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EFFECT OF THE CALCINATION TEMPERATURE
ON THE PROPERTIES OF MnO,-Cu0O-Zr0O,—CeO,
CATALYSTS FOR CO OXIDATION

0. A. Bulavchenko'*, T. N. Afonasenko?,
V. P. Konovalova', V. A. Rogov',

E. Yu. Gerasimov', E. E. Aidakov'?,

and Z. S. Vinokurov'”?

Four-component oxide catalysts MnO,—CuO-ZrO,—CeO, are synthesized by co-precipitation with varying
the calcination temperature from 400 °C to 800 °C. Formation and decomposition processes in mixed
oxides are studied by X-ray diffraction, transmission electron microscopy, and X-ray photoelectron
spectroscopy. The redox properties of the obtained samples are tested by temperature-programmed
hydrogen reduction, and the catalytic characteristics are examined in the CO oxidation reaction. At 400-
600 °C homogeneous solid solution Mn,Cu,Zr.Ce,O, with the fluorite structure is formed. Temperature
elevation to 700-800 °C facilitates the gradual decomposition of initial oxide, with manganese and copper
cations leaving its composition in the form of highly dispersed CuO and Cu,Mn; ,O,4 particles. The
occurrence of different active states in the catalyst and their transitions into each other under the

temperature effect is shown to maintain the high activity in the CO oxidation reaction up to 800 °C.
DOI: 10.1134/S0022476624070084
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INTRODUCTION

A steady growth in fuel production and consumption increases the amount of pollutants in the atmosphere. The main
sources of pollutants are motor transport, thermal power stations, and fabric, solvent, and dye industries. Among diverse
technologies intended to decrease exhausts, catalytic oxidation is most appropriate to remove a considerable amount of
volatile organic compounds (VOCs) and CO, NO, owing to its high efficiency and low energy costs. Catalytic technologies
are promising for gas purification. They make it possible to process multicomponent gases with low initial concentrations of
hazardous substances, to achieve high degrees of purification, to conduct the continuous process, and in most cases, to avoid
the formation of secondary pollutants. At present, the proposed afterburner catalysts contain, as a rule, precious metals or
complex oxides. Oxides of transition and rare earth metals is an alternative to precious metals in catalytic complete oxidation

processes. Despite that these systems are relatively less active, their undisputable advantages are low cost, thermal resistance,
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long service life, regeneration ability, and availability of a large number of simple and mixed oxides [1-4]. Therefore, the
search for new environmentally friendly and cheap complete-oxidation-catalysts, including multicomponent systems, is
urgent.

Ceria together with other metals are now widely used in the composition of complete- oxidation-catalysts [5, 6]. It is
applied in the composition of automotive catalysts, and its role is to increase the oxygen capacity of a system. These
properties of the oxide are due to the cerium cation ability to rapidly change the charge state (Ce** — Ce*"), which allows it
to easily store and release oxygen. The addition of a dopant to cerium oxide significantly changes its characteristics. Thus,
when cerium is substituted by cations with an oxidation state less than four, the number of structural defects and oxygen
capacity can increase in CeO, (anion vacancies can form) [7, 8], which in turn is reflected on the catalytic properties in CO
and hydrocarbon oxidation reactions.

The introduction of a heteroatom into the cerium oxide matrix causes various synergy phenomena resulting in the
formation of not only solid solution but also a contact between segregated oxide and the deposition of nanoparticles on the
surface [9]. Many recent works have been devoted to studies of Mn-doped CeQ,. It is shown that these systems are highly
active in catalytic oxidation reactions of CO and VOC as well as soot [10-14]. Nanoparticles MnO, with a high specific
surface area and weakly bound oxygen can form in the interaction of oxides, which results in prominent catalytic properties
in oxidation reactions. Moreover, the introduction of the second element usually influences the oxide dispersion and
decreases the particle size. At the same time, in the interaction of manganese and ceria, solid solutions can form, which are
characterized by the occurrence of oxygen vacancies. The latter improve oxygen adsorption from the gas phase and facilitate
its migration to the oxide structure, owing to which considerable amounts of active surface oxygen are formed. However, the
stability of MnO,—CeQ, catalysts is low. Thermal treatment at 500 °C deactivates the catalyst because the Mn,Ce; O, s solid
solution decomposes and the specific surface area drastically decreases [11-13]. One of the ways to improve the thermal
stability of MnO,—CeQO, catalysts is the introduction of additional components. For instance, zirconium produces a positive
effect: it prevents the agglomeration and formation of large CeO, particles [15-19]. Triple systems MnO,—ZrO,—CeO,
demonstrated thermal stability up to 650 °C without a significant loss of activity owing to the presence of zirconium in the
catalyst composition [18]. Tin oxide is also used as a dopant to CeO,-based complete-oxidation-catalysts because it affects
the thermal stability and formation of oxygen vacancies [20-22]. The introduction of copper has a positive effect on the
catalytic properties and stability. This is explained not only by the additional formation of defects but also the interaction of
manganese and copper oxides. Mixed Mn—Cu oxides are known to have own catalytic activity in complete oxidation
reactions, including CO selective oxidation reactions [23-26]. For instance, hopcalite based on manganese and copper mixed
oxide is a well-known example of the CO oxidation catalyst that is widely used in the personal respiratory protection
equipment [27, 28].

