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Abstract

.S.S. Sigaeva®

- A.V. Ivanchikova'?- A. A. Saraev'?

A series of MnsCo, O, catalysts calcined at different temperatures in the range of 400-800 °C were synthesized by coprecipita-
tion of manganese and cobalt nitrates and tested in the oxidation of CO. The specific surface area, structure, and chemistry of
the catalysts were studied. In addition, the reduction of the catalysts by hydrogen was studied using in situ X-ray diffraction
and temperature-programmed reduction techniques. It was found that the low-temperature catalyst calcined at 400 °C displays
the best catalytic activity, which is attributed to its high surface area, low-temperature reducibility, and a high surface content
of Mn**. The formation of highly disperse and active CoMnO), species and excess oxygen in a Mn;_ Co O, +5 spinel leads to
excellent low-temperature redox properties. The elevated temperature calcination results in a decline in the catalytic activity
in CO oxidation due to formation of a well crystalline Mn;_,Co,O, spinel, a decrease in the surface area and reducibility.

Keywords Heterogeneous catalysts - CO oxidation - Mn oxide - Co oxide - Solid solution - Mn—Co mixed oxides

1 Introduction

Volatile organic compounds (VOCs) and CO emitted from
industry and transport are harmful to environment and
human health [1]. Catalytic total oxidation is an efficient
way for exhaust gases purification due to relatively low pro-
cessing temperature, high burning efficiency and sustain-
ability. The noble metal catalysts (Pt, Pd, and Ag) are the
most active in the total oxidation [2, 3]; however, they have
disadvantages such as a high price, easy sintering, coking,
and poisoning, which limit their wide application [4]. On
the other hand, transition metal oxides (CoO,, FeO,, MnO,
etc.) are thermostable, resistant to poisons and have a very
low price, but they exhibited relatively poor catalytic per-
formance [5, 6]. One way to improve the catalytic perfor-
mance is the use of composite transition metal oxides, which
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usually exhibit superior catalytic activity as compared to
those of individual oxides, due to the synergetic effect [7].

Manganese oxides are known to have moderate activity
in oxidation reactions owing to the flexible valence states
(MnO,, Mn,0;, Mn;0,, and MnO), reducibility and oxygen
mobility [8]. Manganese oxide is capable of interacting with
other elements to form solid solutions and new compounds.
Among Mn-based mixed oxides, Mn—Co oxide catalysts are
of interest for a wide catalytic application including VOCs
[9-15] and CO oxidation [16, 17]. For example, Kovanda
et al. [14] found that an increase in catalytic activity in the
ethanol oxidation over Co—Mn catalysts is caused by an
increase in the number of easily reducible sites and weakly
bound oxygen. Aguilera et al. [15] showed that Mn—Co
mixed oxides have superior catalytic properties in the oxi-
dation of toluene, ethanol, and butanol due to generation
of amorphous phases. On the other hand, Tang et al. [11]
found that the formation of a Mn—Co solid solution with a
spinel structure inhibits the growth of nanoparticles, which
leads to an increase in surface area, and the strong synergis-
tic effect of Mn and Co in oxide contributes greatly to its
low-temperature reducibility, which plays a key role in the
VOC:s oxidation.

The most active Co—Mn catalysts were obtained at
relatively low temperatures of 300-400 °C [10, 16-18];
therefore, it is difficult to precisely determine the origin of
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active phase. During low-temperature synthesis, incomplete
interaction between elements can occur and lead to the for-
mation of amorphous or highly disperse phases. Recently,
Zhang et al. [10] investigated the influence of calcination
temperature on the catalyst structure for a Co-rich oxide
(Co,Mn,0,). It was found that superior catalytic perfor-
mance in total oxidation is associated with the formation of
a poorly crystalline spinel having a large surface area, good
low-temperature redox properties, and abundant active oxy-
gen species. To the best of our knowledge, most research of
Co—Mn catalysts are focused on the systems with an excess
of Co rather than Mn, and the structure—activity relationship
was not systematically established using the variation of cal-
cination temperature for the Mn-rich catalysts. The purpose
of this work is to investigate the origin of catalytic activity
in the CO oxidation on MnsCo,O, catalysts depending on
the preparation temperature. High-resolution transmission
electron microscopy (HRTEM), X-ray photoelectron spec-
troscopy (XPS), X-ray diffraction (XRD), N, physisorption,
and temperature-programmed reduction in hydrogen (TPR-
H,) techniques were used to study the structure as well as
the redox and surface properties of the catalysts.

