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Abstract—A series of copper—cerium oxide catalysts was prepared by the Pechini method, and their physic-
ochemical and catalytic properties in CO oxidation in hydrogen-containing gas mixtures were studied. The
method chosen for catalyst preparation yields finely dispersed copper and cerium oxides in the catalyst.
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Great attention is currently given to copper—
cerium oxide catalysts for CO oxidation in hydrogen-
containing mixtures. The influence of the preparation
method and the copper content of the catalyst on the
catalytic properties was studied in many works. The
catalysts were prepared by coprecipitation [1-9], dep-
osition—precipitation [10], impregnation [7, 11—17],
the sol—gel method [6, 18—20], the decomposition of
a mixture of copper and cerium nitrates in the pres-
ence of urea [7, 21, 22], the chelate method [8, 23],
and treatment of a mixed solution of copper and
cerium salts with citric acid under standard conditions
[8, 24, 25] and under hydrothermal conditions [7, 25].
Systematization of the available data suggests that the
systems containing 10—25 at % Cu, or, approximately,
2—6 wt % Cu, have the best catalytic properties. Most
researchers believe that copper in these systems is
mainly in the dispersed state and exists as clusters on
the support surface, ensuring high activity and selec-
tivity of the catalyst. The introduction of a larger
amount of copper results in the agglomeration of par-
ticles and in the appearance of large copper oxide par-
ticles (several tens of nanometers in size), which
undergo reduction to copper metal in the reaction
mixture.

The polymer precursor (Pechini) method is among
the ways of obtaining catalysts with a high degree of
dispersion and uniform component distribution. This
method was initially intended for the synthesis of
oxide ceramics for electronic applications [26], but
later it found wide use in the syntheses of ceramic and
catalytic materials [27—33]. We showed earlier [34]
that the copper—cerium oxide catalysts prepared using
this method are finer than the samples obtained by
other methods, for instance, coprecipitation and
impregnation [11, 12].

In the present work, we synthesized a series of cop-
per—cerium oxide catalysts by the polymer precursor
method, studied their catalytic properties in CO oxi-
dation in hydrogen-containing mixtures, and charac-
terized the state of individual components of the sys-
tem by X-ray diffraction.

EXPERIMENTAL
Preparation of Catalysts

Catalysts were synthesized using a widespread
Pechini technique. Copper and cerium nitrates were
dissolved in water, citric acid was added to the solution
((Cu + Ce)/citric acid = 1 : 1 mol/mol), and the
resulting mixture was stirred until the dissolution of
the acid. Next, the solution was heated to 60°C and
ethylene glycol was added dropwise under stirring
(ethylene glycol/citric acid = 2 : 1 mol/mol). The
solution was stirred for 2 h at ~75°C and was then left
to stand at room temperature without stirring for 1 day.
Next, the solution was heated again to ~85°C and was
concentrated by evaporation under continuous stir-
ring until a solidifying homogeneous mass was formed.
After cooling, the mass was pounded, placed into a
muffle furnace, heated at a rate of 1 K/min from room
temperature to 280°C, and calcined for 6 h. Then the
temperature was increased at a rate of 1 K/min to
400°C and maintained at this level for 2 h. Cerium
oxide and samples with calculated copper contents of
1, 5, 10, 15, and 20 wt %, hereafter designated CeO,,
1Cu-Ce0,, 5Cu-Ce0,, 10Cu-Ce0O,, 15Cu-Ce0O,, and
20Cu-Ce0,, respectively, were thus prepared.

The catalyst powders were pressed into pellets,
which were then crushed. The 0.25—0.5 mm size frac-
tion was used in catalytic experiments.
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Investigation Methods

The main components in the copper—cerium cata-
lysts were quantified by ICP-AES using an Optima
instrument.

Specific surface areas (Sgpp) were derived from
complete low-temperature nitrogen adsorption iso-
therms (BET method) using an ASAP-2400 instru-
ment.

X-ray diffraction patterns were obtained on an
HZG-4C diffractometer (CuK, radiation, A =
1.5418 A, graphite monochromator, 20 = 20°—120°,
0.05° increments, counting time of 10 s per point).
Qualitative phase analysis was carried out using the
JCPDS database [35]. The size (D) of the coherent
scattering region (CSR) and lattice microdistortion
(Ad/d) were calculated from the broadening of diffrac-
tion peaks of detected phases. The peak broadening
effect due to the small particle size and the same effect
due to the microdistortions of the CeQO, lattice were
separated by applying the approximation method
described by Gorelik et al. [36] to the peak pairs
(200)/(400) and (111)/(222). The instrumental broad-
ening was taken into account, which was determined
from the diffraction pattern of the international stan-
dard corundum (a-Al,O5). The structure parameters
of the CeO, phase (unit cell parameters; oxygen site
occupancy; B factor, which characterizes the thermal
and statistical displacements of atoms from their mean
positions in the structure, i.e., structural disorder) and
the quantitative phase composition of samples were
determined by the full-profile analysis of diffraction
patterns using the FullProf 2000 program package [37].