In this work, we considered quaternary systems MnO,—CuO-ZrO,—CeO, obtained by co-precipitation with variation
of the calcination temperature. The genesis of the active component was investigated depending on the preparation
conditions. It is shown that main processes of the catalyst preparation is the formation of the Mn,Cu,Zr.Ce,O, solid solution
and its decomposition with the appearance of new types of CuO and CuMn,0, active states. Different active components in
the catalyst composition, changes in their nature, mutual transformations, temperature-induced transitions from one state into
another - all this provides the improvement of the thermal stability, which is important in the context of increasing the
stability of ceria-based catalysts. The synthesized MnO,—CuO-ZrO,—CeO, catalysts were analyzed by a set of
physicochemical methods (powder XRD, TPR, XPS, PDF, TEM). The activity of these systems was tested in the CO
oxidation reaction. It is shown that the presence of a multicomponent system supports thermal stability up to 800 °C. In the

temperature range from 400 °C to 800 °C, the catalytic properties almost do not change during CO oxidation.
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EXPERIMENTAL

Preparation of catalysts. The samples were prepared by precipitation. To a joint solution of ZrO(NOs),, Ce(NOs3)s,
Cu(NO;3),, and Mn(NOs), salts a NaOH solution was added dropwise with constant stirring to pH = 11. Precipitation was
performed at 75-80 °C. When precipitation completed, the obtained suspension was stirred for 1 h without heating. Then the
suspension was left at room temperature overnight without stirring. The obtained precipitate was filtered off, washed with
water on a filter to pH = 6-7. The samples were dried at 120 °C for 2 h and then calcined in a muffle furnace at 400-800 °C
for 4 h. The cation ratio corresponded to the Cug;Mny;Zr,;Cez70, composition. A series of catalysts was denoted
Cu0.1Mn0.1Zr0.1Ce0.7_T, where T is the synthesis temperature. The samples were fractioned and the 0.4-0.8 mm fraction
was used in catalytic tests.

X-ray diffraction (XRD). XRD patterns were measured on a STOE STADI MP (Germany) powder diffractometer
with a linear Mythen2 1K (Decstris, Switzerland) detector and monochromatic MoK, radiation, A = 0.709 A. XRD patterns
were recorded in the 20 range from 2° to 50° with a step of 0.015°. Unit cell parameters and phase ratios were estimated by
the Rietveld method. For the correct determination of unit cell parameters the internal standard o-Al,O; was used. The
crystallite surface area was calculated from the XRD data in the assumption of their spherical shape by the following
formula:

6000
P Dxrp ,

where p is the theoretical density of the material (g/cm’); Dxgp are average CSR sizes. To estimate the degree of crystallite

SXRD =

agglomeration the agglomeration coefficient (§) was evaluated based on the ratio of Sggr and Sxrp values
SXRD
Pair distribution function (PDF) analysis. The XRD pattern for the analysis of the local structure of the catalyst
by atomic PDF was obtained on a laboratory STOE STADI MP diffractometer with MoK, radiation (A = 0.7093 A) in the 20
range from 1.5° to 126.9° with a step of 0.015° and the acquisition time of 200 s.
The relationship between the atomic pair distribution function G(r) and X-ray coherent scattering was found using

the Fourier transform
2
G(r) == [ 0-i(0) sin(Qr)-d.

where O = (4m-sinB)/A is the absolute value of the wave vector; A is the radiation wavelength; i(Q) is the interference part of
the scattering intensity. Functions G(r) were obtained by data processing with the PDFgetX2 program [29], after which
functions G(r) were modeled in the PDFgui program [30].