2 Materials and Methods

The sample with the Co:Mn = 1:5 ratio was prepared by
coprecipitation method. The calculated amount of Co(NO5),
and Mn(NO;), aqueous solutions was poured into a round-
bottom flask. Precipitation was carried out under stirring
with a gradual addition of a NaOH aqueous solution to bring
the pH of the solution to 11. After a subsequent aging, the
precipitate was filtered, washed with distilled water on a
filter to pH 6, and dried at 120 °C. The sample was calcined
in air at 400, 600 or 800 °C for 4 h.

The phase composition was studied by XRD using a D8
Advance diffractometer (Bruker) equipped with a Lynxeye
linear detector. The diffraction patterns were obtained in the
20 range from 15° to 70° with a step of 0.05°, 7 s at each
point using monochromatic Cu Ko radiation (A = 1.5418 A).
The phases were identified using the powder diffraction
database PDF-4+. The crystal size was estimated by the
Scherrer formula using the most intensive reflection. The
quantitative content of phases and structural parameters in
the samples were found by the Rietveld method using the
TOPAS software. A high resolution synchrotron radiation
X-ray powder diffraction (SR-XRD) study was carried out
on the I11 beamline at the Diamond Light Source, UK, with
a photon energy of 15 keV (A = 0.82449 A).

The specific surface area was calculated with the
Brunauer-Emmett—Teller (BET) method using nitro-
gen adsorption isotherms measured at liquid nitrogen
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temperatures with an automatic Micromeritics ASAP 2400
sorptometer.

In situ XRD study was carried out under a flow of 10%
H, in He on the same D8 Advance diffractometer equipped
with a reaction chamber XRK-900 (Anton Paar). The total
flow rate was 100 ml/min; the heating rate was 12 °C/min.
The temperature increased from 175 to 700 °C with a step
of 25 °C. XRD patterns were recorded at each temperature
in the 20 range from 28° to 50° with a step of 0.05°, 7 s ata
point (52 min for a scan). Isothermal reduction was studied
at 225 °C in the 20 range from 21° to 46° (58 min for a scan).

The concentrations of manganese and cobalt ions in the
solid solutions (Mn,Co)O and (Mn,Co);0, were calculated
using the linearly approximated dependence of the lattice
parameter or the unit cell volume on the Mn:Co ratio based
on the literature data for CoO [JCPDS no. 43-1004], MnO
[JCPDS no. 07-0230], CoMn,0O, [ICSD no. 39197], and
Mn;0, [JCPDS no. 18-0408].

HRTEM images were obtained using a JEM-2010 micro-
scope (JEOL) with a resolution of 1.4 A. Energy dispersive
X-ray (EDX) analysis was carried out on an energy dis-
persive spectrometer XFlash with an energy resolution of
128 eV.

The temperature-programmed reduction in hydrogen was
performed with 40-60 mg of the sample in a quartz reac-
tor using a flow setup with a thermal conductivity detec-
tor. The reducing mixture (10 vol% of H, in Ar) was fed at
40 ml/min. The sample was heated from room temperature
to 900 °C with a constant rate of approximately 10 °C/min.

XPS analysis was performed on an X-ray photoelectron
spectrometer (SPECS Surface Nano Analysis GmbH, Ger-
many) equipped with a XR-50 M X-ray source having a twin
Al/Ag anode, a FOCUS-500 X-ray monochromator, and a
PHOIBOS-150 hemispherical electron energy analyzer. The
core-level spectra were obtained using monochromatic Al
Ka radiation (hv = 1486.74 eV) under ultrahigh vacuum
conditions. The charge correction was performed by setting
the Cls peak at 284.8 eV. Relative concentrations of ele-
ments were determined from the integrated intensities of
the core-level spectra using the cross sections according to
Scofield [19]. For detailed analysis, the spectra were fitted
into several peaks after the background subtraction by the
Shirley method [20]. The fitting procedure was performed
using the CasaXPS software (www.casaxps.com). The line
shapes were approximated by the multiplication of Gaussian
and Lorentzian functions.