Catalytic Tests

CO oxidation in hydrogen-containing mixtures
was carried out in a flow reactor at atmospheric pres-
sure. The reactor was a U-shaped quartz tube with an
inner diameter of 3 mm. The length of the catalyst bed
was 40 mm. A 0.125-g portion of the catalyst was
mixed with 0.2 g of quartz (particle diameter of 0.25—
0.5 mm) and was placed in the reactor. The tempera-
ture was measured with a chromel—alumel thermo-
couple placed in the middle of the catalyst bed. The
feed had the following composition (vol %): Co, 1; O,,
1.5; H,, 65; H,0, 10; CO,, 20; He, the balance. This is
the composition that is most frequently used in the study
of CO oxidation in hydrogen-containing mixtures. The
flow rate of the gas mixture was 2 cm?/s (STP). No cat-
alyst pretreatment was applied before tests.

The concentrations of the reactants and products
at the inlet and outlet of the reactor were measured on
a Kristall-2000 chromatograph equipped with a meth-
anator using the nickel catalyst NKM-4. The mixture
to be analyzed was separated in a column packed with
molecular sieve NaX (thermal conductivity detector)
and a column packed with Porapak Q (flame-ioniza-
tion detector). The sensitivity of the method made it

possible to measure CO, CH,, and CO, concentra-
tions down to ~10~* vol % and O, concentrations
down to 1073 vol %. In each test, the CO conversion
(xco), O, conversion (xoz ), and the selectivity of the

reaction (S) were calculated using the equations

Xeo = €O —[COL, 1400, 1)

[COl,
=102 =104l 1, @)

2]0
s _1ICoL=[CO] |
2 [0,]p =103
where [CO], and [O,], are the inlet CO and O, con-

centrations and [CO] and [O,] are the corresponding
outlet concentrations.

2

00%, A3)

RESULTS AND DISCUSSION
Catalytic Activity

Catalytic tests were carried out at both increasing
and decreasing temperatures. The temperature depen-
dences of the CO and O, conversions and the selectiv-
ity of CO oxidation in the presence of hydrogen on the
CeO, support and on the catalysts 1Cu-CeO,, 5Cu-
Ce0,, and 10Cu-CeO, are shown in Fig. 1. The same
dependences obtained for the catalysts 10Cu-CeQO,,
15Cu-Ce0,, and 20Cu-CeO, are presented in Fig. 2.
In all cases, x( first increases and then decreases with
an increasing temperature. The maximum xq values
are 58% at 420°C for CeO,, 95% at 265°C for 1Cu-
Ce0,, 99% at 210°C for 5Cu-CeO,, 99% at 195°C for
10Cu-Ce0,, 98% at 185°C for 15Cu-CeO,, and 96%
at 200°C for 20Cu-CeO,. The oxygen conversion
increases with temperature and reaches 100% on
Ce0O,, 1Cu-Ce0O,, 5Cu-Ce0O,, 10Cu-Ce0O,, 15Cu-
Ce0,, and 20Cu-CeO, at 420, 270, 215, 195, 195, and
205°C, respectively.

The selectivity of the reaction on the copper-con-
taining catalysts decreases gradually from ~90 to 60%
and then, once the maximum CO and O, conversions
are reached, decreases rapidly to 33%. As the temper-
ature is further raised, both the CO conversion and the
selectivity decrease. The selectivity of the reaction on
CeOQ, is considerably lower than that on the copper—
cerium oxide catalysts and gradually decreases from 45
to 20% as the temperature is raised.

The observed temperature dependences of X,

Xo,, and §are fully reproduced in subsequent experi-

ments performed at both decreasing and increasing
temperatures. Thus, the catalytic properties of the
samples remain unchanged in time.

