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Abstract—The article reports the synthesis of 5%CuO/Ce,; _ ,Zr,0, catalysts based on CeO,, ZrO, oxides and
Ce,; _,Zr, 0, solid solutions with x = 0.2, 0.5, and 0.8. It is found that copper oxide is present in the catalysts
in a highly dispersed form. In strong interaction with supports, it forms active oxygen, which participates in
CO chemisorption and low-temperature oxidation of CO in the presence of hydrogen. In selective CO oxi-
dation, the highest conversion (y,,, = 100%) was obtained at temperatures of 120—160°C in the presence of
5%Cu0O/Ce0O,. In the modification of CeO, by zirconium cations, the conversion on 5%Ce sZr, 50,
decreases to 92% at 160°C because oxygen binding strengthens on copper-containing sites. On the
5%Cu0Q/ZrO, sample, the maximum conversion is 67% at 180°C. The modification of ZrO, by cerium cat-
ions leads to an increase in the conversion to 87% at 160°C on the 5%CuO/Ce ,Zr, 3O, sample as a result of
increasing the amount of oxygen vacancies in the support. Taking into account the properties of CO com-
plexes formed on copper-containing oxidation and adsorption sites, and the interaction of these complexes
with adsorbed oxygen, their participation in the reaction of low-temperature CO oxidation by oxygen in

excess of hydrogen on 5% Cu0O/CeO, and 5% CuO/ZrO, catalysts is considered.
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INTRODUCTION

The CuO/CeO, catalysts have a high activity in the
reaction of selective oxidation of CO with oxygen in
excess of hydrogen at low temperatures. After modify-
ing and adapting to industrial conditions of H, purifi-
cation from CO, they can replace expensive systems
containing Pt, Pd, Ir, Rh, and Ru, which will reduce
the cost of this process [1]. High purity of hydrogen
with a CO concentration lower than 10 ppm is neces-
sary for the generation of power energy by the oxida-
tion of H, by oxygen in air in platinum-containing fuel
cells. In the future, such an efficient and environmen-
tally friendly way to generate power energy can be used
in car manufacturing and heat power industry for
domestic household [2, 3].

The activity of the CuO/CeO, catalyst in the oxi-
dation of CO by oxygen in a hydrogen-containing
mixture is explained by a synergistic effect of interac-
tion between CuO and CeO, oxides, which are more
easily reduced and oxidized than each of them sepa-
rately [3, 4]. To increase the catalyst selectivity in CO
oxidation in the presence of hydrogen, an important
task is to shift the temperature range of the maximum
CO conversion toward low temperatures. It can be
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solved by modifying copper sites with metal ions with
suitable redox properties [5] or by improving the proper-
ties of the support by adding other oxides to CeO, [6].
Thus, it is known from [7] that the introduction of
zirconium into the structure of cerium oxide, Ce, _ -
Z1,0, solid solutions with a stable structure and a cer-
tain crystallite size are formed. Compared with CeO,,
they have redox properties combined with high ther-
mal stability, the ability to accumulate and evolve oxy-
gen, and also provide a high dispersity of the deposited
metal on the surface. The literature data on the effi-
ciency of copper-containing CuO/Ce, _ ,Zr,O, cata-
lysts for the reaction of selective oxidation of CO are
controversial and differ depending on the content of
zirconium ions in the samples and methods of support
preparation [8—11]. Of greatest interest are the works [8,
10], which reported the activity of CuO/Ce, 4Zr,,0, and
CuO(5%)—Ce0(47.5%)—2r0,(47.5%) catalysts com-
parable with and even higher than that of CuO/CeO,.

In [12—14], we studied the low-temperature oxida-
tion of CO by oxygen in a hydrogen-containing mix-
ture on CuO/CeO, and CuO/ZrO, catalysts with dif-
ferent contents of deposited copper oxide and showed
that the conversion of CO to CO, reaches 98.5% at
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150°C on the sample (5—6.4)% CuO/CeO, and is
lower than 87% at 160°C in the presence of
5%Cu0Q/ZrO,. We also found that the activity of
CuO/Zr0O, depends on the phase composition of the
support. Thus, copper oxide on the tetragonal-phase
Z10O,(t) is much more active than on the monoclinic-
phase ZrO,(m) both in adsorption and in the selective
oxidation of CO. Although the amount of
chemisorbed CO at 20°C on the 5%CuO/ZrO,(t)
sample was the same as that on 5%CuQ/CeQ,, its
activity in CO oxidation in the presence of hydrogen
was lower. Samples 5%Cu0O/CeQO,, 5%CuO/ZrO,,
and 5%Cu0O/Zr, sCe, s prepared by the microemul-
sion method with a crystallite size d = 5 nm, were less
active than the crystallites of the same composition
with d = 15—20 nm prepared by the pyrolysis of nitric
acid salts.

In this work, we carried out a detailed study of the
effect of Ce and Zr ions in the structure of the CeO,
and ZrO, supports of copper-containing catalysts on the
activity and selectivity in the oxidation of CO by oxygen
in the presence of hydrogen has been carried out.

EXPERIMENTAL

Ce, _,Zr,0, supports with x =0, 0.2, 0.5, 0.8, and
1 were synthesized by the Pechini method according to
[15]. The resulting powders were impregnated at 20°C
by a solution of copper nitrate Cu(NO;), + 3H,0 in
such a concentration that the CuO content of the final
product was 5 wt %. Upon impregnation the samples
were dried in air by increasing the temperature to 500°C
with a rate of 10°C/min, and then kept 500°C for 1 h.