Catalytic tests were performed in a flow regime in a glass
reactor 170 mm in length and 10 mm in the inner diam-
eter. The initial gas mixture composition was 1 vol% CO
in air. The contact time was 0.12 s. All the samples were
investigated in the temperature range 50-350 °C. A catalyst
fraction of 0.4—1.0 mm was used. To avoid overheating dur-
ing the exothermic reaction, the catalyst was mixed with a
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quartz powder. The reactant mixture before and after the

reactor was analyzed by a gas chromatograph equipped with 100 A/Ai‘

a zeolite CaA column and a thermal conductivity detector. / /
Mn5C0o10x- 400 -

Catalytic activity was calculated from the CO conversion
at different flow rates (contact time was 0.08 and 0.24 s), tak-
ing into account the catalyst mass, according to the formula:

r(CO) = [C, — C.,/] - V/(60 - m,), [cm(CO)/gs]

Ccur = Co (1= ((PO - Pcur/PO))s

where P, is the peak area corresponding to the initial con-
centration of CO in the reactant mixture; P, is the peak
area corresponding to the current concentration of CO at
the reactor outlet; C_,, is the current concentration of CO in
the mixture, vol%; C,, is the initial concentration of CO in
the mixture (C, = 1 vol%); V is the feed rate of the reactant
mixture, ml/min; and m,, is the mass of the catalyst, g.

To compare the samples, their activities must be extrap-
olated to the same conversion of CO (in our case, 50%
conversion):

where C¥

cur’ cur

r(CO)SO% =0.5x I'/C = (Co + Ccur)/za (%)

The reaction order for CO was taken equal to 1.

3 Results
3.1 Catalytic Tests in CO Oxidation

Figure 1 shows the evolution of CO conversion as a function
of temperature for MnsCo, O, catalysts prepared at 400, 600,
and 800 °C. One can see that the low-temperature MnsCo, O,
catalyst calcined at 400 °C exhibits the best activity. There is
a shift of the light-off curves toward low temperatures with
decreasing the calcination temperature. The temperature of
50% CO conversion grows from 183 to 461 °C when the
calcination temperature increases from 400 to 800 °C. The
activation energy is 49, 56, and 67 kJ/mol for the catalysts
synthesized at 400, 600, and 800 °C, respectively. The rates
of CO oxidation normalized per mass and the specific sur-
face area are listed in Table 1. We can see that both param-
eters decline with the calcination temperature. Differences
in the activation energy and the rate of CO oxidation per
specific surface area indicate the presence of various active
sites in the catalysts. To elucidate the nature of active com-
ponents, we will further investigate the catalysts by physi-
cal-chemical methods.

3.2 XRD and BET Analysis of As-Prepared Catalysts

The X-ray diffraction patterns of the synthesized samples
are shown in Fig. 2a, experimental peaks correspond to a
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Fig. 1 CO oxidation conversion for Mns;Co,O, catalysts calcined at
400, 600, and 800 °C

Table 1 Catalytic activities (rate of CO oxidation at 250 °C) normal-
ized per mass (rl) and specific surface area (r2) and activation ener-
gies (E,)

Catalyst rl (cm3/(g~s)) 12 (cm*/(m? s)) E, (kJ/mol)
Mn;Co,0,-400 0.2376 0.0040 49
Mn;Co,0,-600 0.0528 0.0025 56
Mn;Co,0,-800 0.0030 0.0003 67

mixed Mn—Co oxide with the tetragonal spinel structure
(Mn;_,Co,0,). An increase in the calcination temperature
from 400 to 800 °C leads to narrowing of the XRD peaks.
The crystallite size of spinel grows from 230 to 530 A.
The specific surface area of the catalysts decreases from
60 to 10 m*/g with increasing the calcination temperature,
which is consistent with the change in the crystallite size.
In the case of catalyst prepared at 400 °C, besides spinel
reflections, broad peaks at 20 = 24.75° and 42.00° are also
observed.

To obtain detailed information about phase composition
of Mn;Co,0,-400, the SR-XRD experiment with high inten-
sity of incident beam was performed (Fig. 2b). SR-XRD
reveals that these peaks correspond to 012, 104, 213, 024,
216, and 314 reflections of CoMnO, [ICSD no. 31854]. The
phase quantification by the Rietveld refinement gave approx-
imately 30% of CoMnO; and 70% of a Co,Mn;_,O, spinel.