The specific surface area of the catalysts was determined by the Brunauer—Emmett-Teller (BET) method using
nitrogen adsorption isotherms measured at the liquid nitrogen temperature. The studies were carried out on an automated
ASAP 2400 (Micromeritics Instrument Corp., USA) system.

Low-temperature nitrogen porometry was applied to determine the main texture characteristics. Before the
measurement of N, adsorption isotherms at 77 K the 100-150 mg samples were subjected to the two-step vacuum thermal
training in the measuring cell: at 300 °C for 10 h (heating rate 1 °C/min). Then the samples were heated to 350 °C with the
same rate and kept at this temperature for 3 h until the attainment of constant pressure below 70 mTorr in the cell. The
measurements were performed on Quadrasorb evo (Quantachrome Instruments, USA). The following texture characteristics
were calculated from the adsorption isotherms using the instrumental software: total pore volume (V;y, cm’/g) at nearly
atmospheric pressure; micropore (Vpicro, cm3/g) and mesopore (Vieso cm3/g) volumes determined by NLDFT from the

adsorption branch of the adsorption isotherm in the approximation of the cylindrical pore shape [31]; macropore volume
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(Vinacro» cm’/g) determined by BJH [32]. The pore size distributions were constructed by BJH and NLDFT (from the
adsorption branches).

TEM was applied to obtain detailed information about the catalyst morphology and microstructure. For the analysis
we used a ThemisZ (Thermo Fisher Scientific) microscope with a line resolution of 0.7 A. EDX microanalysis of the
elemental composition of the samples was carried out using a SuperX Thermo Fisher Scientific spectrometer.

TPR in hydrogen was performed in a flow quartz reactor equipped with a thermal conductivity detector. The 10%
H, feed rate to Ar was 40 mL/min, the heating rate from room temperature to 900 °C was 10 °C/min. The TPR curves were

described by the Gaussian in the Fityk program. The mass center temperature was calculated by the following formula:
Z XY,

LD ¥
where X; is the position of this point in the temperature axis; Y; is the intensity at this point. Calculations were performed for
the temperature range from 50 °C to 320 °C.

XPS. The chemical composition of the sample surface was analyzed on a SPECS Surface Nano Analysis GmbH
(Germany) spectrometer. The spectrometer was equipped with a hemispherical PHOIBOS-150-MCD-9 analyzer, a FOCUS-
500 X-ray monochromator, and an XR-50M source with a Al/Ag dual anode. The spectra were recorded with non-
monochromatized AlK,, radiation (hv = 1486.61 eV). The binding energy scale (E}) was calibrated using the internal standard
by the Ce3d;,-U’"" peak contained in the support composition (E, = 916.7 eV). The relative concentration of elements in the
analysis region was determined based on the integrated intensity of XPS lines with regard to the photoionization cross-
sections of the respective terms [33]. For the detailed analysis the spectra were decomposed into individual components.
After the Shirley background subtraction [34] the experimental curve was fitted by a series of peaks corresponding to electron
photoemission from atoms in different chemical environments. The data were processed using the CasaXPS program
package. The peak shape was approximated by the symmetric function obtained by summing Gaussians and Lorentzians.

Catalytic tests. The samples were tested in the CO oxidation reaction on a flow apparatus in a glass reator
(170 mm x & 10 mm). The initial gas mixture had the composition: 1% CO and 99% air, total consumption 487 mL/min. The
reaction mixture before and after the reactor was analyzed on a LKhM-8MD chromatograph with mixture separation on
a packed column filled with CaA (3m) zeolite. The amount of unreacted CO was determined by the thermal conductivity
detector. The catalyst sample of 0.3 g was mixed with quartz to a volume of 3 mL. The temperature in the catalyst layer was
controlled and varied using a chromel alumel thermocouple connected with the VARTA thermoregulator. To calculate the

degree of CO conversion (X¢o) we used the formula
Xeo =[(Feo /PNZ)IN —(Feo /PNZ)OUT]/(PCO /PNz)lN’
where Pco, Py, are the areas of CO and nitrogen peaks before (IN) and after (OUT) the reaction (Py, area was used as the