The specific surface area of the samples (S;,) was
determined by the BET method of low-temperature
argon adsorption. XRD patterns were recorded on a
DRON-3M instrument (Burevestnik, Russia) in the
range of 20 angle from 8° to 90°. The phase composi-
tion and lattice parameters were found by comparing
the obtained diffraction patterns with JCPDS data
[16]. The average crystallite size was estimated using
the Debye—Scherer formula for the line with the max-
imum intensity. The average value of the unit cell
parameter was determined from the lines of XRD pat-
tern of the sample [17].

The oxidation of CO by oxygen in the excess of
hydrogen was carried out on a flow-type setup. A sam-
ple (a mixture containing 50 mg of catalyst powder and
70 mg of a quartz powder with a fraction of 0.10—
0.25 mm) was placed in a quartz reactor (a tube with
an inner diameter of 3 mm) and calcined in a flow of
oxygen at 500°C for 20 min. Then, the reactor was
cooled to 40°C and the oxygen flow was replaced with
the reaction mixture 98 vol % H, + 1 vol % CO + 1 vol %
O,. The mixture was fed into the reactor at a rate of
20 mL/min. The catalyst activity was evaluated by the
conversion of CO to CO, at different temperatures.
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The temperature was increased in a stepwise manner
with temperature increments of 20°C. The reaction
products were separated on columns with 13X molec-
ular sieves and silica gel and detected using a thermal
conductivity detector on a Kristall 2000M chromato-
graph (Khromatek, Russia).

The interaction of samples with hydrogen were
studied by TPR-H, in a flow of the 6% H, mixture
with Ar (30 mL/min) when heating the sample at a
rate of 5°C/min from 30 to 700°C. The sample (100 mg)
was placed in a U-shaped reactor, calcined in a flow of
oxygen at 500°C for 10 min, cooled to 30°C, and then
replaced the flow of oxygen by a hydrogen mixture and
recorded a TPR-H, profile using the thermal conduc-
tivity detector. The amount of consumed hydrogen
was determined from the TPR-H, peak area compar-
ing it with the corresponding value obtained for the
reference (NiO).

Carbon oxide adsorption and oxidation was studied
by TPD CO in a vacuum. The sample (100 mg) was
preliminarily vacuumed at 20°C, heated at 500°C and
a residual pressure of 10~* Pa for 1 h, and then oxygen
was fed into the reactor to a pressure of P =3 x 10? Pa.
The reactor was allowed to stay for 20 min, and then it
was cooled to room temperature and vacuumed. Here-
after, the resulting catalyst is called oxidized. After
that, CO was adsorbed on it at P = 3.3 x 10° Pa and
20°C for 10 min, the gas was evacuated for 20 min, and
TPD CO profiles were recorded under constant vac-
uum conditions at a sample heating rate of 10°C/min.
The change in pressure in the TPD CO profile reflects
the temperature dependence of the desorption rate w.
The pressure was recorded with an automated Pirani
pressure gauge [ 18]. In order to isolate the peaks of CO
desorption and oxidation product (CO,) desorption in
the TPD spectrum, carbon dioxide was frozen in a U-
shaped trap placed between the sample and the gauge
and cooled with liquid nitrogen. Such a technique
made it possible to record the profiles of the joint
CO + CO, desorption and separate CO desorption.
The subtraction of the second profile from the first
one made it possible to obtain the profile of CO,

desorption. The amount of desorbed CO, (N co, )
was determined from the CO, pressure of after it was
thawed out, and the amount of desorbed CO (N4 o)
was calculated using the balance equation: Ny co =
Nags.co = Nees.co, = Naes.corco, — Naes.co, When per-
forming the calculations, we proceeded either from a
known amount of adsorbed CO (N,4 o), Oor from the
total amount of desorbed gas Ny co+co, found in a
separate TPD experiment in a closed reactor without
evacuation. The accuracy of Nye corco, and Nygsco
determination corresponded to the accuracy of gas
pressure measurement and was 20%.

Gaseous CO and O, prepared according to the pro-
cedures described in [19] were used in adsorption
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Fig. 1. XRD patterns of CeO, (1), Cepg Zr;,0,
(2), Ceobszro'soz (3), Ceo'z Zr0.802 (4) and ZI'Oz(m + t)
(5) samples.

studies. To eliminate uncontrolled impurities, they
were introduced onto the sample through a trap
cooled with liquid nitrogen.

RESULTS
Sample Characterization

Figure 1 show XRD patterns of synthesized
Ce, _ ,Z1,0, samples. It can be seen from XRD pat-
terns /—4 that the samples have a cubic (c) modifica-
tion [20]. As the zirconium content of samples
increases, the reflections shift to large values of the 26
angles due to a decrease in the lattice parameter a (A)
of the cubic unit cell. In samples with x =0, 0.2, 0.5,
and 0.8, the lattice parameters are 5.41, 5.37, 5.30, and
5.15 A, respectively. Figure 2 shows the dependence of
the cell volume a® on x, which has a linear form.
According to [20—22], the values of cell parameters
and the linear dependence of its volume on x confirm
the formation of solid solutions with a cubic modifica-
tion. XRD pattern 5 corresponds to zirconium oxide
consisting of a mixture of monoclinic and tetragonal
phases (m + t).

It follows from Table 1 that Ce, _,Zr,O, samples have
S, = 30—60 m?/g and a crystallite size of 7—13 nm. The
deposition of copper oxide leads to a decrease in the
specific surface are of solid solutions by 25—50% but
does not affect the size of crystallites. The XRD pat-
terns of 5%Cu0O/Ce, _,Zr,0, samples coincide with
those of Ce,; _ ,Zr, O, supports. The absence of CuO
reflections on them indicates its high dispersion. The
interaction of copper oxide with the support does not
change the unit cell parameters of the supports
(Fig. 2); therefore, the deposition of copper oxide on
the Ce, _ ,Zr,O, supports probably reduces their
porosity.

