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Abstract. (1-10wt.%) CuO-Gd0.1 Ti0.1 Zr0.1 Ce0.7 O2 mesoporous catalysts were prepared by simple coprecipitation method with sonication and tested for CO oxidation. The catalysts show the highest activity due
to better dispersion of CuO species as well as enhanced interaction between CuO and the developed support. It
was shown that these systems have full conversion at temperature of 60–65◦ C.
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1. Introduction

2. Experimental

Carbon monoxide is a colorless and toxic gas. It can
cause human beings to die in a short time.1 CuO-CeO2
catalysts have been shown to be very active for total oxidation of CO, exhibiting speciﬁc activities far superior
to the conventional copper-based catalysts and comparable with or superior to platinum catalysts. Doped
CeO2 -materials (solid solutions with a cubic crystal lattice) are considered as more promising systems for use
in this goal as a support and is known as an oxygen
buffer: it stores and releases oxygen when needed.2,3
When combined with CuO, both metals show strong
synergistic effects, especially in the copper loading
in amount up to 10 mol%.4 A synergistic effect between
the ionic couples of Cu+ /Cu2+ and Ce3+ /Ce4+ results in
higher interfacial redox activity, and the dispersion of
copper is not a main factor.5,6 The charge state of copper
is also a key factor of the activity of catalysts, and it is
known that the Cu+ is the key active component for CO
oxidation.7 Many methods were proposed to synthesize
CuO-CeO2 , because the properties of these materials
are dependent on the initial properties of powder such as
homogeneity, particle size, porous structure, phase purity,
etc.8–10 Therefore, in this work we describe the simplest
synthesis of mesoporous nanoscale copper oxide-ceria
solid solution catalysts by sonochemical method using
inorganic salts without any additives (ultrasound irradiation can induce the formation of particles with much
smaller size and higher surface area than those reported
by other methods, and this technique has good reproducibility), and test in model CO oxidation reaction.

2.1 Synthesis

∗ For

correspondence

Cerium(III) nitrate, zirconyl nitrate, gadolinium nitrate,
copper nitrate, and titanium(IV) chloride were used as
metal precursors. Appropriate amounts of salts were
dissolved in 500 mL distilled water containing of nitric
acid (pH=2) to give ﬁnal concentrations 0.04 M. Then,
deposition was carried out by addition of 2.5 M KOH
solution up to pH 10 at 30◦ C under stirring. Ultrasonic
processing (10 min, 35 kHz, 150 W, Sapphire UZV-4.0)
was used during dissolution of salts in distilled water
and after precipitation. The resulting precipitates were
ﬁltered, washed with distilled water-ethanol solution
(H2 O/C2 H5 OH=9 v/v), dried at 150◦ C for 12 h, and
calcined in static air by heating at a rate of 4◦ C/min
from room temperature to 500◦ C and kept at 500◦ C for
1 h in a mufﬂe furnace. One calcined sample (5wt%
CuO-Gd0.1 Ti0.1 Zr0.1 Ce0.7 O2 ) was treated with nitric acid
solution (pH 2, 30◦ C, 15 min. with sonication).

2.2 Characterization
Powder XRD data were collected at room temperature (DRON-3M, Russia) with CuKα radiation. Particle size (dXRD ) measurements were made by applying
the Scherrer equation to the full-width at half maximum
after accounting for instrumental broadening using germanium as reference. Quantitative phase analysis was
calculated by the Rietveld method.
Speciﬁc surface area (SBET ) of the powders was measured by a conventional (BET method) nitrogen sorption method at 77K (Tri Star 3000 Micromeritics).
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Pore-size distributions were calculated from desorption isotherm data using BJH method. Samples were
degassed at 120◦ C for 5 h prior to measurement.
TEM analyses were conducted on an Omega Leo912AB transmission electron microscope with accelerating voltage of 100 kV.
The elemental composition of the surface of catalysts (pressed pellets for better distribution for determination), for samples with 5wt% CuO was measured
by energy-dispersive X-ray spectroscopy (EDS) based
on a scanning electron microscope JEOL JSM 6510 LV
with an X-ray microanalysis system INCA Energy 350
(Oxford Instruments).
The catalytic activity of the synthesized samples in
the oxidation of CO was determined by the ﬂow method
at atmospheric pressure. The process was conducted in
a U-shaped quartz reactor at a volumetric ﬂow rate of
1800 h−1 within a temperature range of 20–100◦ C. The
bulk volume of the precisely weighed portion of the catalyst powder loaded into the reactor was 1 cm3 . The
temperature was measured with a thermocouple placed
in the center of the catalytic bed. The model gas mixture had the following composition, vol%: CO – 4.2; O2
– 9.6; N2 – balance. The concentrations of CO, O2 and
N2 were measured on Konik-Tech HRGC 5000B gas
chromatograph.

