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INTRODUCTION

The development of environmentally appropriate
energy sources using hydrogen as the fuel is a problem
of increasing current interest. New types of fuel cells
have been developed to replace internal combustion
engines; however, they can efficiently operate only
with the use of high�purity hydrogen. Commercially
produced hydrogen contains 0.5–2 vol % CO in addi�
tion to CO2 in mixtures [1, 2]. For the use of this
hydrogen in cells with platinum electrodes or bimetal�
lic catalysts like PtRu, the concentration of the CO
impurity should be decreased below 10 or 100 ppm,
respectively [3–5]. The low�temperature catalytic oxi�
dation of CO in an atmosphere of hydrogen with oxy�
gen or air is most promising for the removal of CO
impurities from the mixtures. Various supported cata�
lytic systems with the use of Pt, Ru, Pd, and Au noble
metals [3, 6–9] or Co [10–13] and Cu oxides [14–19]
as active components were proposed. Among the test
systems, the CuO/CeO2 catalysts were found the most
active and selective; this was explained by the strong
Cu–O–Ce interaction on the catalyst surface and,
consequently, the formation of highly active oxygen,
which is capable of oxidizing CO at 100–160°C. It was
found [19] that CO was adsorbed on the surface of oxi�
dized catalysts at CuO–CeO2 clusters with the forma�
tion of CO–Cu+ carbonyls and oxidized by the oxygen
of these clusters.

A study of the oxidation of CO in mixtures with an
excess of oxygen on catalytic systems containing tran�
sition metal (Fe, Co, and Ni) oxides in addition to
CuO on the surface of CeO2 [20, 21] demonstrated
that, upon the introduction of these additives, which
are less active than CuO in this reaction, the conver�
sion of CO increased and the reaction temperature
range broadened in the region of a maximum conver�
sion. This is a very important factor for the stable oper�
ation of a catalyst under exothermic reaction condi�
tions. Firsova et al. [21] found that new clusters like
Cu–(Fe, Co, Ni)–Ce–O were formed on the surface
in addition to Cu–O–Ce clusters. In this case, the
maximum conversion of CO (>99%) on catalysts with
various concentrations of copper oxide, which is
responsible for catalyst activity [19] (5% CuO/CeO2
and 2.5% CuO/2.5% (Fe2O3, CoO, NiO)/CeO2), was
reached at the same temperature; this suggests close
binding energies of oxygen in clusters with different
cationic compositions. It is likely that the oxidation of
CO occurred at the same cluster fragment, most likely,
at Cu2+–O2––Се4+, which was also present as a con�
stituent of new clusters, whereas the cations of Fe, Co,
and Ni, which actively participate in redox processes,
facilitated oxygen transfer to these active sites.

In this work, we continued the study of the oxida�
tion of CO in the presence of hydrogen on supported
oxide systems. It is well known [22] that the conver�
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sion of CO into CO2 in the absence of hydrogen on
copper oxide supported onto ZrO2 was as high as
100%. However, in the oxidation of CO in mixtures
with hydrogen [23], the activity of CuO/ZrO2 and
CuO/(CeO2–ZrO2) catalysts was lower than that of
CuO/CeO2. In order to obtain new data on the struc�
ture of active reaction sites and the role of a support in
the formation of these sites for the development of
highly efficient catalysts, we studied CuO/ZrO2,
CoO/ZrO2, Fe2O3/ZrO2, and the CuO/(CoO,
Fe2O3)/ZrO2 mixed oxide systems.

EXPERIMENTAL

Zirconium dioxide (Ssp = 58 m2/g) was prepared by
the thermal decomposition of the zirconium(IV)
oxynitrate ZrO(NO3)2 ⋅ 6H2O in air successively at
300°C for 2 h and at 500°C for 3 h. The specific surface
area of catalysts was measured using the BET method
based on the low�temperature adsorption of argon.

The CuO/ZrO2, CoO/ZrO2, and Fe2O3/ZrO2 cat�
alysts were prepared by the impregnation of zirconium
dioxide with the solutions of copper, cobalt, and iron
nitrates, respectively. Thereafter, the samples were
dried at 120 and 200°C and then calcined at 500°C for
2 h. The CuO contents of the samples were 2.5, 5.0,
and 10.0 wt %, respectively.

The samples of CuO/(CoO or Fe2O3)/ZrO2 were
prepared by supporting CuO onto the CoO/ZrO2 or
Fe2O3/ZrO2 catalysts, which were impregnated with a
copper nitrate solution, dried at 200°C, and calcined
at 500°C for 2 h. The CuO/(CoO or Fe2O3)/ZrO2 sys�
tems thus prepared contained 5.0 wt % CuO and 5.0 or
10.0 wt % CoO and Fe2O3.

The CoO/CuO/ZrO2 catalysts were prepared by
supporting CoO from a solution of cobalt nitrate onto
CuO/ZrO2 followed by drying at 200°C and calcina�
tion at 500°C; the samples contained 2.5 and 5.0 wt %
CuO and 5.0 or 10.0 wt % CoO.

Note that the specified concentrations of sup�
ported components correspond to those calculated
from the stoichiometry of the decomposition of corre�
sponding metal nitrates.

The synthesized catalysts were studied by XRD on
a DRON�3M instrument, which was calibrated with
the use of SiO2 (α�quartz) powder (CuK

α
 radiation;

graphite monochromator; scanning in 0.02° steps over
the angle range of 2θ = 8°–70°).

The reaction of CO oxidation with oxygen in an
excess of hydrogen was performed in a flow�type sys�
tem. The reaction mixture containing 98 vol % H2,
1 vol % CO, and 1 vol % O2 was passed through a
quartz tube reactor (3 mm in diameter) with a catalyst
(20 mg; size fraction of 0.25–0.50 mm) at a flow rate
of 40 ml/min. The tip of a thermocouple was arranged
outside the reactor at a level of the center of the cata�
lyst bed, whose height was 2.0–2.5 mm.

The reaction products were analyzed by chroma�
tography using two columns packed with molecular
sieve NaX (13 Å) and Porapak QS and thermal�con�
ductivity detectors.

The TPR of the catalysts was performed in a flow of
a 6% H2/Ar mixture at a rate of 100 ml/min with a
thermal�conductivity detector. Heating over the tem�
perature range of 20–650°C was performed at a rate of
12 K/min. Before the experiments, the samples
(100 mg) were calcined at 500°C in flowing air for 1 h.
The amount of absorbed hydrogen was determined
from TPR peak areas to within ~10%.