The effect of zirconium content on the properties
of oxygen in Ce; _,Zr, O, and in copper-containing
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Fig. 2. Dependence of the unit cell volume on the
Zr** content of Ce; _ ,Zr,0, and 5%Cu0O/Ce, _ ,Zr,0,
solid solutions.

sites of 5%CuO/Ce; _,Zr,0O, catalysts was studied
using the TPR-H, method.

Temperature- Programmed Reduction of Ce;_,Zr.O,
and 5%Cu0O/Ce,_,Zr,0, Samples by Hydrogen

Figure 3 shows the TPR-H, profiles of prelimi-
narily oxidized Ce, _ ,Zr, O, samples. Profile / of
cerium oxide is complex and has peaks of hydrogen
absorption with maxima at 360 and 510°C. According
to [22], they are due to the reduction of nonstoichio-
metric oxide CeO,. The total amount of absorbed

hydrogen per square meter of oxide (N, ) was deter-
mined as the amount of absorbed hydrogen for 1 g of
the catalyst divided by the value of its specific surface
area. As can be seen from Table 1, for CeO,, it is 0.08 %
10~* mol/m? and is close to the stoichiometric amount of
oxygen ions on the surface, 0.1 x 10~* mol/m?. This fact
suggests that, hydrogen is oxidized by surface oxygen
in the temperature range 300—600°C since the oxida-
tion of hydrogen by oxygen from the bulk of CeO,
oxide occurs at 7> 700°C. In profiles 2 and 3 of sam-
ples Ce(3Z,,0, and Ce,sZr,s0,, the peak maxima
are observed at higher temperatures (550 and 570°C),
and the amount of hydrogen absorbed by the samples
increases to 0.26 x 10~* and 0.18 x 10~* mol/m?,
respectively. In this case, surface and near-surface
oxygen of solid solutions participate in the reaction
[23, 24]. Profile 4 of sample Ce,Zr,30, contains
peaks at 375 and 540°C. The total amount of hydrogen
absorbed by this sample is close to the amount of oxy-
gen ions on the surface, and the area of the first peak
(and, therefore, the amount of hydrogen) is larger
than the second one. The high-temperature peak at
540°C can be associated with the absorption of hydro-
gen in the surface layer. The nature of the peak at
375°C is unclear. A similar peak was observed in [14]
in the TPR-H, profile of the Ce, sZr, O, sample with
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Table 1. Characteristics of samples

IL’ICHEV et al.

Sample Ssp> m?/g Crystallite size, nm Ny, X 10* mol/m? N, X 104, mol/m? NH;/Np
CeO, 37 8.0 0.08 - -
CeggZr,0, 32 7.4 0.26 - -
Ce5Z1)50, 54 10.3 0.18 - -
Ce(yZry30, 56 8.7 0.12 - -
Zr0O, 20 13.0 0 - -
CuO/Ce0O, 35 7.5 0.31 0.18 1.7
CuO/CeygZr(,0, 29 11.0 0.5 0.21 2.4
CuO/Cey5Zry50, 27 9.6 0.47 0.23 2
CuO/Ce,Zry30, 42 8.4 0.20 0.15 1.3
Cu0O/Zr0, 20 13.0 0.37 0.31 1.2

Dashes mean the absence of copper oxide.

a crystallite size of ~5 nm. The authors explained its
presence by lowering the energy of oxygen binding to
the surface due to a decrease in the size of crystallites.
The absence of hydrogen absorption peaks in profile 5
for ZrO, indicates the high strength of the oxygen
bond in it. The absorption of hydrogen by zirconium
oxide at 730°C was noted in [25].

TPR-H, curves of the 5%CuO/Ce, _,Zr,0, sam-
ples in Fig. 4 do not contain peaks present in the sup-
port profiles. This suggests that the peaks on these
profiles are associated with the reduction of copper
oxide. The overall amounts of 5% CuO/Ce,; _ ,Zr,O,
absorbed in TPR experiments for hydrogen are com-
pared in Table 1 with the amount of hydrogen N, cal-
culated according to the reaction CuO + H, = Cu® +
H,O under the assumption that all copper cations in
the oxidized samples are in the Cu?" state [26, 27]. It
is seen from the Ny /N, ratio that the amounts of
samples with x = 0—0.5 are greater than the amount of
hydrogen needed to reduce copper oxide in them.

H, uptake
5
e 375 540
570 4
550
3
2
510 -
| L 0 | ] J
0 100 200 300 400 500 600 700
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Fig. 3. TPR-H, profiles for CeO, (1), Ce( g Zry,0, (2),
Ceo_s Zr0_502 (3), Ceo_2 Zr0_802 (4), ZI‘OZ (5) samples.

Excessive absorption of H, indicates the reduction of
copper oxide together with supports. For
5%Cu0O/ZrO, and 5%CuO/Ce,Zr,30, samples,

similar values of Ny and N, were obtained, which
indicate the preferential reduction of copper oxide in
them.

In profile 1 of the 5%CuO/CeO, sample, there are
two peaks with maxima at 145 and 180°C, which are
lower than the reduction temperature of the CuO(m)
phase (320°C, profile 6). They are attributed to the
reduction of two forms of highly dispersed CuO oxide
according to [28—32]. According to [9], only CuO can
be reduced at 145°C, and CuO together with CeO, can
be reduced at 180°C. A decrease in the reduction tem-
perature of the interacting CuO and CeO, oxides in
comparison with those for these oxides separately
(maximum at 7 > 300°C) is due to the synergistic
effect. The low-temperature reduction by hydrogen
atoms of the support, which is inactive in H, adsorp-
tion at 180°C, occurs more easily with their spillover
from copper, which is formed at 145°C [28].