As can be seen from the data presented in Figs. 1
and 2, the 15Cu-CeO, and 10Cu-CeO, systems are
the most active. Below 185°C, x¢q, Xo,, and S for

these systems are nearly equal and are higher than the
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Fig. 1. Temperature dependences of the (a) CO conver-
sion, (b) O, conversion, and (c) selectivity of CO oxidation
in the presence of H, on the catalysts (/) CeO,, (2) 1Cu-
CeO,, (3) 5Cu-Ce0,, and (4) 10Cu-CeO,.

same characteristics of the other systems. At higher
temperatures, the 15Cu-CeO, catalyst is less selec-
tive than 10Cu-CeO, and, as a consequence, affords
a smaller xco value at 100% O, conversion. The
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Fig. 2. Temperature dependences of the (a) CO conver-
sion, (b) O, conversion, and (c) selectivity of CO oxidation

in the presence of H, on the catalysts (/) 10Cu-CeO,, (2)
15Cu-Ce0O,, and (3) 20Cu-CeO,.

5Cu-CeO, catalyst is somewhat less active than
15Cu-CeQ,, but is more selective, and, accordingly,
the maximum CO conversion on this catalyst is
higher.
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Fig. 3. Temperature dependences of the (a) CO conversion
and (b) selectivity of CO oxidation in the presence of H,
on the catalysts (/) 10Cu-CeO, and (2) 10 wt % Cu/CeO,.

Thus, the above results indicate that cerium dioxide
is not inert and exhibits catalytic activity in CO oxida-
tion in the presence of H,. Even the introduction of
small amounts of copper substantially enhances the
activity and selectivity of this catalyst. An analysis of
the activity and selectivity data demonstrates that
5Cu-Ce0O, and 10Cu-CeO, have optimum catalytic
properties, ensuring the highest CO conversion. The
15Cu-CeO, catalyst, whose activity is similar to that of
10Cu-CeO,, is inferior to this catalyst in selectivity.
Similar results were obtained in our earlier studies for
catalysts prepared by coprecipitation and impregna-
tion [11, 12]. In Fig. 3, we compare the temperature
dependences of the CO conversion and the selectivity
of the reaction on the impregnated catalyst 10 wt %
Cu/CeO, [11] and on the catalyst 10Cu-CeO, pre-
pared by the Pechini method. Clearly, x-o and S are
similar for these catalysts. Thus, the catalyst prepared
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Fig. 4. Diffraction patterns of (/) CeO, and the catalysts
(2) 1Cu-CeO0,, (3) 5Cu-Ce0,, (4) 10Cu-Ce0,, (5) 15Cu-
CeO,, and (6) 20Cu-CeO, (a) before and (b) after CO oxi-
dation in hydrogen-containing mixtures on these samples.

by the Pechini method is similar to the impregnated
catalyst in catalytic properties.

Physicochemical Properties

The diffraction patterns of the CeO, support and
1Cu-Ce0O,, 5Cu-CeO,, 10Cu-Ce0O,, 15Cu-CeO,,
and 20Cu-CeO, catalysts before the reaction are
shown in Fig. 4a. The CuO phase is observed only in
the catalysts containing more than 10 wt % copper.
According to the results of quantitative phase analysis
(table), only part of the copper in the catalysts con-
taining 10—16.5 wt % Cu is in the form of the CuO
phase (D¢yo = 170 A). About 9 wt % copper in these
samples is not detected by X-ray diffraction. This can
be due to the small particle size of copper oxide in
these materials or to the existence of a copper-con-
taining phase resulting from the interaction between
copper and cerium oxides.

The structure parameters of cerium dioxide deter-
mined by the full-profile analysis of diffraction pat-
terns change as the copper content of the catalyst is
increased. Firstly, the occupancy of oxygen sites in the
structure decreases (the number of vacancies
increases). This is likely due to the incorporation of

KINETICS AND CATALYSIS Vol. 51 No. 1 2010
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Properties of copper—cerium oxide catalysts
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Conpercontnt i Sictunland smetur | Coppr-coniining
Sample . . 51;}3;/; occupancy

el | Mo D.A | Adyd |BE, A7 of oxgen | CuO | Cu | Cu0
CeO, 0 — 27 | 115 |0.001| 0.0 1.00 — — —
1Cu-CeO, before reaction 0.95 - 66 75 10.002 | 0.22 1.00 — — -
5Cu-Ce0, before reaction 4.85 - 69 60 [0.003| 0.30 0.98 — - —
5Cu-CeQ; after reaction — ~2.5 35 60 [0.003| 0.24 1.0 — + -
10Cu-CeO, before reaction 10.0 ~1.2 76 50 |[0.004 | 0.43 0.94 + - —
10Cu-CeO, after reaction — 5.8 42 50 10.003| 0.39 1.0 — + +
15Cu-CeO, before reaction 13.6 3.2 61 50 [0.004| 0.46 0.93 + - —
15Cu-CeO, after reaction — 7.8 22 50 |10.002 | 0.39 0.98 — + +
20Cu-CeO, before reaction 16.5 7.2 55 45 10.004 | 0.62 0.90 + — -