2a – sample 2 was treated with nitric acid. * – not measured.
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3. Results and Discussion

Sample
No.

Table 1.

Main characteristics of synthesized samples.

dXRD ,
nm (CuO)

CuO phase (XRD),
wt.%

a(CeO2 ),
nm

SBET ,
m2 g−1

T100 (CO conversion),
◦
C
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XRD patterns of the catalysts are shown in ﬁgure 1.
Samples 0-2a have one phase, consisting of ceria solid
solution with a cubic ﬂuorite structure (cF12) and only
sample 3 with 10wt% CuO has additional monoclinic
CuO phase (mC8). The result indicates (table 1) that

Figure 1. XRD patterns of powder samples with CuKα
radiation. See table 1 for composition of samples.

CuO-Gd0.1 Ti0.1 Zr0.1 Ce0.7 O2 catalysts
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the crystal size of the support becomes smaller as a
result of the increase in copper content, which can be
attributed to additional stabilization by Cu2+ in addition to Gd-Ti-Zr and/or to prevent large particles of
individual CuO (ﬁgure 2). As can be seen in TEM, the
individual particles are spherical: 6-15 nm – sample 0,
3-6 nm – samples 2, 2a, 3 (only about 20-30 nm of CuO
particles in samples 2 and 3). The lattice parameter of
ceria solid solution (a, table 1) has changed and indicate
that some Cu2+ ions have been incorporated into the lattice to form Cu(Gd, Ti, Zr)–Ce–O solid solution, since
Cu2+ ions are smaller than Ce4+ ions, and only sample 2
has similar parameter. These changes can be attributed
to the coexistence of opposite effects: the substitution
of larger Ce4+ (0.097 nm) by smaller Cu2+ (0.072 nm)
contracts ceria cell; the formation of oxygen vacancies
caused by the aliovalent doping (Ce4+ by Cu2+ ) or
creation of Ce3+ (0.103 nm) sites expands ceria cell;
and also the coexistence of Cu2+ (0.072 nm) and Cu+
(0.077 nm) ions in these systems,11,12 because some

Figure 2. TEM microphotos of powder samples, calcined
at 500◦ C.

Figure 3. (a) Adsorption-desorption isotherms and; (b)
pore size distributions.
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part of CuO can be diluted in ceria solid solution in
accordance with XRD (but small CuO particles up to 23 nm cannot be detected by XRD). This assumption can be
conﬁrmed by EDS investigation of the surface (table 1).
It is shown that after acid treatment the quantity of copper
was decreased, and Cu can be present either as small
CuO particles or diluted in the ceria lattice. Therefore,
it can be concluded that the samples have the following
Cu species: large CuO particles (20-30 nm), small CuO
particles (up to 10 nm), and Cu in the ceria lattice (in
state 2+ and 1+), and only small CuO particles and
Cu-containing solid solution in sample 2a.
Samples exhibit IV type adsorption curves with a
hysteresis loop, indicating the presence of mesopores in
the systems (ﬁgure 3a). The hysteresis loops correspond
to the type of H2, i.e., the presence of different pore
shapes (individual and/or associated cylindrical and/or
bottle pores). Pores have size of 2-8 nm (ﬁgure 3b). The
speciﬁc surface of the powders initially increases with
the increase of CuO content, that may be associated
with additional contribution of CuO surface (sample 2a
has the same surface as sample 0), and then decreases
due to the blocking of the support pores by Cu species,
which is conﬁrmed by pore size distribution (ﬁgure 3b,
pore becomes narrower from sample 0 to sample 3).
Figure 4 shows CO oxidation activity of the catalysts.
Sample 0 has no activity at temperature of 20–100◦ C,13