In the profiles 2 and 3 of the 5% CuO/Ce, _,Zr,0,
samples with x = 0.2 and 0.5, peaks of hydrogen
absorption are separated and shift toward higher tem-
peratures relative to the peaks in profile /. Thus, in the
5%Cu0/Ce 3Zr,,0, sample, two forms of copper
oxide are reduced by hydrogen with maxima on the
TPR-H, curves at 163 and 268°C (profile 2). The
authors of [9, 33] believe that the first form is the result
of the strong interaction of highly dispersed CuO and
support, and the second form corresponds to particles
of the CuO phase that are weakly bound to the surface.
In the 5%CuO/Ce sZr, 50, sample, these two forms
of copper oxide are reduced at 194 and 370°C (profile 3).
An increase in the reduction temperature can be asso-
ciated with increasing copper oxide particle size with a
decrease in the surface area of the samples upon sup-
porting CuO (Table 1). To check this assumption we
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Fig. 4. TPR-H, profiles for 5%CuO/CeO, (1),
S%CUO/Ceo_gzr().zOz (2), S%CUO/CCOISZro_SC)z (3),
5%Cu0/Ce( ,Zry g0, (4), 5%CuO/ZrO, (5), CuO (6)
samples.

studied the 5%CuO/Ce sZr,s0, sample with S, =
65m?/g in which support—a solid solution of
Ce, sZr, s0,—was prepared by coprecipitation of salts
according to the method [33]. The TPD-H, profile for this
sample was not different from profile 3. On the other hand,
profiles 2 and 3 for 5%CuO/Ce,sZr1y,0, and
5%CuO/Ce 5Zr, 50, samples with close S, (29 and

27 m?/g, respectively) are different. Therefore, spe-
cific features of CuO reduction in the
5%Cu0/Ce sZr, 50, and 5%CuO/Ce 3Zr,,0, cata-
lysts are not related to the values of their specific sur-
face area and depend on their structural properties,
which change depending on the composition of cations
in the solid solution. This makes it possible to assume
that an increase in the reduction temperature from 163 to
194°C with an increase in the zirconium content of the
5%Cu0Q/Ce 3Zr,,0, sample is due to the strengthen-
ing of its interaction with supports. The reduction of
the 5%Cu0O/Ce, sZr, s sample at ~370°C can be due to
particles of the Cu,O phase [30] and support (see Fig. 3).

For the 5%CuO/Ce ,Zr, 30,(c) catalyst in which
Nz > Nc., the temperature of copper oxide reduction
decreases (profile 4). There are three peaks on the
TPD-H, curve for this sample. Peaks with maxima at
149 and 175°C correspond to the reduction of CuO
clusters and a peak at 240°C, to the particles of the
CuO phase [13, 34]. In profile 5 of the
5%Cu0O/ZrO,(m + t) sample at 172°C, clusters if cop-
per oxide on the ZrO,(t) crystallites are reduced, and
a peak at 340°C refers to copper oxide reduction in
Z1rO,(m) [13].

The presented data show that hydrogen is more
easily oxidized by oxygen in the near-surface layer of
the Ce, _,Zr,0, solid solutions than by oxygen from
the bulk of CeO, oxide. For the 5%CuO/Ce, _,Zr,0,
(x = 0—0.5) samples, a synergistic effect is observed,
which weakens with increasing x: the temperature of
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the joint reduction of copper oxide and supports
increases with increasing Zr cation content of the sup-
port. At x > 0.5, the synergistic effect is negligible. In
these cases, the reduction temperature of copper oxide
depends on the specific features of its interaction with
the surface of crystallites of different phase composi-
tion in the Ce, ,Zr, 3O,(c) and ZrO,(m + t) samples.

CO Oxidation by Oxygen in the Excess of H,
on 5%Cu0O/Ce,_ . Zr.0,

Figure 5 shows the dependences of CO conversion
to CO, (y) on temperature 7 for the 5%CuO/Ce, _,Zr,0,
catalysts in hydrogen containing mixture CO + O, + H,
It is seen that for 5%CuQ/CeO,, the conversion of CO
increases from 0 to a maximum value of y,,,, = 98—
100% with changing temperature from 40 to 120°C
(curve I). A conversion of 100% is preserved at 120—
160°C and then decreases to 70% at 220°C. Similar
Y(T) dependences are observed for other samples
(curves 2—Y5). It follows from data presented in Fig. 5
that, with an increase in the fraction of Zr in the cata-
lysts from 0.2 to 1, the reaction temperature increases
with a simultaneous decrease in the conversion. The
Ymax(T) dependence on the Zr content of the catalyst
makes it possible to construct the following activity
series:  5%Cu0O/CeO, (100%, 120—160°C) >
5%Cu0/Ce 3Z1,,0, (98%, 160°C) > 5%Ce sZr, 5O,
(92%, 160°C) > 5%Cu0O/Ce ,Zr, 30, (87%, 160°C) >
5%Cu0/Zr0, (67%, 180°C).