The surface states of the support and samples with
supported metal oxides were studied by IR spectros�
copy using CO as a test molecule.

The IR transmission spectra were measured using a
Perkin Elmer Spectrum RX 1 FT IR System spec�
trometer. The samples were pressed in pellets (S =
2 cm2) at P = 5000 kg/cm2, conditioned in a flow of N2
at 400°C for 15 min, and then cooled to room temper�
ature; a mixture of 1% CO/N2 was passed at a flow rate
of 50 cm3/min, and the IR spectra were recorded while
increasing the temperature in steps.

RESULTS

Catalyst Characterization by XRD

Table 1 summarizes the XRD data. The initial ZrO2
mainly occurred in a monoclinic modification
(M phase). In addition, low�intensity reflections due
to a tetragonal modification (T phase), whose concen�
tration was no higher than ~10%, were detected in the
diffraction pattern. An analysis of spectral lines using
the Debye–Scherrer formula allowed us to determine
the particle size of zirconium dioxide; it was ~30 nm.

Table 1.  XRD data

Sample Phase composition*

ZrO2 (initial) ZrO2(М + Т**) 

5% CuO/ZrO2 ZrO2(M + T**)

10% CuO/ZrO2 ZrO2(M + T**) + CuO

5% CoO/ZrO2 ZrO2(M + T**) + Co3O4

10% CoO/ZrO2 ZrO2(M + T**) + Co3O4

5% CuO/5% CoO/ZrO2 ZrO2(M + T**) + (Co3O4)**

5% CuO/10% CoO/ZrO2 ZrO2(M + T**) + Co3O4 +
(Со1 – хCuхСо2О4)**

10% CoO/5% CuO/ZrO2 ZrO2(M + T**) + Co3O4 +
(Со1 – хCuхСо2О4)**

5% Fe2O3/ZrO2 ZrO2(M + T**)

10% Fe2O3/ZrO2 ZrO2(M + T**)

5% CuO/10% Fe2O3/ZrO2 ZrO2(M + T**)

  *M and T refer to monoclinic and tetragonal modifications,
respectively.

**Traces.
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The effect of supported Cu, Co, and Fe oxides on the
line width was not found; the phase composition of the
ZrO2 support remained unchanged, and the M and
T phases were present in all of the supported samples.

New phases were not detected in the 5%
CuO/ZrO2 sample using XRD analysis; this can be
due to the amorphous or dispersed state of CuO parti�
cles on the surface. As the copper oxide content of the
sample was increased to 10%, the diffraction pattern
exhibited reflections due to crystalline of CuO. The
Со3О4 phase was formed in CoO/ZrO2 samples upon
supporting cobalt oxide. This phase was present in all
of the CuO/CoO/ZrO2 mixed systems; however, we
failed to clearly detect CuO in them using XRD anal�
ysis. Moreover, low�intensity reflections suggesting
the formation of Со1 – хCuхСо2О4 spinel appeared in
the diffraction patterns of the CuO/CoO/ZrO2 sys�
tems.

Iron oxide phases were not detected in the diffrac�
tion patterns of samples containing 5 and 10% Fe2O3;
this can also be due to an either amorphous or dis�
persed state of Fe2O3 particles on the surface of ZrO2.
The same diffraction patterns were also obtained for
the 5% CuO/10% Fe2O3/ZrO2 sample; the CuO phase
was also not detected.

Catalytic Activity of ZrO2, CuO/ZrO2, CoO/ZrO2, 
Fe2O3/ZrO2, and CuO/(CoO or Fe2O3)/ZrO2

in CO Oxidation with Oxygen in Excess Hydrogen

The oxidation of CO on ZrO2, CuO/ZrO2,
CoO/ZrO2, Fe2O3/ZrO2, and CuO/(CoO or
Fe2O3)/ZrO2 samples was performed at 20–400°C.
Zirconium dioxide is inactive in this temperature
range, and the oxidation of CO was not observed.

The catalytic activity of 2.5–10% CuO/ZrO2 sam�
ples depends on the amount of CuO on the surface. In
this case, the maximum conversion of CO upon sup�
porting CuO was 32 (190°C), 62 (170°C), or 66%
(170°C) for 2.5, 5, or 10 wt % CuO (the maximum
conversion temperature Tmax is specified in parenthe�
ses), respectively (see Fig. 1a). An increase in the
amount of supported copper oxide from 2.5 to 5%
caused an increase in the conversion of CO by a factor
of 2 and the occurrence of the reactions in the region
of lower temperatures; however, as the concentration
of CuO was further increased to 10%, the catalytic
activity remained almost unchanged (Fig. 1a, curves 2
and 3).

The process selectivity for oxygen on CuO/ZrO2
samples also changed depending on the amount of
copper oxide supported onto the surface (Fig. 1b). The
selectivity of the 2.5% CuO/ZrO2 falls in the range of
0–40% to reach a maximum at 190–200°C (Fig. 1b,
curve 1). The maximum selectivity on the 10%
CuO/ZrO2 catalyst (Fig. 1b, curve 3) was somewhat
higher (about 50% at 150°С), and 100% selectivity in
the region of low temperatures was observed only on
the 5% CuO/ZrO2 sample (Fig. 1b, curve 2). At higher

temperatures (170–250°C), the selectivity was almost
the same on all of the CuO/ZrO2 samples.

The CoO/ZrO2 catalysts were found to be more
active than CuO/ZrO2. The conversion of CO into
CO2 was 90% (Tmax = 225°C) on the 10% CoO/ZrO2
sample, and it depended only slightly on the amount
of supported CoO: it was 88% on 2.5% CoO/ZrO2 at
Tmax = 250°C (see Fig. 2a, curves 1–3). Above 300°C,
the reaction of CO hydrogenation comes into play, and
methane appeared in the products. The conversion of
CO into СН4 increased with the surface concentration
of CoO to reach 4% (390°C) upon supporting 2.5%
CoO or 7.5 and 17% on 5% CoO/ZrO2 and 10%
CoO/ZrO2, respectively. Note that, as the concentra�
tion of CoO was increased, the onset temperature of
CO hydrogenation decreased from 330 to 290°C and
the Tmax of CO conversion into CO2 decreased from
250 to 225°C.