internal standard).
RESULTS AND DISCUSSION

Structural and microstructural properties of the catalysts. Fig. 1 depicts the XRD patterns of the
Cu0.1Mn0.1Zr0.1Ce0.7 series of catalysts with varying the synthesis temperature and model curves of certain phases. The
XRD patterns of catalysts obtained at 400-800 °C are similar: peaks are observed at 26 = 13.1°, 15.1°, 21.4°, 25.2°, 30.5°,
33.3°,34.2°,37.6°, 39.9°, 43.6°, 45.7° and correspond to 111, 200, 220, 311, 400, 331, 420, 422, 333, 440, 531 reflections of
CeO, with the fluorite structure (PDF No. 34-394). No XRD peaks corresponding to manganese- or copper-containing oxide
phases were observed for catalysts obtained at 400-600 °C. With an increase in the calcination temperature to 700 °C
additional peaks appear corresponding to CuO (PDF No 45-937) and Cu,Mn;_,O4 mixed oxide based on the CuMn,O, phase
(PDF No. 35-1029) with the cubic spinel structure. It is also can be noted that the peaks of initial fluorite-type oxide are split.
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Fig. 1. Powder XRD patterns of initial samples of the
Cu0.1Mn0.1Zr0.1Ce0.7_T series where T is the calcination
temperature and model curves of certain phases. Wavelength
L =0.709 A.

It is seen that on the right of 111 and 220 reflections (20 = 13.1 ° and 21.4°) an additional shoulder appears at 26 = 13.6°,
21.9°. This fact can indicate the formation of oxide of the tetragonal ZrO, type (PDF No. 50-1089). Structural characteristics
of the catalysts, which were calculated by the Rietveld refinement, are listed in Table 1. For Cu0.1Mn0.1Zr0.1Ce0.7 400 the
oxide unit cell parameter is 5.391(1) A; this value is smaller than that of pure CeO, (5.411 A, PDF No. 34-394). A change in
the unit cell parameter testifies the formation of a Ce(Mn,Cu,Zr)O, solid solution. Since the ionic radii of zirconium and
manganese cations are smaller than the cerium ionic radius (Mn®* - 0.097 nm, Mn®" - 0.065 nm, Mn*" - 0.053 nm, Zr*" -
0.084 nm, Cu”* - 0.072 nm, Ce*" - 0.097 nm [35]), the introduction of these elements results in the observed decrease in unit
cell parameters. When the calcination temperature is elevated from 400 °C to 800 °C, the unit cell parameter increases from
5.391(1) A to 5.404(1) A, which is accompanied by the appearance of crystalline manganese, copper, and zirconium oxides.
The initial solid solution seems to decompose into two phases based on ZrO, and CeO,. Unit cell parameters of these phases
also differ from the values corresponding to pure zirconia and ceria, therefore in this case, we can speak about the formation
of two solid solutions with different compositions: -Zr(Mn,Cu,Ce)O, based on tetragonal ZrO, and Ce(Mn,Cu,Zr)O, with the
fluorite structure (Table 1). At the same time, Mn and Cu cations are released as different oxides. Estimates of the
composition show that for catalysts calcined at 700-800 °C, 17-19 wt.% of mixed oxide based on tetragonal ZrO,, 1-2 wt.%
CuO, and 3-5 wt.% Cu,Mn;_ 0O, are released, with average CSR sizes of the oxides formed being 40 A for Zr0O,, 175-210 A
for CuO, and 150-180 A for Cu,Mn;_,O,.

As the synthesis temperature is elevated from 400 °C to 800 °C, average sizes of CSR of the main phase (CeO,-
based mixed oxide) increase from 50 A to 180 A. The specific surface area decreases from 93 m%/g to 7.4 m*/g (Table 1)
along with the pore volume (Table 1). The catalysts obtained at 400-600 °C have a mixed porous structure, and at 700-800 °C
they become mesomacroporous. It should be noted that in the catalysts obtained at 400-600 °C, the specific surface area

decreases almost two times (from 93 m%/g to 45 m%/g), however, the average CSR sizes increase insignificantly - from 50 A
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TABLE 1. Phase Composition, Unit Cell Parameters, Average CSR Sizes, Specific Surface Area (Sger),
Agglomeration Coefficient (&), Total Pore Volume (V), Volumes of Micropores (¥micro), Mesopores (¥meso)s
and Macropores (Vmacro) 0f Cu0.1Mn0.1Zr0.1Ce0.7 Catalysts Depending on the Synthesis Temperature (7¢.)