Simultaneously with the CO conversion, the con-
version of O, was measured. The dependences of the
conversion of CO and O, on temperature for the
5%Cu0O/Ce0O, and 5%Cu0O/ZrO, samples are com-
pared in Fig. 6. Thus, on the 5% CuQ/CeO, sample,
the oxidation of CO begins at 60°C. When the tem-
perature rises to 120°C, the reaction occurs with 100%
selectivity, since under these conditions the ratio of
the amounts of CO and O, molecules consumed cor-
responds to their ratio obtained from the reaction
equation CO + 0.50, — CO, (compare Fig. 6, curves /
and 7). At 100—120°C, oxygen absorption slows down
with a decrease in the CO content of the stream. At
120°C, the O, conversion is 50% at a CO conversion
close to 100%. When the temperature rises to 160°C,
the O, conversion increases due to the participation of
oxygen in hydrogen oxidation, and the CO conversion
remains unchanged and is 100%. At 7> 160°C, oxygen
from the mixture is completely consumed by two reac-
tions. Under these conditions of the competition for
oxygen, the conversion of CO decreases to 70%
(220°C) due to the increasing rate of oxygen con-
sumption in the reaction with hydrogen relative to the
rate of its consumption in the reaction with carbon
dioxide.

In the case of the 5% Cu0O/ZrO, sample, the reac-
tions of CO and H, oxidation begin almost simultane-
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Fig. 5. Temperature dependence of the CO conversion into
CO, on temperature for 5%CuO/CeO, (1),
S%CUO/CCOBZI'O.ZoZ (2), S%CUO/CCOISZro_SC)z (3),

5%Cu0/Ce ,Z1( 3O, (4), 5%CuO/ZrO, (5) samples.
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Fig. 6. Temperature dependence of the CO (7, 2) and O,
(I'y 2) conversion for 5%CuO/CeO, (I, I') and
5%CuO/ZrO, (2, 2) samples.

ously, since at the initial stage of the process (100—
140°C) oxygen consumption is higher than that spent
on CO oxidation (compare Fig. 6, curves 2 and 2.
Due to the higher rate of oxygen consumption in the
oxidation of hydrogen than in the oxidation of CO at
160—220°C, the conversion of CO to CO, reaches only
67% at 180°C and then decreases to 20% at 220°C.
That is, in the entire temperature range 100—220°C,
the selectivity to the formation of CO, is below 100%.

Thus, an increase in the content of Zr cations in
CeO, lowers the activity of 5%Cu0O/Ce, _,Zr,0, cat-
alysts in CO oxidation by oxygen in the excess of
hydrogen: the temperature of the onset of the reaction
increases, the conversion of ¥,,,, decreases with a shift
of the corresponding temperature toward higher tem-
peratures. The drop of activity is due to the competition
for oxygen in CO and H, oxidation reactions. The lowest
activity was observed for the 5%CuQ/ZrO,(m + t) cata-
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lyst. When modifying the ZrO, structure by a small
amount of cerium, the activity of 5% CuO/Ce,Zrys0,
catalyst increases from 67% (180°C) to 87% (160°C).

The activated nature of the reaction of selective
oxidation of CO may be due to the transformation of
surface intermediates formed during the adsorption of
CO and O,. To determine their nature, the forms of
CO adsorption, their thermal stability, and the effect
of oxygen adsorption on them were studied.

CO Oxidation by Oxygen from the Catalyst and Oxygen
Adsorbed on 5%Cu0O/Ce,;_,Zr.0,

Figure 7 shows the TPD CO curves for the oxidized
5%Cu0O/Ce, _,Z1,0, samples after CO is adsorbed on
them at P = 3.3 x 103 Pa for 10 min and evacuated for
20 min at 20°C. Profiles /—5 are formed during
desorption of CO and CO, from the sites of adsorption
and oxidation, respectively.

Data on the amount of CO and CO, molecules
desorbed per square meter of the sample, and tem-
peratures T, corresponding to the maximum rates of
gas desorption are presented in Table 2. Based on the
results obtained earlier in [26, 27], it can be assumed
that profiles 7 and 5 for 5%Cu0O/CeO, and
5%Cu0/Zr0O, samples are formed by the decomposi-
tion of one and two types of linear carbonyl complexes
Cu*—CO with CO desorption and bridge mono- and
bidentate carbonate complexes with CO, desorption in
different specific temperature regions. Profiles 2—4 of
the 5%Cu0O/Ce, _ ,Zr,0, samples with x = 0.2, 0.5,
and 0.8 are similar to TPD CO profiles 7 and 5. There-
fore, these catalysts form the same carbonyl and car-
bonate  structures  as 5%Cu0/CeO, and
5%Cu0O/Zr0O,. The close temperature regions of CO
and CO, desorption and the values of 7}, in profiles
4 and 5 indicate that carbonyl and carbonate struc-
tures are identical in 5%CuO/ZrO, and
5% CuO/Ce,Zr,30,. Identical carbonyls of two types are
also found in 5%CuO/Ce, Z1,,,0,, 5%Cu0/Ce, 3Zr, ,0,,
and 5%CuQO/Ce sZr, 50, samples (profiles /—3). This
is not the case of carbonates, since the parameters of
CO, desorption profiles (7},,,, desorption range A7,
and the amount of desorbed molecules) for these sam-
ples differ when the content in zirconium supports
changes, which affects the properties of surface oxygen
involved in the formation of carbonate structures.