The reaction selectivity for oxygen on CoO/ZrO2
samples was higher than that on CuO/ZrO2 (see
Fig. 2b): 60–82% at 130–250°C on 2.5% CoO/ZrO2
(curve 1) or 25–62% at 150–275°C on 10% CoO/ZrO2

450400350300250200150100500
Temperature, °С

100

90

80

70

60

50

40

30

20

10

Conversion of CO into CO2, %

1

2 3

300250200150100500
Temperature, °С

100
90
80
70
60
50
40
30
20
10

Selectivity for O2, %

1

2

3

(a)

(b)

Fig. 1. (a) The conversion of CO into CO2 and (b) the pro�
cess selectivity for oxygen on the (1) 2.5% CuO/ZrO2, (2)
5% CuO/ZrO2, and (3) 10% CuO/ZrO2 catalysts.
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(curve 3), and it reached 100% at 150°C on the
5% CoO/ZrO2 sample, as well as on 5% CuO/ZrO2.
In the region of high temperatures (250–350°C), the
highest selectivity (58–48%) was observed on the
2.5% CoO/ZrO2 sample (curve 1), on which the con�
version of CO into СН4 was minimal, whereas the
selectivity was lower (45–18%) on 10% CoO/ZrO2 at
the same temperatures (curve 3).

Figure 3a shows the catalytic activity of samples
prepared by the successive supporting of CuO and
CoO onto the surface of ZrO2. The conversion of CO
on the 5% CoO/2.5% CuO/ZrO2 sample (curve 2)
increased, as compared with that on 2.5% CuO/ZrO2
(curve 1), from 32 to 44% with a Tmax shift from 190 to
210°C; however, it did not reach the conversion of CO
on 5% CoO/ZrO2. The supporting of 5% CoO onto
the 5% CuO/ZrO2 catalyst (curve 3) had almost no
effect on the catalytic activity: the conversion of CO
on the 5% CoO/5% CuO/ZrO2 sample was the same
as that on 5% CuO/ZrO2 (curve 4); however, the con�
version of CO on the 10% CoO/5% CuO/ZrO2 cata�
lyst (curve 5) increased to 76% (Tmax = 170°C).

Note that an increase in the conversion of CO on
the last sample occurred because of the presence of
cobalt oxide in the CoO/CuO/ZrO2 system; however,

Tmax = 170°C was much lower than that on CoO/ZrO2
(Tmax = 225°C), and the same value of Tmax was
observed only on CuO/ZrO2 samples.

The activity of catalysts prepared by supporting
5% CuO on 5% CoO/ZrO2 was similar to that of
5% CoO/5% CuO/ZrO2 (curve 5); that is, the order of
supporting cobalt and copper oxides onto ZrO2 had no
effect on their catalytic properties.

The reaction selectivity for oxygen on the
CoO/CuO/ZrO2 mixed oxide systems was higher than
that on individual CuO/ZrO2 or CoO/ZrO2 (see
Fig. 3b). The maximum 100% selectivity was observed
at 130–150°C on the 5% CoO/2.5% CuO/ZrO2 sam�
ple (curve 1), whereas the maximum selectivity was 79
or 71% at 150°C on the 5% CoO/5% CuO/ZrO2
(curve 2) or 10% CoO/5% CuO/ZrO2 sample
(curve 3), respectively. In the region of high tempera�
tures (>250°C), the selectivity was much higher than
that on the CoO/ZrO2 systems; this was likely due to a
shift in the temperature range of the occurrence of CO
oxidation to CO2 and CO conversion into СН4 toward
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Fig. 2. (a) The conversion of CO into CO2 and (b) the pro�
cess selectivity for oxygen on the (1) 2.5% CoO/ZrO2, (2)
5% CoO/ZrO2, and (3) 10% CoO/ZrO2 catalysts.
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Fig. 3. (a) The conversion of CO into CO2 on the (1) 2.5%
CuO/ZrO2, (2) 5% CoO/2.5% CuO/ZrO2, (3) 5%
CoO/5% CuO/ZrO2, (4) 5% CuO/5% CoO/ZrO2, and
(5) 10% CoO/5% CuO/ZrO2 catalysts and (b) the process
selectivity for oxygen on the (1) 5% CoO/2.5%
CuO/ZrO2, (2) 5% CoO/5% CuO/ZrO2, and (3) 10%
CoO/5% CuO/ZrO2 catalysts.
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low temperatures. This selectivity was comparable
with the selectivity on CuO/ZrO2 samples.

The conversion of CO on the samples prepared by
supporting Fe2O3 onto ZrO2 was low: the oxidation of
CO began at a temperature of ~200°C; the maximum
conversion on the 5% Fe2O3/ZrO2 sample was 20% at
250°C or 34% at 290°C on 10% Fe2O3/ZrO2. The 5%
CuO/5–10% Fe2O3/ZrO2 systems prepared by the
successive supporting of iron and copper oxides onto
zirconium dioxide exhibited the same activity in CO
oxidation as 5% CuO/ZrO2 regardless of iron oxide
content.

TPR Data

ZrO2. The TPR spectrum of ZrO2 exhibited a
broad low�intensity band of hydrogen uptake with a
maximum at 200–300°C. It is well known [24] that
ZrO2 forms several polymorphous modifications, of
which a monoclinic (M) species is most thermody�
namically stable under normal conditions. Tetragonal
(T) and cubic (C) modifications are formed at much
higher calcination temperatures (1200–1500 and
2400°C, respectively). However, these phases were
also detected in samples calcined at moderate temper�
atures, and their amount depended on the oxide prep�
aration procedure. It is believed that the presence of
various types of defects is due to the formation of these
phases. In addition, Kuznetsova and Sadykov [24],
found a linear relationship between the specific sur�
face area of samples (Ssp) and the amount of the
T phase in the M phase. Thus, at Ssp = 55–60 m2/g,
the concentration of the T phase can be ~10–20%.

The XRD study of ZrO2 (Ssp = 58 m2/g) used in this
work showed the presence of small amounts of the
T phase in addition to the M phase. According to Kuz�
netsova and Sadykov [24], this sample should be
highly dispersed and have structural distortions and,
consequently, defects of various types. Thus, it is
believed that small hydrogen uptake was related to the
removal of oxygen bound to these defects.

CuO/ZrO2. The TPR spectra of 2.5 and 5%
CuO/ZrO2 samples (Fig. 4) exhibited an intense broad
peak of hydrogen uptake at ~140°C and two low�
intensity peaks at higher temperatures (~190 and
~210°C). The ratio between peak intensities at 140
and ~200°C was constant (~0.4). An increase in the
concentration of CuO to 10% resulted in a dramatic
increase in peak intensities at ~200°C, whereas the
low�temperature peak at ~140°C remained almost
unchanged. XRD data suggest the formation of a crys�
talline CuO phase in this sample. The peak at 140°C
was likely due to the reduction of copper cations,
which strongly interacted with the surface defects of
ZrO2 to form Cu–O–Zr clusters. The second group of
peaks at ~200°C was due to the reduction of surface
particles of the CuO phase, the amount of which dra�
matically increased with the concentration of sup�
ported copper oxide.