Phase Unit cell S I;/micm , Vi
Teate, °C composition, CSR, A BET> g meso> 9
parameter, A m°/g Vinacro» cm’/g
wt.% 3
cm’/g
0.004
400 Ce0," 5.391(1) 50(5) 93 0.50 0.105 0.13
0.046
0.002
500 Ce0,"! 5.397(1) 50(5) 58 0.69 0.095 0.125
0.036
0.001
600 Ce0," 5.398(1) 55(5) 45 0.74 0.091 0.12
0.045
79% CeO,"! 5.404(1) 100(10) 0
17% t-Z1r0,"! 5.298(6)"! 40(4) 0.074
700 19 0.80 0.14
3% Cu,Mn;_,0, 8.318(3) 150(15) 0.077
1% CuO - 175(18)
74% CeO,"" 5.404(1) 180(18) 0
19% ¢-Z1r0,"! 5.317(8)" 40(4) 0.045
800 7.4 0.86 0.078
5% Cu,Mn;_ O, 8.310(2) 180(18) 0.040
2% CuO — 210(20)

"' Ce0, solid solution Ce(Mn, Cu, Zr)O, based on cubic CeO,; #-ZrO, based on ZrO, with the tetragonal (¢)

structure; unit cell parameter of -ZrO, in the cubic approximation.

S . . . . 6000 . .
" e=1-—PEL In the approximation of the spherical particle shape Syrp =—— Where p is the theoretical

SyrD P Pxrp
density of the material (g/cm®); Dxgp are average CSR sizes.

to 55 A. Therefore the agglomeration coefficient illustrating the relationship between the specific surface area and average
CSR sizes was additionally calculated for these samples in the spheric particle approximation. At calcination temperatures of
400-600 °C the coefficient changes within 0.50-0.74, which corresponds to the behavior of Ce—Zr mixed oxides [36].

To identify possible dispersed states in multicomponent catalysts (Cu0.1Mn0.1Zr0.1Ce0.7 400 and
Cu0.1Mn0.1Zr0.1Ce0.7_600) PDFs were applied. Fig. 2a, b depicts the experimental atomic pair distribution function G(r)
of the Cu0.1Mn0.1Zr0.1Ce0.7_400 sample. It is seen that all coordination peaks of this function correspond to distances
characteristic of the fluorite structure.

Experimental function G(r) is described by the model function of the Cuy;Mng ;Zr,;Ce(;0; solid solution with the
cubic fluorite structure. The curves are inconsistent in peak intensities, and the inconsistency increases with distance due to
the size effect. To correlate the peak intensities of the experimental and model functions the particle size was refined, and it
was 45 A (Fig. 2b). This value is consistent with the CSR size of mixed oxide (Table 1). Model function G(») well agrees
with the experimental data (R, =0.099). It should be emphasized that no additional coordination peaks corresponding to
other distances were observed in the PDF curve. Fig.2c,d depicts experimental function G(r) for the
Cu0.1Mn0.1Zr0.1Ce0.7_600 catalyst. Model function G(r) was also calculated based on the solid solution phase with the
CeO, structure. According to the results of the refinement, the particle size was 50 A for the Cu0.1Mn0.1Zr0.1Ce0.7_600

catalyst (R,, = 0.098). Additional coordination peaks were also not observed in experimental curve G(r).
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Fig. 2. Experimental and model functions G(r) of the Cu0.1Mn0.1Zr0.1Ce0.7 400 catalyst
without taking into account the particle size (a) and for 45 A spherical particles (b); the
Cu0.1Mn0.1Zr0.1Ce0.7_600 catalyst without taking into account the particle size (c) and for
50 A spherical particles (d); the model represents a solid solution based on the CeO, structure
(space group Fm3m).

Thus, according to the PDF analysis data, both catalysts represent the Ce(Mn,Cu,Zr)O, solid solution with the
fluorite structure. A change in the calcination temperature from 400 °C to 600 °C insignificantly affects the local structures of
the catalysts.

Fig. 3 presents TEM images of the Cu0.1Mn0.1Zr0.1Ce0.7 600 sample. According to the TEM data, the catalyst
consists of 5-10 nm round particles combined in large aggregates up to 500 nm (Fig. 3a, b). EDX mapping revealed the
primarily uniform distribution of elements over the catalyst volume (Fig. 3¢, d). Separate phases containing copper and/or
manganese were not detected, which correlates with the powder XRD and PDF analysis data (Figs. 1, 2).

Thus, the powder XRD, PDF, and TEM results confirm the formation of the single-phase solid solution for the
catalyst synthesized at 400 °C, with it being stable up to 600 °C.

Study of redox properties. The TPR-H, was applied to evaluate changes in the redox properties of
Cu0.1Mn0.1Zr0.1Ce0.7 catalysts at calcination temperature variation. According to TPR-H, curves (Fig.4) of a series
Cu0.1Mn0.1Zr0.1Ce0.7, there is a wide halo at reduction temperatures of 700-900 °C. It is characteristic of CeO,-based
samples and is due to partial reduction of cerium from 4+ oxidation state to 3+ [37].