The volume of the spinel lattice increases from 306.4 to
308.8 A (Table 2) with increasing the calcination temper-
ature and changes in comparison with Mn;0, (313.38 A,
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Fig.2 XRD patterns of MnsCo,0,-400, Mn;Co,0,-600, and Mn;Co,0,-800 catalysts, A = 1.5418 A (a). SR-XRD of Mn;Co,0,-400 (b),
A =0.82449 A. Dotted lines indicate the position of Mn;0, tetragonal spinel reflections, arrows point to CoMnO; reflections

Table 2 Catalysts characterization data

Catalyst Phase composition (wt%)  Lattice parameters, Crystallite  Sppr (m*g) Ty (°C)  H,consumption Reduction
A (volume, A%) size (A) (mmol(H,)/g) degree (%)
Mn;Co,0,-400  30% CoMnO, - 40 60 270 1.57 120
335 3.28
70% Co,Mn;_, O,* a=5.740(2) 230 410 1.61
¢ =9.30009) 735 1.87
V =306.4(5)
Mn;sCo,0,-600  CoMn;_,0,* a=>5.741(2) 320 21 210 0.07 102
¢ =9.341(7) 255 0.17
V =307.8(5) 405 2.85
440 1.48
755 2.01
Mn;sCo,0,-800  CoMn;_,0,* a=>5.742(2) 530 10 470 391 91
¢ =9.366(7) 755 1.93
V =308.8(5)

A solid solution Co,Mn;_, O, based on the tetragonal spinel Mn;0, structure

JCPDS no. 18-0408). There are several possible explana-
tions of the lattice parameter change. On the one hand, Co
cations can enter into the structure of Mn;0,, forming a
Co,Mn,_, O, solid solution. The observed values of the lat-
tice volume are between pure Mn;0, (313.38 A3, JCPDS
no. 18-0408) and Mn,CoO, (304.14 A3, 1CSD no. 39,197),
which can indicate the incorporation of cobalt cations into
the Mn;0, lattice. On the other hand, the change in the lat-
tice volume may be due to lattice distortion, formation of
cation vacancies or, in other words, the presence of excess
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oxygen in CoMn;_ O, 5, as it is usually observed for low-
temperature spinels [21].

For catalysts prepared at 600—800 °C, an estimation
of the Co content in the spinel lattice on the basis of the
Vegard rule showed that x is approximately equal to 0.5-0.6
in Mn;_,Co,0,, which is close to the initial composition
and indicates complete interaction between elements dur-
ing the synthesis. In the case of MnsCo,0,-400, besides
Mn;_,Co,0, spinel, 30% of CoMnOj is formed. Estima-
tion of the spinel composition from mass balance gives



Topics in Catalysis (2020) 63:75-85

79

the composition of Co, ;Mn, ¢O,. On the other hand,
according to the Vegard rule, the observed lattice volume
V =306.4 A corresponds to another content, Co, gMn, ,0,.
These differences indicate the presence of excess oxygen
in Coj Mn, ¢O,, s in comparison with the stoichiometric
ratio (Co + Mn):O = 3:4 [21, 22]. Since the spinel structure
has the closest oxygen packing, the presence of additional
oxygen should indicate the occurrence of defects—cationic
vacancies and the oxidation of Mn and/or Co cations (an
increase in the Mn>*/Mn>* ratio in comparison with the
stoichiometric one or the formation of Mn**/Co’* ions). As
discussed before, the appearance of cation vacancies and the
change in the cation oxidation state affect the lattice param-
eters of the oxide.

3.3 TEM Study

The catalysts were studied by high-resolution transmission
electron microscopy coupled with energy dispersive X-ray
analysis. The results for the MnsCo,;0,-400 catalyst are
presented in Fig. 3. There are two types of particles: (1)
massive rounded particles of 100-200 nm, which contain

pores with sizes of 10-20 nm; (2) needle-shaped flat par-
ticles with a diameter of 10 nm and a length of 100 nm.
The first type of particles consists of crystals with a size
of 20 nm (Fig. 3b). The interplanar distance is 4.82 A,
which corresponds to (110) plane of Mn;0, (Fig. 3c).
EDX analysis in several points indicates that the atomic
ratio between Mn and Co is 80:20. Rounded particles are
covered with needle particles (Fig. 3d) with a character-
istic interplanar distance d = 4.52 A, which corresponds
to (012) plane of CoMnO;. These particles are degraded
under the electron beam. EDX spectra from this point
show that the atomic ratio Mn:Co is 70:30. It can be con-
sidered that this phase is unstable under the electron beam
due to the vacancy nature.

In the case of the Mn;Co,0,-800 catalyst, the needle
particles disappear and the size of the massive round par-
ticles increases to 200-300 nm (Fig. 4a). The crystallin-
ity increases and the crystallite size of primary particles
increases to 50—100 nm (Fig. 4b). According to EDX anal-
ysis, the catalyst contains 75 at.% of Mn and 25 at.% of Co,
which is in good agreement with the initial composition.