Dow et al. [25] observed a similar behavior in the
reduction of the CuO/ZrO2 system: two low�intensity
TPR peaks (~160–170°C) were ascribed to the
removal of oxygen from sites near ZrO2 defects and at
the ZrO2–CuO interface, whereas an intense peak
(~240°C) was attributed to the reduction of bulk
oxide. However, the maximum temperatures do not
coincide with those observed in this work; this can be
due to the history of ZrO2: Dow et al. [25] used ZrO2
modified with yttrium and lower concentrations of
CuO. This may result in a shift of peaks in the TPR
spectrum. A two�peak pattern of this kind was also
observed in the CuO/Al2O3 system [25, 26]. Thus,
upon supporting CuO onto ZrO2, two types of copper
oxide reduction sites were formed: copper oxide parti�
cles that strongly interact with the support (it is likely
that they form Cu–O–Zr clusters localized near the
surface defects of ZrO2) and the particles of a CuO
phase that weakly interacts with the support (its reduc�
tion occurred at lower temperatures, as compared with
individual CuO). These assumptions are consistent
with the results obtained by Labaki et al. [27], who
found that copper occurred as isolated cations, clus�
ters, and a CuO phase in CuO/ZrO2; in this case, the
fraction of this phase increased with the concentration
of supported copper.

Depending on the CuO content of the sample
(2.5–5%), the extent of Cu2+ reduction, which was
calculated from hydrogen uptake in the range of 140–
210°C, changed from 80 to 97% (see Table 2). This was
mainly due to an increase in the number of Cu–O–Zr
clusters, which are readily reduced at low tempera�
tures, and only a small portion of copper ions, which
were present in the 5% CuO/ZrO2 sample as the sur�
face oxide CuO, was reduced at a higher temperature.
The extent of Cu2+ reduction in the 10% CuO/ZrO2
sample decreased to 83.2%, as compared with 5%
CuO/ZrO2 (see Table 2). This decrease in the overall
extent of reduction was due to the fact that an addi�
tional amount of supported copper oxide, as com�
pared with the 5% CuO/ZrO2 sample, did almost not
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Fig. 4. TPR spectra of CuO/ZrO2 samples containing
(1) 2.5, (2) 5, and (3) 10% CuO.
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Table 2.  TPR data for the ZrO2, CuO/ZrO2, CoO/ZrO2, and Fe2O3/ZrO2 samples

Sample Тmax, oC Н2 uptake ×104, 
mol/g

Extent of transition 
metal reduction, % Notes

ZrO2 ~200 – – –
2.5% CuO/ZrO2 149(1)* 1.7(1)* 80.6 Total

207(2) 0.8(2 + 3)
311(3)
623(4)

5% CuO/ZrO2 142(1) 4.5(1) 97.6 Total
192(2) 1.6 (peaks 2 + 3)
212(3)

10% CuO/ZrO2 148 4.3(1) 83.2 Total
202 6.1 (peaks 2 + 3)
227

>650
2.5% CoO/ZrO2 150 3.9 (total) 86 Со3+  Со2+

285 Со2+  Со0

515
5% CuO/ZrO2 100 11.6 (total) 100 Со3+  Со2+

292 Со2+  Co0, Н2 excess,
2.5 × 10–4 mol/g512

10% CuO/ZrO2 100 21.0 (total) 100 Сo3O4  Co0, Н2 excess,
2.4 × 10–4 mol/g291

340
403
482

5% Fe2O3/ZrO2 340 3.7 100 Fe2O3  Fe3O4
100 Fe3O4  FeO

(1.6 × 10–4 mol Fe0/g)
10% Fe2O3/ZrO2 342 4.5 (total) 100 Fe2O3  Fe3O4

445 58.5 Fe3O4  FeO
(1.8 × 10–4 mol Fe0/g)

5% CuO/5% CoO/ZrO2 140 15.2 (total) 99 Сu2+  Сu0,
Сo3O4  Co0192 (shoulder)

213
304

5% CuO/10% CoO/ZrO2 145 27.4 (total) 100 Сu2+  Сu0,
Сo3O4  Co0, Н2 excess, 
2.5 × 10–4 mol/g

163
217
245

5% CoO/5% CuO/ZrO2 152 16.6 (total) 100 Сu2+  Сu0,
Сo3O4  Co0, Н2 excess,
1.3 × 10–4 mol/g

216
336

5% CoO/2.5% CuO/ZrO2 161 6.8 (total) 56 For the processes
Cu2+  Cu0,
Co3O4  Co0, 12.2 × 
10⎯4 mol H2/g is required

221
339
555

10% CoO/5% CuO/ZrO2 152 24.1 (total) 100 Сu2+  Сu0,
Сo3O4  Co0225

316
5% CuO/5% Fe2O3/ZrO2 139(1) 7.0 (peaks 1–3) 100(CuO) Total: Cu2+  Cu0

Fe2O3  Fe3O4 (100%)
Fe3O4  FeO (52.4%)
(0.3 × 10–4 mol Fe0/g)

154(2) 100(Fe2O3)
194 (shoulder 3)
297(4) 1.4 (peaks 4, 5)
400(5)

5% CuO/10% Fe2O3/ZrO2 137 (shoulder 1) 9.8 (peaks 1–3) 100 Cu2+  Cu0,
Fe2O3  Fe3O4

Fe3O4  FeO
(3.1 × 10–4 mol Fe0/g)

148(2)
196 (shoulder 3)
447(4) 4.2(4) 100

* Peak number in the TPR spectrum.
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change the concentration of surface Cu–O–Zr clus�
ters, which are active reaction sites (readily reducible
and reoxidizable). This is evident from data given in
Table 2: the absorption of hydrogen at 140°C on both
of the samples was the same (~4.5 × 10–4 mol/g), and
the maximum conversion of CO was the same (62% on
5% CuO/ZrO2 or 66% on 10% CuO/ZrO2). As the
concentration of copper oxide supported on ZrO2 was
increased from 5 to 10%, a surface phase of CuO was
formed. It is likely that this phase was reduced only
partially to decrease the overall extent of Cu2+ reduc�
tion in the 10% CuO/ZrO2 sample at higher tempera�
tures (>300°C), as evidenced by wide low�intensity
peaks of hydrogen uptake (see Fig. 4) in TPR spectra.