Note: * B, is the isotropic temperature factor of the cerium atoms. ** The signs + and — mean, respectively, the presence and absence

of a given phase.

copper ions in a lower oxidation state into the CeO,
structure. Secondly, the B factor increases, indicating
progressive disordering of the CeO, lattice. The
changes in these substructural characteristics of the
support are evidence of increasing disordering: the

CSR size of cerium oxide (Dc.o,) decreases and the

microdistortion of its lattice (Ad/d) increases as the
copper content increases. Probably, this is due to the
incorporation of an increasing number of copper ions
into the CeO, lattice and to the formation of a solid
solution. In addition, the catalyst particles form from
an organic gel in which copper and cerium cations are
distributed uniformly—a characteristic feature of the
Pechini method. This is an obstacle to the formation
of a well-crystallized cerium oxide phase.

For all of the starting samples, the unit cell param-
eter of the CeO, phase exceeds the standard value a =
5.411 A (JCPDS file no. 34-0394) by 0.009 + 0.001 A.
After the reaction, this parameter takes a larger value
of 5.425 A. This change in the unit cell parameter can
be caused by the joint effect of the following factors:
change in the composition, specifically, the incorpora-
tion of copper ions in different oxidation states, which
have a smaller ionic radius, into the CeO, structure;
change in defectivity, specifically, the formation of
oxygen vacancies; and the size effect [38] (small size of
crystallites). An analysis of these factors for each sam-
ple will be the subject of a special study. Here, we
restrict ourselves to representation of experimental
data.

KINETICS AND CATALYSIS Vol. 51

No. 1 2010

On the whole, the above results are well consistent
with the specific surface area data for the catalysts. As
can be seen from the table, Sgpr increases from
27 m?/g for CeO, to 76 m?/g for 10Cu-CeO, as the
copper content is increased. In spite of the smaller
CSR size of cerium oxide in 15Cu-CeQO, and 20Cu-
CeO,, the smaller specific surface area of these sam-
ples is most likely due to the increase in the proportion
of large copper oxide particles and the blocking of cat-
alyst pores by these particles.

Figure 4b shows the diffraction patterns of the
5Cu-Ce0,, 10Cu-Ce0O,, and 15Cu-CeO, catalysts
that were exposed to the reaction medium. An analysis
of the substructural and structural parameters of the
CeO, phase in these catalysts (table) shows that, after
the reaction, the number of oxygen vacancies and the
disordering of the cerium oxide structure are lower,
which is indicated by the decrease in the Ad/d value
and the Bfactor. These changes can likely be explained
as follows: the reaction medium liberates part of the
copper ions from the cerium dioxide structure, and
these ions undergo reduction to form large particles of
copper metal (D = 160 A) and Cu,O (D= 60 A). Since
the CSR size of cerium oxide remains unchanged dur-
ing the reaction, the decrease in Sggy caused by the
reaction is most likely due to the formation of a great
number of large copper particles and blocking of sup-
port pores. Nevertheless, in spite of the extensive
agglomeration of copper, part of the copper present in
the catalysts (3—6 wt %) is not detected by X-ray dif-
fraction after the reaction. This can be explained as
follows. After the action of the reaction medium, this
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part of copper remains in the cerium oxide structure or
is a component of finely dispersed compounds
strongly bound to the support surface. Since the cata-
lysts 5Cu-Ce0O,, 10Cu-CeO,, and 15Cu-CeQO, are
similar in activity, we believe that it is the finely dis-
persed copper on the CeO, surface that is responsible
for the oxidation of CO in the presence of H, (as in the
case of the copper—cerium catalysts prepared by other
methods). However, although the Pechini method
affords finer initial copper particles in the catalyst
than, for example, the coprecipitation or impregna-
tion methods [11, 12], only part of the copper remains
in the finely dispersed state after the action of the reac-
tion medium, while the rest of it is agglomerated into
large particles. Since the catalytic properties of the
samples remain unchanged during the reaction and
are reproduced in successive temperature increase—
decrease cycles, it can be assumed that agglomeration
under the action of the reaction medium occurs even
at low temperatures. This assumption is based on
experimental results obtained in an earlier study [12],
in which the reduction of copper in copper—cerium
catalysts prepared by coprecipitation and impregna-
tion was shown by in situ IR spectroscopy to occur
even at room temperature.

Thus, the reaction medium exerts a crucial effect
on the final formation of the catalyst and its active
sites, and, as a consequence, the catalytic properties of
copper—cerium oxide catalysts prepared by other
methods and containing the same amount of copper
are similar.
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