The low-temperature range of 100-300 °C (Fig. 4a) contains poorly resolved peaks with maxima at 141-166 °C,
175-199 °C, 195-241 °C. According to the literature data, the mentioned peaks are associated with both reduction of highly
dispersed CuO particles and mixed oxide CuMn;_ O, [26, 27, 38-40]. According to the powder XRD and TEM studies
(Figs. 1, 3), the presence of the Ce(Mn,Cu,Zr)O, solid solution is observed in the Cu0.1Mn0.1Zr0.1Ce0.7 catalysts up to the
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Fig. 4. TPR-H, curves of samples of the Cu0.1Mn0.1Zr0.1Ce0.7 T series where T is the calcination
temperature. General form of TPR-H, curves (a), blue lines depict average Tyc peaks of low- and
high-temperature ranges. TPR-H, curves of the low-temperature range from 100 °C to 300 °C (b);
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synthesis temperature of 600 °C, which is consistent with the TPR data. In Fig. 4b it is seen that in the calcination
temperature range of 400-600 °C, the TPR curves are similar, but there is a shift of peaks to lower temperatures (Table 2).
This behavior reflects the evolution of the weakly bound oxygen state in the composition of the solid solution, i.e., elevation
of the calcination temperature destabilizes the structure of the solid solution. A further increase in the calcination temperature
leads to the decomposition of the solid solution, and correspondingly, a strong change in the form of TPR curves. A general
redistribution of TPR peak intensities to higher temperatures is also observed, which we relate to the contribution of new
phases of CuO and Cu,Mn;_,O,4 oxides.

Analysis of the charge states of elements and surface ratios. To evaluate changes in the electronic properties and
element ratios on the surfaces of Cu0.1Mn0.1Zr0.1Ce0.7 catalysts we used XPS. Atomic ratios of elements in the near-
surface layer of the samples, which were found from the XPS data, are listed in Table 3. The Zr 3d, Ce 3d, Cu 2p, and Mn 2p
spectra are shown in Fig. 5.

The Zr 3d spectra are well described by one Zr 3ds5,—Zr 3d5,, doublet with the Zr 3ds,, binding energy of 181.9 eV
(Fig. 5a). The Zr 3ds,, binding energy is characteristic of the Zr*" state. For instance, for stoichiometric ZrO, the Zr3ds),
binding energies are within 181.9-182.3 eV [41]. Cerium is in the Ce*" and Ce*" states. The Ce3d spectra are known to have
a complex shape (Fig. 5b). Firstly, as a result of the spin-orbit interaction, the Ce 3d level is split into two sublevels Ce 3ds,
and Ce 3d;5, which leads to the appearance of a doublet in the XPS spectrum. The ratio of its integrated line intensities is
3:2. Secondly, each component of the doublet is in turn split into three peaks for CeO, (v/u, v"'/u"’, v'""/u’"") or two peaks for
Ce,053 (VI/U', vo/ug). Having determined the relative intensities of these components, it is possible to estimate the fraction of
Ce*" ions [41]. In accordance with results of fitting the spectra by individual components, the fraction of Ce’” ions is in the
range of 10-15% for all samples (Table 3).

Fig. 5c depicts the Mn 2p spectra of the samples studied. To identify the manganese states the binding energy of the
Mn 2p;,, peak was used together with the presence and positions of shake-up satellites [42]. For manganese in MnO, Mn,O;,
and MnO, compositions the literature gives Mn 2ps/, binding energies in the ranges of 640.4-641.7 eV, 641.5-641.9 eV, and
642.2-642.6 eV respectively [41, 42]. The difference in binding energies of different manganese states can be less than 0.2 eV
(e.g., for MnO, and Mn,0;). The analysis of the Mn 2p spectrum is hindered for this series because of the low signal

intensity. The quntitative determination of different manganese states by fitting with components is highly erroneous. The

TABLE 2. TPR Data for Cu0.1Mn0.1Zr0.1Ce0.7 Samples Depending on the Calcination Temperature:
Tcwm in the Low-Temperature Range (up to 300 °C) and Total Hydrogen Absorption (up to 900 °C)

Synthesis temperature, °C Low-temperature range Tcy, °C Total hydrogen absorption, mmol H,/g
400 187.4 0.235
500 181.4 0.204
600 181.0 0.197
700 199.0 0.201
800 195.6 0.193