CoO/ZrO2. The TPR spectra of the samples con�
taining 2.5 and 5% CoO are characterized by the
occurrence of a low�intensity broad peak due to
hydrogen uptake at 100–150°C and peaks at ~290 and
~510°C (Fig. 5, Table 2). The ratio between the areas
of the above two peaks is 1 : 3; this allowed us to
attribute them to the following processes of the con�
secutive reduction of Со3О4:

Co3O4+ H2 = 3CoO + H2O,

СоО + 3Н2 = 3Со + 3Н2О.

The great temperature interval between the peaks
(~200 K), which is uncharacteristic of these processes,
has engaged our attention. However, Chernavskii et al.
[28] obtained a spectrum of this kind for a sample of
cobalt oxide supported onto zirconium oxide with
wide pores modified with yttrium oxide. In our case,
the shift of both peaks by 100 K toward high tempera�
tures may be due to the stronger interaction of Co3O4
with the support (or coarser cobalt oxide particles). By
analogy with published data [29], this strong interac�
tion can be the formation of a cobalt zirconate layer on
the contact surface of cobalt oxide and the support,
the reduction of which occurs at high temperatures.

The TPR spectrum of the sample with 10% CoO
contains the same peaks as the spectra of samples with
lower CoO contents; however, the intensity of these
peaks is higher. Moreover, intensive hydrogen con�
sumption was observed at 290–510°C; this suggests
the occurrence of other cobalt oxide states. The pres�
ence of only Co3O4 in the 5 and 10% CoO/ZrO2 sam�
ples was detected by XRD analysis. Thus, it is believed
that the observed hydrogen uptake was due to the
reduction of the Co3O4 phase arranged at various sur�
face sites of the support (for example, in pores and on
the geometrical surface).

Based on the above data, the degrees of cobalt
reduction from Co3O4 to Co0 (~300–500°C) were
~43, 60, and 91% for samples containing 2.5, 5, and
10% CoO, respectively. However, the total amount of
hydrogen corresponding to the area under TPR curves
was much greater. It is evident that CoO in another
form occurred on the surface of ZrO2 in addition to
the Co3O4 phase. The reduction of this cobalt oxide
corresponds to hydrogen uptake in the temperature

range of 100–220°C. The amounts of supported CoO,
which is reduced at 100–220°C, in all of the samples
can be evaluated from the difference between the total
amount of absorbed hydrogen and that required for
the reduction of Co3O4 to Co0 (~300–500°C). These
amounts were ~1.8 × 10–4 mol CoO/g. It is likely that
this fraction of cobalt ions was adsorbed at zirconium
oxide defects with the formation of Co–O–Zr clus�
ters, as it was observed with copper oxide.

The amount of H2 absorbed upon the TPR of 5%
CoO/ZrO2 and 10% CoO/ZrO2 samples was greater
than that required for the 100% reduction of cobalt.
According to published data, this can be due to the
interaction of hydrogen with superstoichiometric oxy�
gen formed in the sample upon the decomposition of
cobalt nitrate [28].

CuO/CoO/ZrO2. Figure 6 shows the TPR spectra
of samples prepared by supporting CuO onto the sur�
face of 5 and 10% CoO/ZrO2 catalysts. These spectra
suggest the interaction of CuO and CoO oxides: the
shape of the spectrum of either of the oxides changed,
and the temperature of CoO reduction decreased.
However, the intensity and position of the first peak
due to CuO reduction (140°C) in the TPR spectrum of
the CuO/CoO/ZrO2 system remained almost
unchanged (see Fig. 6), as compared with the
CuO/ZrO2 sample. Consequently, even if CoO was
initially supported and then CuO was supported, cop�
per oxide partially occupied the same surface sites at
which Cu–O–Zr surface clusters were likely formed.
At the same time, the hydrogen uptake at ~200°C—
the reduction region of the particles of a copper oxide
phase bound to the support—increased. The intensity
of hydrogen uptake in the high�temperature region of
CoO reduction considerably decreased. It is likely that
supported bulk CuO and Co3O4 oxides interacted on
the surface of ZrO2. A similar behavior of the interac�
tion of oxides (unsupported) was observed by Fierro et
al. [30], who used TPR and XPS techniques to dem�
onstrate that the calcination of an oxide mixture at
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Fig. 5. TPR spectra of CoO/ZrO2 samples containing
(1) 2.5, (2) 5, and (3) 10% CoO.
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T = 450°C in air resulted in the formation of Co3O4
and Со1 ⎯ хCuхСо2О4 spinel, where x depends on the
ratio between the oxides. The reduction of such com�
pounds occurs in two steps: initially, Co3+ and Cu2+ are
reduced to CO2+ and Cu0, respectively, and then CO2+

is reduced to Co0. The XRD data for CuO/CoO/ZrO2
samples (see Table 1) support the formation of
Со1 ⎯ хCuхСо2О4 spinel on the surface of ZrO2, and a
great number of TPR peaks (Fig. 6) in the region of
150–250°C was due to the stepwise reduction of
Со1 ⎯ хCuхСо2О4 and Co3O4 unbound to the supported
copper oxide.

To understand the effect of the order of supporting
copper and cobalt oxides onto the surface of ZrO2 on
the interaction of these oxides, we studied the reduc�
tion of CoO/CuO/ZrO2 samples with hydrogen and
compared the resulting TPR spectra with data for
CuO/CoO/ZrO2 samples (Fig. 7, spectra 1–3). In the
TPR spectrum of the sample prepared by supporting
CoO onto the surface of CuO/ZrO2 (spectra 2, 3), the
maximum temperature of the first peak corresponding
to the reduction of Cu–O–Zr was higher by ~10 K.
The position of the second peak (corresponding to the
reduction of bulk copper and cobalt phases bound to
the support) remained unchanged. This fact suggests
the formation of the same surface compound regard�
less of the order of supporting CuO and CoO oxides
onto ZrO2.

As the amount of CoO was increased to 10%, the
peak at ~220°C became predominant; this fact sug�
gests that a large portion of cobalt oxide was reduced
in this temperature region (with consideration for
100% oxide reduction).