The effect of oxygen adsorption on the properties
of carbonyl and carbonate complexes was studied. Fig-
ure 8 shows the TPD CO + O, profiles. They were

obtained after the adsorption of oxygen (P = 3 X 10?
Pa, T=20°C, 1,4, = 10 min) on samples with CO pre-
viously adsorbed on them under the conditions
described above. The comparison of profiles in Figs. 7
and 8 and data in Tables 2 and 3 shows that, after O,
adsorption, the amount of desorbed CO decreases,
KINETICS AND CATALYSIS  Vol. 60
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Fig. 7. TPD CO profiles for 5%Cu0/Ce0, (1), 5%Cu0/Ceq sZry 105 (2), 5%Cu0/Ceq sZry 50, (3), 5%Cu0/Ceg ,Zr 50, (4),

5%CuO/ZrO, (5) samples.

and the desorbed CO, increases in the respective tem-
perature ranges. That is, CO of carbonyl complexes is
oxidized by adsorbed oxygen to form carbonates, the
decomposition temperature of which is lower than the
decomposition temperature of carbonates at the oxi-
dation sites. The highest efficiency of the oxidation of
CO in carbonyl complexes during oxygen adsorption is
observed on the 5% CuO/CeO, sample. For it, as can
be seen from Table 3, the ratio » of the amounts of
desorbed CO in TPD CO and TPD CO + O, experi-
ments is 4.5. For samples with x = 0.2—1, it ranges
from 1.75 to 2.4.

On the 5%Cu0O/CeO, and 5%Cu0O/Ce,¢Zr,,0,
catalysts, part of the CO molecules in carbonyl com-
plexes is oxidized by oxygen to CO, (2.7 X 10'° g~1) fol-
lowed by its desorption at room temperature. The
desorption of CO, is negligible in the case of samples
with x = 0.5 (0.47 x 10" g=!). Treatment of samples
with 5%CuO/Ce, _ ,Zr,0, with adsorbed CO with
oxygen also lowers the decomposition temperature of
surface carbonates at the oxidation sites by ~50°C.
This agrees with the data of [26], where it was shown

Table 2. TPD CO characteristics

that, on the oxidized surface of 5%CuO/CeO,, the
decomposition temperature of carbonates in CO, is
lower than on the reduced one. Therefore, the com-
bined oxidation of carbonyls and the catalyst occurs
during oxygen adsorption.

Thus, carbonyl and carbonate complexes are formed
at room temperature on the 5%Cu0O/Ce, _,Zr,0, sam-
ples during CO adsorption at the sites of adsorption
and oxidation. Their thermal stability and amount
depend on the zirconium content of CeO,. Carbonyls
are oxidized to carbonates in the course of oxygen
adsorption at 20°C. The decomposition temperature
of these carbonates is lower than that of carbonates at
the oxidation sites. In the 5%CuO/CeO, and
5%CuQ/Ce 3Zr, ,0, samples, oxygen oxidizes CO of
carbonyl complexes to CO, even at room temperature.
In parallel with the oxidation reaction of carbonyls to
carbonates, the oxidation of catalysts takes place,
which leads to a decrease in the temperature of
decomposition of carbonates on them into CO, at the
oxidation sites.

CO
Sample <o : Nges.co+co, X Neuto/
Thax> °C Nges,.co % 10718, m™2| Ty, °C Nges.co, * 1078, m=2| 107", m~2 Naes.co+co,
5%Cu0OCeO, 75; 114 0.9 80; 110 1.8 2.7 3.7
5%Cu0/CengZry,0, | 80 11 70; 168 1.3 2.4 5.4
5%Cu0/CeysZrys0, | 80 1.4 75; 130 1.5 2.8 5
59%Cu0/CeyyZrps0, | 75; 120 1.2 190 2.3 3.5 2.6
5%Cu0O/Zr0O, 80; 120 1.4 96; 180 1.5 2.9 6.6
KINETICS AND CATALYSIS  Vol.60 No.5 2019
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Fig. 8. TPD CO + O, profiles for 5%CuO/CeO, (I),

5%Cu0O/Ce ,Zr( 3O, (4), 5% CuO/ZrO, (5) samples.

DISCUSSION

CO Adsorption and Oxidation Sites
on the 5%Cu0O/Ce,_ . Zr.0, Samples

We found earlier [12, 13] that with a copper oxide
content of 0.5—15% for CuO/CeO, and CuO/ZrO,
samples, the maximum number of CO chemisorption
sites and active sites in selective CO oxidation is
achieved at a CuO concentration of ~5%. The parti-
cles of the CuO phase and the CuQO,, oxo complexes in
the above processes are inactive. Therefore, the partic-
ipation of these particles in reactions with
5%CuO/Ce, _,Zr1,0, is also unlikely. Highly dispersed
copper oxide is present in all samples. Depending on
the properties of the support, its temperature of reduc-
tion by hydrogen varies in the range of 145—194°C
(Fig. 4). In this temperature region, various forms of
CuO can be reduced: copper oxide, which strongly
interacts with the support; small two- and three-
dimensional copper oxide clusters, which weakly
interact with the support; solid solutions; interstitial or
substitution defects in the support lattice [28, 31].

Table 3. TPD CO + O, characteristics

S%CUO/Ceo_SZI'O.Zoz (2), 5%CUO/C60iszr0‘502 (3),

We believe that, in the 5%CuO/CeO,,
5%Cu0/Ce 3Zr1,,0,, and 5% Cu0O/Ce sZr, sO, sam-
ples, the low-temperature peaks at 145, 163, and
194°C refer to the reduction of high-dispersity copper
oxide, which strongly interacts with the supports [33,
35]. The reduction temperature of this form of CuO
depends on the content of zirconium cations in the
support and is not associated with changes in the spe-
cific surface areas of the samples. An increase in the
temperature can be explained by an increase in the
strength of oxygen binding in CuO upon its interaction
with zirconium cations. This is supported by the fact
that, on the surface of CeO, and ZrO,, the binding
strength of charged oxygen forms and with Zr** cat-
ions is higher than with Ce** [36]. The above form of
copper contains active oxygen on the interface
between dimers or small CuO clusters with a support
in —Cu—O—Ce— structures [11, 35]. This type of oxy-
gen is associated with the low-temperature oxidation of
CO on 5%Cu0Q/Ce0O, and 5%Cu0O/Ce 3Zr,,0, [28].

