate interfacial sites that present a higher 

. Cerium oxide in inti-
facilitates the formation of Cu+ due 

couple that transfers 

electrons to Cu2+ so improving the adsorption of CO as 
carbonyls CO-Cu+. In addition, the CeO
oxygen supplier in the form of superoxide (O
formed from gas phase oxygen that is incorporated into 
oxygen vacancies on the CeO
act with the adsorbed CO.The physicochemical characteri
tics of the solids as determined by XRD, XANES and TPR are 
corroborated by their catalytic behavior, which indi
high interaction between Cu2+

bility observed for both copper and cerium species is d
rectly related to their catalytic activity, as has been r
ported for this oxidation reaction

4. Conclusions 
In the present work, the phys

CuDC10 (Cu0.1Ce0.9O1.9) samples obtained by two different 
methods of synthesis were extensively studied. Spherical 
aggregates (220 nm) of nanocrystals (~10 nm) were o
tained by the HMW method while the CC method gave rise 
to sheet-like agglomerates of nanocrystals (~

The Ce4+/Ce3+ couple in nanocrystalline Cu
is highly reversible and it is this extraordinary redox ability 
together with the high chemical stability of these materials 
at relatively high temperature (up to at least 500 °C) and in 
strongly reducing conditions that provides the excellent 
catalytic properties which make them of interest for var
ous very demanding processes and technological applic
tions such as in SOFC electrodes and oxidation catalysts.

The catalytic activity of these materials for the CO ox
dation reaction was investigated and it was found that the 
samples obtained from both preparative methods showed 
excellent performance. The physicochemical characteristics 
of the solids as determined by XRD, XANES and TPR are 
corroborated by their catalytic
high interaction between Cu2+
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