Fe2O3/ZrO2 and CuO/Fe2O3/ZrO2. From the TPR
spectra of Fe2O3/ZrO2 (maximums at ~340 and
445°C), it follows (see Table 2) that the amount of
absorbed hydrogen was sufficient for the sequential
100% reduction Fe2O3  Fe3O4  FeO and to Fe0

in the 9.5% sample. Because FeO is unstable under
ordinary conditions, it disproportionates (with no

hydrogen uptake) to Fe3O4 and Fe0 [31]; therefore, the
sample additionally contained 1.6 × 10–4 mol Fe0/g.
The occurrence of the second peak of hydrogen uptake
at ~445°C supported the assumption on the stepwise
reduction of the oxide. However, based on the amount
of absorbed hydrogen, we can state 100% reduction to
Fe3O4 and 58.5% reduction to FeO (in this case, 1.8 ×
10–4 mol/g Fe0 and the same additional amount of
Fe3O4 were formed). It is likely that coarse particles
were formed on the support surface upon supporting
iron oxide in a high concentration, and these particles
are difficult to reduce.

A comparison between the TPR spectra of the
CuO/Fe2O3/ZrO2 system containing copper oxide
supported after iron oxide (5 and 10%) and CuO/ZrO2
and Fe2O3/ZrO2 samples led us to a conclusion that
the supported oxides strongly interacted with one
another. The TPR peak at ~340°C disappeared, and a
peak at ~450°C considerably increased (the latter peak
was weakly pronounced in the spectra of 5 and 10%
Fe2O3/ZrO2 samples). Moreover, absorption
increased in the region of copper oxide reduction. The
total amount of absorbed hydrogen was sufficient for
the 100% reduction of all of the supported oxides to
metals.

Adsorption of CO on Copper, Cobalt, and Iron Oxides 
Supported on ZrO2 or CeO2 According

to IR Spectroscopic Data

Upon the adsorption of CO on the oxide catalysts,
the IR spectra exhibited absorption bands in the fol�
lowing two regions: 1000–1700 (vibrations of carbon�
ate–carboxylate structures) and 2000–2200 cm–1

(vibrations of the CO molecule coordinatively bound
to a metal cation) [32].

Figure 8 shows the IR spectra of CO adsorbed on
ZrO2 (spectrum 1) and 5% CuO/ZrO2 samples (spec�
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Fig. 6. TPR spectra of (1) 5% CuO/ZrO2, (2) 5% CuO/5%
CoO/ZrO2, and (3) 5% CuO/10% CoO/ZrO2 samples.
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Fig. 7. Effect of the order of supporting oxides on their
reduction: (1) 5% CuO/5% CoO/ZrO2, (2) 5% CoO/5%
CuO/ZrO2, and (3) 10% CoO/5% CuO/ZrO2.
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tra 2–5). In the spectrum of ZrO2, absorption bands in
the region of 2000–2200 cm–1, which are characteris�
tic of adsorbed carbon monoxide (spectrum 1), were
not detected. Upon supplying a mixture of 1% CO/N2
onto the 5% CuO/ZrO2 catalyst, a peak with a maxi�
mum at 2100 cm–1 appeared even at 40°C
(spectrum 2). The intensity of this peak reached a
maximum at Tmax = 80°C (spectrum 3), and it
decreased as the temperature was further increased
(spectra 4, 5). According to published data [33–35],
an absorption band at 2100 cm–1 corresponds to the
stretching vibrations of the C–O bond in the CO mol�
ecule coordinatively bound to Cu+ (Cu+–CO). It is
likely that the adsorption of CO occurred at reduced
two�dimensional and three�dimensional copper clus�
ters containing Cu+, which were arranged on the sur�
face of the oxide support. Thus, we can conclude that
clusters that can be reduced at low temperatures were
formed on the surface of ZrO2 upon supporting copper
oxide. With the use of the molar absorption coefficient
of Мn+CO complexes, we can evaluate the number of
Cu+ cations on the catalyst surface from the modified
Bouguer–Lambert–Beer law

ε = DSs/N,

where ε is the molar absorption coefficient, cm2/mol�

ecule; D = /I, where I0 and I are incident and
transmitted light intensities at an absorption band
maximum; Ss is the cross section of the light flux
through the sample, cm2; and N is the number of
adsorbed molecules. The value of ε (Cu+СО) = 6.7 ×
1019 cm2/molecule was used in the calculations [36].
Table 3 summarizes the results of the calculations.

Upon the adsorption of CO on the surface of the
5% CuO/5% CoO/ZrO2 catalyst, spectra analogous to
spectra 2–4 in Fig. 8 were obtained. The absorption
band intensity at 2100 cm–1 in this sample at Tmax =
80°C was almost the same as that in 5% CuO/ZrO2
(see Table 3).

I0log

For comparison, we studied the IR spectra of CO
molecules adsorbed on samples that were prepared by
supporting copper oxide and cobalt and iron oxides
onto cerium dioxide, the catalytic and physicochemi�
cal properties of which were described elsewhere [20,
21]. In the spectra of CuO/CeO2, CuO/(CoO or
Fe2O3)/CeO2, and (CoO or Fe2O3)/CuO/CeO2 sam�
ples containing copper oxide, an absorption band at
2100 cm–1 was observed, whose intensity changed with
temperature to pass through a maximum at 120–
150°C (see Table 3). By way of example, Fig. 9 shows
the IR spectra obtained upon the adsorption of CO on
CeO2 (spectrum 1), 2.5% CuO/CeO2 (spectrum 2,
120°C), 2.5% CuO/2.5% CoO/CeO2 (spectrum 3,
150°C), and 2.5% CoO/2.5% CuO/CeO2 (spectrum 4,
140°C). Spectra 2–4 correspond to the maximum
intensity temperature of the absorption band at
2100 cm–1 for each sample. Comparing data in Fig. 9
and Table 3, we can conclude that the greatest amount
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Fig. 8. Difference IR spectra of CO adsorbed on (1) ZrO2
at 40°C and 5% CuO/ZrO2 samples at (2) 40, (3) 80, (4)
120, or (5) 160°C. A spectrum measured in a flow of N2
was subtracted from the spectrum of a sample measured in
a flow of 1% CO/N2 at each particular temperature.