TABLE 3. Atomic Ratios of Elements in the Near-Surface Layer of Cu0.1Mn0.1Zr0.1Ce0.7_T Catalysts
Depending on the Calcination Temperature (7)

Synthesis temperature, °C [Mn]/[Ce] [Cu]/[Ce] [Zr]/[Ce] ce*, %
400 0.28 0.32 0.40 14
500 0.30 0.40 0.35 14
600 0.29 0.46 0.35 11
700 0.33 0.41 0.26 10
800 0.20 0.38 0.14 13
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Fig. 5. Zr3d (a), Ce3d (b), Mn2p (c¢), Cu2p (d) spectra of the studied samples of the
Cu0.1Mn0.1Zr0.1Ce0.7_T series where T is the calcination temperature. The spectra are normalized
to the integrated intensity of the Ce 3d spectrum.

Mn 3s multiplet splitting value, which allows the clarification of Mn oxidation states, is also analyzed. The literature reports
the multiplet splitting values of 5.7-6.2 eV for Mn(II) oxides, 4.6-5.4 eV for Mn(III) (4.6 eV for MnOOH, selected values for
Mn,O; are 5.2-5.4 eV), and 4.5-4.7 eV for Mn(IV) [43-45] The multiplet splitting value is in the range of 5.5-5.7 eV for all
samples, which can correspond to several manganese oxides. The use of Mn 3s multiplet splitting values do not enable the
unambiguous determination of the manganese oxidation state for this series of catalysts. Therefore, we decided not to fit the
Mn 2p spectrum with components and give only the quantitaive estimate of the total manganese amount in the sample
(Table 3).

Fig. 5d presents the Cu 2p spectra of the studied samples. The shape of the Cu 2p spectrum indicates that copper is
oxidized. The Cu 2p spectra demonstrate the Cu 2p3,—Cu 2p;,, doublet, the integrated line intensities of which have a 2:1
ratio, and two broad shake-up satellites. Their presence is characteristic of the Cu”" state due to hybridization of Cu 3d and
O 2p orbitals [46-48], and the integrated intensity of the shake-up satellite can reach 50% of the integrated intensity of the
Cu 2ps,» main peak [47, 49]. Shake-up satellites are absent in the spectra of Cu'" and Cu’. The Cu 2p spectra are similar for

all samples and correspond to copper in the Cu*" ground state.
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Catalytic tests in the CO oxidation reaction. CO conversion curves vs. the process temperature are shown in
Fig. 6a for the Cu0.1Mn0.1Zr0.1Ce0.7 samples. As seen, variation of the calcination temperature does not cause substantial
shifts in the position of CO conversion curves relative to the reaction temperature. If the calcination temperature is increased
from 400 °C to 500 °C, the CO conversion curve shifts to the low-temperature region and the temperature of 50% CO
conversion (7s0) changes from 128 °C to 115 °C. At a further increase in the calcination temperature up to 700 °C no
significant changes in the catalytic properties are observed. The CO conversion curves of the samples annealed at 500-700 °C
are very similar, and Tsy values are 113-115 °C. Only after the calcination of Cu0.1Mn0.1Zr0.1Ce0.7 at 800 °C the CO
conversion curve only slightly shifts to high temperatures and the T, value increases to 121 °C. For comparison we tested the
Cu0.1Mn0.1Ce0.8 catalyst not containing Zr and calcined at 800 °C. The catalytic properties of this sample are much worse
because its 50% CO conversion is reached at 203 °C. The observed superiority of Cu0.1Mn0.1Zr0.1Ce0.8 over
Cu0.1Mn0.1Ce0.8 in the catalytic activity indicates the occurrence of the synergetic effect from the combined presence of
cerium and zirconium in the CuO-MnO,—ZrO,—CeO, catalyst.

According to powder XRD, PDF, and TEM results, at synthesis temperatures above 400-600 °C the single-phase
Mn,Cu,Zr.Ce, O, solid solution is formed, however, the temperature elevation only insignificantly increases average CSR
sizes from 50 A to 55 A and decreases the specific surface area almost two times from 93 m?/g to 45 m*/g. It should be noted
that changes in the CSR sizes are not that significant compared to the specific surface area, which is likely to be caused by
rearrangements of the microstructure and changes in the agglomeration coefficient (Table 1). During a further increase in the
synthesis temperature the Mn,Cu,Zr.Ce,O, solid solution decomposes, which is indicated by the appearance of CuO and
Cu,Mn;_,0,, -Zr(Mn,Cu,Ce)O, reflections in the XRD patterns of oxides. This process is accompanied by a further decrease
in the specific surface area, however, the activity remains stable, which can be indicative of a change in the nature of active
phases. Thus, at low temperatures mainly the solid solution governed the catalytic properties because it is considered that
when dopants are introduced into ceria, the oxygen mobility enhances due to the formation of oxygen vacancies [50].