The activity of the 5% CuQ/ZrO,(m + t) sample in
CO chemisorption at 20°C and in low-temperature

Co co,
Sample Nges.co+co, X 1078, m=2| n
TmaX’ °C Ndes,CO X 10_187 m_2 Tmax9 °C Ndes.C02 x 10_189 m_2

5%Cu0OCeO, 71; 110 0.2 75; 123 2.1 2.3 4.5
5%Cu0/CeoZry,0, | 85 0.5 110 1.7 2.2 2.2
5%Cu0/CeysZrps0, | 90 0.8 120 1.0 1.8 1.75
5%Cu0O/Zr0, 93 0.8 130 2.3 3.1 1.75
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oxidation of CO is associated with CuO oxide on
Zr0O,(t) crystallites, since CuO on ZrO,(m) is inactive
in these reactions [13]. The authors of [37] believe that
on the surface of the oxide ZrO,(t) (the tetragonal
phase in the sample was stabilized by the introduction
of Y ions), oxygen vacancies (V) are present. Their
interaction with oxygen of CuO clusters (—V—0*—
Cu?*—) lowers the binding energy of oxygen with the
copper cation and thus increases the reactivity of oxy-
gen in the oxidation of CO compared with oxygen of
the CuO phase. Apparently, the active oxygen of the
above-mentioned copper-containing sites on the crys-
tallites of the tetragonal ZrO, phase of is responsible
for the adsorption and oxidation of CO on
5%Cu0O/ZrO,(m + t). Active oxygen is involved in the
reduction of CuO clusters with hydrogen at 170°C
(Fig. 4).

In the 5% CuO/Ce,Zr,30,(c) profile, three forms
of CuO are reduced by H, at 140, 175, and 240°C. The
main peaks at 175 and 240°C are close to those on the
profile for 5% CuO/ZrO,(t) and correspond to the
recovery of clusters and particles of the CuO phase.
The peak at 140°C is probably associated with the
—Cu—0O—Ce-— structure, since the peak at this tempera-
ture is on the TPR-H, curve of the 5%CuO/CeO,.
Therefore, in the 5%CuO/Ce,Zr,30,(c) catalyst,
active adsorption and CO oxidation sites are formed
during the interaction of CuO clusters and vacancies
on the surface of ZrO, crystallites. The introduction of
Ce cations in a low concentration into the support
structure (when their amount is for times smaller than
the number of Zr cations) stabilizes the cubic structure of
zirconium oxide, which corresponds to that for nonstoi-
chiometric ZrO, g,(c) with a lattice parameter of 5.15 A
and a high content of oxygen vacancies [16]. This may
contribute to an increase in the number of —V—0>—
Cu?*—sites in the catalyst 5%CuQ/Ce ,Zr, 30,(c), and,
consequently, its activity in adsorption and CO oxida-
tion as compared with 5% CuO/ZrO,(m + t). The sta-
bilization of zirconium oxide structure by Ce cations
was reported in [7].

In oxidized 5% CuO/Ce, _ ,Zr,0, samples, the oxi-
dation sites Cu?*O?~ contain the structures with active
oxygen discussed above. During the adsorption of CO
on them, complexes are formed during the transfer of
oxygen atoms from Cu?>*O?~ to the created carbonate
structures. In this reaction, part of the Cu?* copper
cations is reduced to Cu* adsorption sites located near
oxygen vacancies formed. Such a mechanism for the
formation of CO adsorption sites was studied on the
5%Cu0/CeO, and 5%Cu0Q/ZrO, samples in [26, 27]
and is valid for copper-containing catalysts prepared on
the basis of solid solutions, since the observed patterns of
CO and CO, desorption for the 5%CuO/Ce, _,Zr,0,
samples with x = 0.2 and 0.8 coincide with those for
5%Cu0/CeO, and 5% Cu0O/Zr0O,.
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The efficiency of the formation of adsorption com-
plexes at 20°C in catalysts can be judged by the ratio of

the number of deposited copper cations N cut 10 the

value Ny coico,» Of the total number of desorbed
CO + CO, molecules for the samples. Table 2 shows that
this ratio varies from 3 to 7 depending on the catalyst. For
5%Cu0/Cey3Z1,,0,,  5%Cu0/CesZr,s0,, and
5%Cu0O/ZrO,(m + t) samples, there are on average

five to seven Cu*? cations per adsorbed CO molecule.
For 5% Cu0O/Ce0, and 5% Cu0O/Ce ,Zr, 3O, samples,
the efficiency is higher, since the ratio is 3—4. The low
efficiency of copper oxide in the formation of CO
complexes may be due to the high oxygen binding
strength in the CuO-phase particles and the lack of the
access of CO molecules to copper oxide located inside
the three-dimensional CuO structures or solid solu-
tion formed by copper oxide with a support.

Carbon monoxide in Cu*—CO complexes is oxi-
dized when oxygen is adsorbed to carbonates (Fig. 8).
They decompose with CO, desorption at a lower tem-
perature than carbonates at the oxidation sites, which
allows us to consider them as intermediates in the
reaction of selective oxidation of CO with oxygen in a
hydrogen-containing medium. The participation of
strongly bound carbonates on the oxidation sites that
decompose at 7 > 200°C in the reaction of low-tem-
perature CO oxidation is unlikely.