Fig.3 TEM images of MnsCo,0O,-400
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Fig.4 TEM images of MnsCo,0,-800

3.4 XPS Study

The relative concentrations (atomic ratios) of elements in the
near-surface layer of the catalysts estimated by XPS as well
as the Mn2p;,,, Co2p;,, and O1s binding energies are listed
in Table 3. The atomic ratio [Co]/[Mn] in all the samples is
in the range of 0.138-0.153, which is close to the value of
0.2 from the chemical composition.

Figure 5 shows the Mn2p and Co2p spectra of man-
ganese oxides. The Mn2p spectrum is represented by the
Mn2p,,—~Mn2p,,, spin-orbital doublet whose integrated
intensity ratio is 2:1. To identify the chemical state of
manganese, the Mn2p,,, binding energy is used as well as
the presence and the position of the shake-up satellites,
while the asymmetric shape of the main peaks of Mn2p5,,
and Mn2p,, is determined by multi-electron processes.
The deconvolution of Mn2p into individual components
shows that the spectra of the studied samples are described

by three doublets Mn2p;,,—Mn2p,,, and corresponding
shake-up satellites. The Mn2p5,, peaks are observed at
640.0, 641.6, and 642.6 eV. In this case, two shake-up
satellites exist at the first doublet, which are 4.7 and 7.3 eV
away from the main peak. For the second doublet, one
shake-up satellite is observed, which is 8.9 eV apart from
the main peak. For the third doublet, two shake-up satel-
lites are observed, which are 3.2 and 11.2 eV distant from
the main peak. According to the literature, manganese in
MnO, Mn,03, and MnO, oxides is characterized by the
Mn2p;,, binding energe in the ranges of 640.4-641.7,
641.5-641.9, and 642.2-642.6 eV, respectively [23-36].
Thus, the presence of manganese in the Mn%*, Mn3",
and Mn** states is observed in the MnsCo,0, catalysts;
the content of manganese in a different state is listed in
Table 3. For MnsCo,0,-800, the largest amount of Mn**
(48%) and the smallest amount of Mn?* (5%) are observed,
the calcination leads to an increase in the content of Mn2*

Table 3 Atomic ratios of elements on the catalyst surface and the Mn2p;,,, Co2p;,,, and O1s binding energies (eV)

Catalyst Mn2ps, Co2p;, Ols, eV [Co]/[Mn] [O*)/[Mn + Co] [O}/[Mn + Co]
Mn?*, % Mn?*, % Mn**, % Co**, eV
640.0, eV 641.6, eV 642.4, eV
Mn;Co,0,-400 1 40 59 780.5 529.8 0.138 1.20 1.53
531.1*
Mn;Co,0,-600 15 65 20 780.5 529.9 0.136 1.21 1.52
531.2%
Mn;Co,0,-800 8 67 25 780.6 529.8 0.153 1.28 1.78
531.3%

Oxygen belonging to the OH groups on the catalyst surface is presumably in the form of Co(OH),

#Oxygen with the O/s binding energy at 529.8 eV
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Fig.5 Mn2p (a) and Co2p (b) spectra of the MnsCo,O, catalyst. The Co2p spectra are normalized to the integrated intensity of the correspond-

ing Mn2p spectra

and Mn>*, which is probably due to the formation of the
Co, sMn, 50, solid solution with the spinel structure.
The Co2p spectra consist of the Co2p;,—Co2p,,, dou-
blet, the integrated intensities of the components are cor-
related as 2:1 (Fig. 5). As for manganese, to identify the
chemical state of cobalt, the position of the Co2p;,, main
line, the shape of the Co2p spectrum (the intensity and
relative position of the “shake-up” satellites), and the
spin—orbit splitting Co2p5,—Co2p,,, were used. The posi-
tion and intensity of the “shake-up” satellite and the mag-
nitude of the spin—orbit splitting depend on the chemical
state of cobalt and on the chemical environment. In the
case of MnsCo, O, catalysts, the Co2p5,, spectra are repre-
sented by an asymmetric peak with a binding energy in the
range of 780.4-780.6 eV and a broad “shake-up” satellite
in the region of 786.6 eV corresponding to this line. The
spin—orbit splitting of Co2p;,—Co2p,,, is 15.95 eV. In the
spectrum of metallic cobalt Co® and oxides LiCoO, and
Co;0,, intense shake-up satellites are not observed, and
the binding energy Co2p;, lies in the range of 778.0-778.2
and 779.5-780.5 eV [37-40]. Cobalt in the Co>* state is
characterized by Co2p;,, binding energies in the range of
780.0-782.0 and by the presence of an intense shake-up
satellite in the range of 786787 eV [37-39, 41, 42]. The
value of the binding energy as well as the presence of a

low-intensity shake-up satellite indicate that cobalt is in
the Co® * state in the MnsCo, O, catalysts.