and the most signiﬁcant synergetic effect between copper oxide-ceria occurs with addition of copper oxide in
amount of 5-10 wt%, which is clearly seen in table 1.
So, the most active catalyst is sample 2 (in the series
of samples 1, 2 and 3). Moreover, by using nitric acid
treatment, the contribution of Cu species to CO oxidation can be distinguished. The sample 2a is the most
effective catalyst, and the activity is guaranteed by solid
solution Cux Gd0.1 Ti0.1 Zr0.1 Ce0.7−x O2 and very ﬁnely
dispersed species of CuO (large CuO particles are active
at higher reaction temperature) and has higher activity
than reported in the previous work12 at almost the same
experimental conditions. This corresponds to literature
data on the high activity for CO oxidation over copperpromoted ceria compared to unpromoted5,14 ceria but
in the previous work15 it was demonstrated that after
a nitric acid treatment the temperature of the catalyst
for full conversion of CO was increased by more than
100◦ C, that authors associated with only the role of Cu+
in CuO dispersed nanoparticles on a support (it is more
pronounced than that of Cu-Ce-O solid solution).
Based on our and other mentioned works, we can
propose the possible mechanism (ﬁgure 5) and conclude that the reaction takes place at the interface. CO
is covered with strongly bound CO and the process
is controlled by the interaction of adsorbed CO and
O2 ; also, since ceria-based material is a reducible support, participation of its lattice oxygen in the reaction
must be concerned. The copper-doped ceria can produce high density of oxygen vacancies, physisorbed
and chemisorbed sites for carbon monoxide. The active
copper ions remain as Cu+ during the catalytic cycle
(the fraction of the intermediate carbonyl–Cu2+ is very
low, and the fraction of carbonyl-Cu+ species is much
greater than Cu+ and carbonyl–Cu2+ )16 and oxygen is
directly provided by ceria lattice for carbon dioxide
production (Mars van-Krevelen model). Adsorbed O2
reacts with catalyst surface and forms highly reactive
O−2 anion at the oxygen vacancy site, and chemisorbed
CO reacts with O−2 to generate carbon dioxide and
leave oxygen vacancy, then, oxygen vacancy is replenished by the gas-phase oxygen (Langmuir-Hinshelwood
model).17–20

Figure 4. Temperature dependence of the conversion of
carbon monoxide.

Figure 5. Schematic illustration of the possible mechanism of CO oxidation ( - oxygen vacancy).
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4. Conclusions
This work demonstrates the relationship between the
structure and catalytic behavior for CO oxidation over
CuO-Gd0.1 Ti0.1 Zr0.1 Ce0.7 O2 . The catalysts, prepared by
the simple co-precipitation method, contain surface
CuO, large (20-30 nm) and small (up to 10 nm) particles
and Cu in a support lattice, forming a solid solution. The
surface CuO species (large particles) can be removed
by a nitric acid treatment. The catalyst shows the highest activity due to better dispersion of CuO species as
well as enhanced interaction between CuO and the support. This strong interaction can induce the formation of
large amount of oxygen vacancies and activate the lattice oxygen, which is beneﬁcial to the higher activity for
CO oxidation. The presence of Cu+ /Cu2+ , Ce3+ /Ce4+ ,
oxygen vacancy/O2− , and mesoporous nature of catalyst result in high activity of CO oxidation. Furthermore, the detailed mechanism of CO oxidation over
copper oxide promoted catalysts need to be investigated, especially the ratio of Langmuir-Hinshelwood
and Mars van-Krevelen models in this reaction.
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