On the Mechanism of CO Oxidation by Oxygen
in the Presence of Hydrogen on 5%CuO/Ce,;_,Zr.0O,
Samples at Low Temperatures

In the series of studied 5%CuO/Ce, _,Zr,0, cata-
lysts, the 5% CuO/CeO, sample has the highest activ-
ity in the reaction of the selective oxidation of CO with
oxygen in the excess of hydrogen. With an increase in
the zirconium ion content of catalysts, the tempera-
ture of the onset of the reaction increases due to an
increase in the strength of the oxygen bond in CuO
[38]. A decrease in 7V, With increasing temperature
corresponding to the maximum conversion can be
explained by the competition for oxygen of the oxida-
tion reactions of CO and H, (Fig. 6). Copper oxide is
reduced by hydrogen. It reduces the number of CO
chemisorption sites, which, according to [12], leads to
a decrease in the CO conversion.

The route of CO—Cu®' oxidation during oxygen
adsorption plays a key role in the reaction of low-tem-
perature oxidation of CO with oxygen in the presence
of hydrogen on CuO/CeO, catalysts. This is indicated
by the correlation between the catalyst activity in the
oxidation of CO and the concentration of Cu™* cations
in it [4] and the overlap of the temperature ranges of
CO conversion (40—160°C) and the decomposition of
carbonates at the Cu* adsorption sites (30—150°C)
(Figs. 6 and 8). In the range from 100 to 220°C, the
oxidation of CO with oxygen from oxidation sites also
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contributes to the conversion due to a decrease in the
decomposition temperature of carbonates at these
sites by 50°C during oxygen adsorption.

The activated nature of the reaction is due to the
conversion of carbonates to CO,, because the
chemisorption of CO with the formation of carbonate
and carbonyl complexes, the oxidation of carbonyl
complexes and catalyst by oxygen occur at 20°C.

A similar mechanism for the oxidation of CO to
CO, on 5%CuQ/Zr0O, was considered in [13]. In con-
trast to 5%Cu0/CeO,, due to the higher strength of
oxygen binding in carbonate complexes on the
5%Cu0O/ZrO,(t) sample, the oxidation of CO by the
catalyst oxygen and gas phase oxygen under isothermal
conditions takes place at a higher temperature: 100—
220°C. The activity of the 5% CuO/Ce, ,Zr1, 30,(c) sam-
ple (Ymax = 87% at 160°C) is higher than that of
5%CuO/ZrO,(m + t) (Ymax = 67% at 180°C). This is
probably due to the increase in the number of oxygen
vacancies on the surface of the ZrO,(c) oxide involved
in the formation of active oxygen in CuO. Excess
vacancies are formed when the cerium cations stabilize
the nonstoichiometric cubic structure of zirconium
oxide.

CONCLUSIONS

The 5%Cu0O/Ce, _ ,Zr,0, catalysts were synthe-
sized on the basis of CeO,, ZrO,, and solid solutions
Ce, _ Zr, 0, with x = 0.2—0.8 using the Pechini
method.

A synergistic effect is observed in the 5%CuO/Ce, _ -
Z1,0,samples withx =0, 0.2, and 0.5: with an increase
in the concentration of zirconium cations in them, the
temperature of copper oxide and support reduction by
hydrogen increases. The synergistic effect is small in
the case of 5% CuO/Ce\,Zry30, and 5%CuO/Zr0O,:
the reduction temperature of copper oxide in them
depends on the specific features of its interaction with the
surface of crystallites of different phase composition.

Highly dispersed copper oxide is present in
5%Cu0O/Ce, _ ,Zr1,0, catalysts. In strong interactions
with supports, it forms active oxygen, which is
involved in the chemisorption of CO and the low-tem-
perature oxidation of CO in the presence of hydrogen.

The activity of 5%CuO/Ce,; _ ,Zr,0, catalysts in
the reaction of CO oxidation decreases with increasing
zirconium content: the temperature of the onset of the
reaction increases, Y, decreases with a shift in tem-
perature corresponding to the maximum conversion
to the high temperature region. The decrease in the
activity of 5%Cu0Q/CeQO, during the modification of
CeO, with Zr cations is due to the increase in the
strength of oxygen binding in the copper-containing
sites. The modification of ZrO, with cerium cations
increases with the maximum conversion from 67% at

IL’ICHEV et al.

180°C to 87% at 160°C on the 5%CuO/Ce,,Zr1, O,
sample as a result of an increase in the amount of oxy-
gen vacancies involved in the formation of active oxy-
gen in CuO.

Taking into account the properties of CO com-
plexes formed on copper-containing oxidation and
adsorption sites and interactions of complexes with
adsorbed oxygen, their participation in the low-tem-
perature oxidation reaction in hydrogen on
5%Cu0/CeO, and 5%Cu0O/ZrO, catalysts was con-

sidered.

ABBREVIATIONS AND NOTATION

d size of particles

C cubic modification of samples

n amount of CO desorbed in TPD CO and
TPD CO + O, experiments

Nags. co amount of adsorbed CO

Ndes. cO amount of desorbed CO

Nges.co, amount of desorbed CO,

Nges.co+co, overallamount of desorbed gas

Ny, overall amount of adsorbed hydrogen per
square meter of the oxide

N, amount of hydrogen calculated by the
reaction CuO + H, = Cu’ + H,0

S specific surface area

TPD temperature-programmed desorption

TPR-H, temperature-programmed reduction

Trax temperature corresponding to the maxi-
mal rate of desorption

\% oxygen vacancies

w desorption rate

ZrO,(m) monoclinic phases of ZrO,

Z1O,(t) tetragonal phase of ZrO,

Yinax maximal conversion of CO
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