 
Table 3.  IR spectroscopic data for CO adsorbed on CeO2 and ZrO2 samples containing various oxides

Sample νmax, cm–1 D Tmax, °C N*,
molecule/mg Ssp, m2/g N*,

molecule/m2

2.5% CuО/CeO2 2105 0.2037 120 2.43 × 1016 65 3.74 × 1017

6.5% CuО/CeO2 2105 0.2127 120 2.27 × 1016 63 3.60 × 1017

2.5% CuО/2.5% CoО/CeO2 2103 0.0792 150 7.88 × 1015 60 1.31 × 1017

2.5% CoО/2.5% CuО/CeO2 2102 0.0132 140 1.19 × 1015 48 2.49 × 1016

2.5% Fe2О3/2.5% CuО/CeO2 2104 0.1830 120 1.82 × 1016 50 3.64 × 1017

2.5% CuО/2.5% Fe2О3/CeO2 2104 0.0163 120 8.25 × 1014 50 1.65 × 1016

5% CuO/ZrO2 2102 0.0375 80 2.24 × 1015 50 4.48 × 1016

5% CuO/5% СoO/ZrO2 2100 0.0193 80 1.75 × 1015 49 3.56 × 1016

* The number of adsorbed CO molecules per 1 mg of a pellet or 1 m2 of its surface area.
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of finely dispersed clusters containing Cu+ was formed
upon supporting only copper oxide onto CeO2 with
the formation of Cu+–O–Ce sites. In the case of sup�
porting a second oxide (Co or Fe), the amount of Cu+

cations noticeably decreased, probably, because of the
interaction of supported oxides with each other and
with the support to form new Cu–Co(Fe)–Ce–O
active sites, as found previously [21].

According to IR spectroscopic data (see Table 3),
the amount of Cu+ cations in CuO/ZrO2 and
CuO/CoO/ZrO2 samples was several times smaller
than that in the catalysts supported on CeO2. This fact
may be explained by a smaller number of sites for the
formation of clusters containing Cu+ on ZrO2, as
compared with CeO2.

Absorption bands characteristic of carbonyl com�
plexes bound to the cobalt cation were not observed
upon the adsorption of CO on CoO/ZrO2 and
CoO/CuO/ZrO2 samples. However, carbonate–car�
boxylate structures were formed (1700–1000 cm–1)
[37]. Note that carbonate–carboxylate complexes
occurred in the IR spectra of almost the entire test cat�
alysts; however, their amount depended on the com�
position of the catalyst. Figure 10 shows the spectra of
(1) ZrO2, (2) 5% CoO/ZrO2, and (3) 5% CuO/5%
CoO/ZrO2 samples obtained at 100°C in a flow of 1%
CO/N2. The intensities of absorption bands corre�
sponding to carbonate–carboxylate complexes
(1700–1000 cm–1) was much higher for the 5%
CoO/ZrO2 sample (spectrum 2) than that for pure zir�
conium dioxide (spectrum 1). At the same time, upon
supporting CuO onto CoO/ZrO2 (spectrum 3), the
intensities of these absorption bands noticeably
decreased, probably, because of a decrease in the
amount of Co3O4 on the surface of ZrO2 as a conse�
quence of the interaction with supported copper
oxide.

DISCUSSION

The catalytic activity of the CuO/ZrO2,
CoO/ZrO2, Fe2O3/ZrO2, and CuO/(CoO,
Fe2O3)/ZrO2 systems and the reaction temperature of
CO oxidation with oxygen in the presence of hydrogen
depend on the nature of the supported oxides. The
results shown in Figs. 1–3 allowed us to present the
following order of catalyst activity:

(2.5–10)%CоO/ZrO2 > (2.5–10)%CuO/ZrO2 

~ 5%CuO/5–10%(СоО, Fe2O3)/ZrO2 

> (5–10)%Fe2O3/ZrO2 > ZrO2.

The conversion of CO into CO2 (Fig. 2) was almost
independent of the surface concentration of cobalt
oxide; it was 88% (Tmax = 250°C) on 2.5% CoO/ZrO2
or 90% (Tmax = 225°C) on 10% CoO/ZrO2. It is likely
that the number of active sites formed on the surface of
ZrO2 upon supporting cobalt oxide was limited. This
conclusion is consistent with the results of the TPR of
2.5–10% CoO/ZrO2 systems; these results indicate that
the same amount of CoO (~1.8 × 10–4 mol CoO/g),
which is reduced at low temperatures, was present on
the surface regardless of the concentration of sup�
ported cobalt oxide (2.5–10%). It is likely that this
CoO was localized near structure defects on the sur�
face of ZrO2 (the concentration of these defects was
low: ~10–20% of the surface [24]), probably, with the
formation of clusters like Co–O–Zr, at which CO was
oxidized to CO2 (200–290°C). At temperatures of
>300°C (region of Co3O4 reduction to form Co0), the
reaction of CO hydrogenation with the formation of
СН4 occurred. This is consistent with the results
obtained in CoO/CeO2 systems [21] and the generally
accepted mechanism of the Fischer–Tropsch process,
according to which the dissociative adsorption of CO
required for the formation of СН4 occurs at metal
cobalt particles. An increase in the concentration of
supported cobalt oxide resulted in an increase in the
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Fig. 9. IR spectra of (1) CeO2 samples at 40°C, (2) 2.5%
CuO/CeO2 at 120°C, (3) 2.5% CuO/2.5% CoO/CeO2 at
150°C, and (4) 2.5% CoO/2.5% CuO/CeO2 at 140°C
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5% CuO/5% CoO/ZrO2 samples measured in a flow of 1%
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amount of the Co3O4 phase on the surface of ZrO2
(Fig. 5) and, consequently, in an increase in Co0 upon
reduction. The conversion of CO into СН4 (390°C)
increased from 4% (2.5% CoO/ZrO2) to 17% (10%
CoO/ZrO2). Note that the conversion of CO into CH4
on the CoO/CeO2 systems [21] was much higher and
reached 100% at 400°C, whereas the temperature of
Co3O4 reduction on the surface of CeO2 was lower
than that on ZrO2.

The CuO/ZrO2 catalysts are less active than
CoO/ZrO2: as the amount of supported copper oxide
was changed from 2.5 to 5%, the conversion of CO
into CO2 increased by a factor of 2 from 32 to 62%.
However, as the concentration of CuO was further
increased to 10%, the conversion remained
unchanged. The sampled prepared by supporting 5%
CoO onto 5% CuO/ZrO2 exhibited the same catalytic
properties as 5% CuO/ZrO2. This can be explained by
the fact that the formation of active sites for CO oxida�
tion with the participation of supported copper or
cobalt oxides occurred at the same surface regions of
ZrO2, the number of which is restricted. As demon�
strated by TPR data (Fig. 6), Cu–O–Zr clusters
occurred in the 5% CoO/5% CuO/ZrO2 sample;
according to catalytic data, the number of these clus�
ters was maximally possible at a 5% CuO content on
ZrO2; that is, there are no free surface sites for the for�
mation of Co–O–Zr clusters.