In the temperature range of 400-600 °C no significant changes in the catalyst properties are observed, the phase and
surface compositions and the local environment are stable. However, despite these facts, 75, lowers from 128 °C to 115 °C.
Local heterogeneities are possible. The onset of the rearrangement is indicated by a small redistribution of hydrogen
absorption peaks in the low-temperature range after the synthesis temperature of 600 °C (Table 2). At 700-800 °C the nature
of dominant active centers changes, manganese and copper cations leaves the solid solution, and new phases appear. The

detected change in the nature of active states seems to be the reason for stable catalytic properties in a wide range of synthesis
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Fig. 6. Dependence of the degree of CO conversion on the reaction temperature for the catalyst:
Cu0.1Mn0.1Zr0.1Ce0.7_T (a), 50% CO conversion temperatures (7o) (b).
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temperatures and indicates that the catalysts are thermally stable. The comparison with the Cu0.1Mn0.1Ce0.8 catalyst reveals
that the addition of Zr to the catalyst appreciably enhances the catalyst stability; 75, for the samples calcined at 800 °C is
121 °C and 203 °C for the Cu0.1Mn0.1Zr0.1Ce0.7 and Cu0.1Mn0.1Ce0.8 catalysts respectively. We have previously
observed the similar situation for the triple MnO,—CeO,—ZrO, system [18, 51]. A high catalytic activity in the CO oxidation
reaction was observed in a wide range of the synthesis temperature of 500-700 °C (compared to 400-500 °C for MnO,—CeO,
catalysts), which is due to the occurrence of several types of centers and the presence of manganese both in the solid solution
structure and as highly dispersed MnO, particles on its surface and the transition from one state into another caused by the
temperature effect. The addition of zirconium stabilized the fluorite structure and shifted the solid solution decomposition to
the high-temperature range. The observed effect enhances for quaternary Cu0.1Mn0.1Zr0.1Ce0.7 systems and the range of
constant catalytic characteristics substantially expands. On the one hand, this is explained by stabilization of the solid
solution structure in a wide temperature range, and on the other hand, the formation of new active centers such as CuO and
CuMn;_,0O,.

It is worth noting that the formation and decomposition of solid solutions with the fluorite structure as a way to
obtain active states is often used in the synthesis of Ce- and Zr-containing catalysts. These processes are largely
interconnected, and even a minor change in the temperature range of thermal treatment can result in releasing simple oxides
or metal nanoparticles from the initial joint compound instead of the formation of homogeneous oxide. In some situations,
this means that an unsuccessful synthesis yielding a catalyst inactive in the target reaction because of insufficient mixing of
elements, the absence of a joint compound, and so on. In other situations, when the solid solution is partially or completely

decomposed, nanoheterogeneous states can form which exhibit a high catalytic activity [52].
CONCLUSIONS

The effect of calcination temperature in the range from 400 °C to 800 °C is considered for a series of
Cu0.1Mn0.1Zr0.1Ce0.7 catalysts obtained by co-precipitation. By powder XRD and TEM analyses it is shown that at 400 °C
homogeneous solid solution Mn,Cu,Zr.Ce,O, with the fluorite structure is formed. The temperature elevation to 700-800 °C
causes the gradual decomposition of initial oxide with releasing manganese and copper cations in the form of highly
dispersed CuO and Cu,Mn;_ O, particles and decomposition of the initial state of the solid solution into oxides based on ZrO,
and CeO,. For the Cu0.1Mn0.1Zr0.1Ce0.7 series the catalytic activity almost does not change in the wide temperature range
from 400 °C to 800 °C despite a significant decrease in the specific surface area. It is found that depending on the synthesis
temperature, different types of active states are formed: solid solution Mn,Cu,Zr.Ce,O,, highly dispersed oxides CuO and
Cu,Mn;_,0,. When the synthesis temperature is elevated, the decrease in the specific surface area is compensated by the
appearance of more active states or an increase in their amount due to additional dispersion of the active component that
occurs when the initial solid solution decomposes.
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