As noted above, the conversion of CO on the 2.5%
CuO/ZrO2 catalyst was lower than that on 5%
CuO/ZrO2, the number of Cu–O–Zr active sites for
CO oxidation on this catalyst was also smaller. Conse�
quently, vacant sites can remain on the surface for the
formation of Co–O–Zr clusters. This conclusion was
supported by the results obtained in a study of CO oxi�
dation on the 5% CoO/2.5% CuO/ZrO2 catalyst: the
conversion of CO on it increased to 45% (210°C), as
compared with 32% (190°C) on 2.5% CuO/ZrO2. It is
likely that, in this case, Co–O–Zr clusters also
occurred on the surface of the 5% CoO/2.5%
CuO/ZrO2 catalyst (in addition to Cu–O–Zr clus�
ters). This resulted in an increase in the conversion of
CO and a shift in Tmax toward higher temperatures
(210°C) characteristic of CoO/ZrO2 catalysts. At the
same time, the additivity of the catalytic properties of
various clusters from this system was not observed.
According to XRD data, in the 5% CuO/5%
CoO/ZrO2 or 5% CoO/2.5% CuO/ZrO2 samples, a
portion of supported CoO interacted with surface cop�
per oxide particles to form Со1 – хCuхСо2О4 spinel (see
Table 1), which is inactive in CO oxidation. The other
portion was localized on the surface as a Co3O4 phase,
the amount of which decreased because of this, as
compared with 5% CoO/ZrO2. In addition to TPR
data, this was also supported by the results of IR spec�
troscopic studies (see Fig. 10), which indicated that
the intensity of absorption bands at 1700–1000 cm–1

due to carbonate–carboxylate structures formed on
Co3O4 decreased. An unexpected result was obtained

in the 5% CuO/5% CoO/ZrO2 sample. The conver�
sion of CO into CO2 and Tmax on it were the same as
those on 5% CuO/ZrO2; that is, the oxidation of CO
most likely occurred at Cu–O–Zr sites, although cop�
per oxide was supported onto the surface of the 5%
CoO/ZrO2 catalyst with the Co–O–Zr oxidation
sites. The TPR data (Fig. 6) suggest the occurrence of
the Cu–O–Zr clusters in the 5% CuO/5% CoO/ZrO2
sample. We can conclude that, even in the sequential
supporting of cobalt and copper oxides onto the sur�
face of ZrO2, there was competition for surface regions
in which Co–O–Zr and Cu–O–Zr clusters were
formed, and the copper cation was capable of partially
displacing the cobalt cation from these clusters.

In addition, IR spectroscopic data indicated that
the amount of Cu+–CO centers, which are reaction
intermediates, on the surface of 5% CuO/5%
CoO/ZrO2 was almost the same as that on the surface
of 5% CuO/ZrO2 (see Table 3).

The catalytic properties of the CuO/Fe2O3/ZrO2
system did not differ from the properties of the
CuO/ZrO2 catalyst. The Fe2O3/ZrO2 sample was
inactive in the oxidation of CO, and the presence of
iron oxide on the surface of the CuO/Fe2O3/ZrO2
sample did not prevent the formation of Cu–O–Zr
clusters, as demonstrated for the CuO/CoO/ZrO2
samples. This was supported by TPR data (see
Table 2). This did not produce additional active reac�
tion sites, although the supported oxides interacted
with each other.

In addition, IR spectroscopic data indicated that
the amount of Cu+–CO centers, which are reaction
intermediates, on the surface of 5% CuO/5%
CoO/ZrO2 was almost the same as that on the surface
of 5% CuO/ZrO2 (see Table 3).

The catalytic properties of the CuO/Fe2O3/ZrO2
system did not differ from the properties of the
CuO/ZrO2 catalyst. The Fe2O3/ZrO2 sample was
inactive in the oxidation of CO, and the presence of
iron oxide on the surface of the CuO/Fe2O3/ZrO2
sample did not prevent the formation of Cu–O–Zr
clusters, as demonstrated for the CuO/CoO/ZrO2
samples. This was supported by TPR data (see
Table 2). This did not produce additional active reac�
tion sites, although the supported oxides interacted
with each other.

Thus, based on the above experiments, we can
hypothesize that Cu–O–Zr and Co–O–Zr clusters,
which are active sites for CO oxidation, were formed in
defect surface regions upon supporting copper and
cobalt oxides onto ZrO2. However, these defects occu�
pied no more than 10–20% of the surface; this
restricted the number of active sites in the catalytic
systems. As follows from the TPR data, the amount of
hydrogen consumed in the region of the reduction of
Cu–O–Zr clusters (4.5 × 10–4 mol/g) for maximally
active 5% CuO/ZrO2 was approximately the same as
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that in the region of the reduction of Co–O–Zr (3.9 ×
10–4 mol/g) on the surface of 2.5% CoO/ZrO2.

The process selectivity for oxygen reached 100% on
the CuO(CoO)/ZrO2 samples containing no more
than 5% Cu or Co oxide (see Figs. 1b and 2b). This
also suggests a limited number of active sites on the
surface.

The oxidation of CO adsorbed on clusters most
likely occurred by oxygen from these clusters, whereas
the participation of oxygen from the bulk of the cata�
lyst is unlikely because of a low diffusion coefficient at
100–200°C. In addition, the mobility of lattice oxygen
and the rates of the ZrO2 reduction–reoxidation pro�
cesses

Zr3+ + О2  Zr4+ + 

were much lower than those for CeO2 [38]. This fact
may explain higher values of Tmax on the CuO/ZrO2
systems (170–190°C), as compared with those on the
CuO/CeO2 catalysts (140–150°C).

Based on the experimental results, we can hypoth�
esize that the oxidation of CO in the presence of
hydrogen on the CuO/ZrO2 and CoO/ZrO2 samples
most likely occurred at Cu–O–Zr or Co–O–Zr clus�
ters analogously to CuO(CoO)/CeO2 catalysts with
Cu(Co)–O–Ce oxidation sites. However, the forma�
tion of mixed Cu–Co–O–Zr clusters, which might
decrease the reaction temperature and increase CO
conversion, as in the case of the CuO/CoO/CeO2 sys�
tems [21], was not observed in the CuO/CoO/ZrO2
systems upon simultaneously supporting copper and
cobalt oxides.
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