3.5 TPR Study

Figure 6 shows the TPR curves of the MnsCo,O, cata-
lysts prepared at 400, 600, and 800 °C, as well as Mn;0,
Mn,0;, and Co;0, used as reference samples. The reduc-
tion of Mn;0, is characterized by one hydrogen absorption
peak with a maximum at 550 °C due to Mn;0, — MnO
reduction, whereas Mn,0j is characterized by two peaks at
400 and 465 °C, corresponding to the two-step reduction
Mn,0; — Mn;0, — MnO [43, 44]. For Co;0,, there are two
TPR peaks with the maxima at 270 and 320 °C. The pres-
ence of two peaks corresponds to the two-step reduction pro-
cess: Co;0, + H, — 3CoO + H,0; CoO + H, — Co + H,O
[45-47].

The reduction of MnsCo,O, differs essentially from the
reduction of reference oxides. The observed differences are
primarily associated with the appearance of high-temper-
ature TPR peaks for all the Mn;Co,O, catalysts, which is
due to reduction of (Mn,Co)O to Co and MnO [48]. Moreo-
ver, the TPR profiles of the Mn;Co,O, catalysts are sig-
nificantly different (Fig. 6). The MnsCo,0,-400 catalyst is
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characterized by the appearance of intensive low-tempera-
ture peaks at 270 and 335 °C, in contrast to other catalysts.

For all the catalysts, there are two regions of the H, con-
sumption: the low-temperature peaks located at 150-500 °C
and a broad high-temperature peak between 500 and 850 °C.
In the latter case, for all the catalysts, the position and
the intensity of the high-temperature TPR peak are close
(Table 1). The increase in the preparation temperature leads
to a slight shift of the TPR profile to the high-temperature
region. The temperature of TPR maximum increases from
735 to 750 °C. In the low-temperature region, the TPR pro-
file of MnsCo,0,-800 contains only one peak with a maxi-
mum at 470 °C. For Mn;Co,0,-600, this peak becomes wide
and splits into two peaks with the maxima at 405 and 440 °C
and intensity 2.85 and 1.48 mmol(H,)/g. Moreover, small
low-temperature TPR peaks at 210 and 255 °C appear. In
the case of MnsCo,0,-400, intensity of the low-temperature
peaks grows, first and second TPR peaks at 270 and 335 °C
contain 58% of the total consumption of H,.

Our previous study reveals that the reduction of the well
crystalline (Mn,Co);0, spinel prepared at 800 °C goes in
two steps. The first TPR peak corresponds to the transforma-
tion of (Mn,Co);0, to (Mn,Co)O. The second TPR peak is
due to the reduction of (Mn,Co)O to metallic Co and MnO
[48]. For MnsCo,0,-800, the ratio between first and second
TPR peaks is 2:1, which corresponds to the two reduction
reactions Co, sMn, 50, + H, — 3Mn, 4;Co, 1,0 + H,0 and
Mn, 3;Co, 7,0 + 0.17H, — 0.83MnO + 0.17Co + 0.17H,0.
For Mn;Co,0,-400 and MnsCo,0,-600, the appearance of
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low-temperature peaks could be assigned to the reduction
of easily reducible species such as Mn** [10]. According
to XRD, MnsCo,0,-400 contains 30 wt% of MnCoOj;,
which contains Mn**. For all the catalyst, the degree
of reduction was estimated under the assumption that
the reduction product contains only Co and MnO. For
Mn;Co,0,-800 and MnsCo,0,-600, the reduction degree
is 91-102%; however, in the case of the low-temperature
Mn;Co,0,-400 catalyst, it reaches 120% (the degree
of reduction was estimated under the assumption that
Coy Mn, 4O, + CoMnO; transforms to Co and MnO). The
reduction degree over 100% for MnsCo,0,-400 indicates
that there are some easy reducible species, which we did
not calculate. Probably, it could be due to a loss of excess
oxygen in CoMn;_ O, s — Co,Mn;_,0O, and reduction of
Mn** — Mn** or Mn** — Mn**or Co®* — Co** in the
bulk of a solid solution. It can be assumed that the low-tem-
perature TPR peaks at 150-350 °C are due to the reduction
of excess oxygen from Co,Mn;_,0,_ 5 and MnCoOj; oxides.

3.6 In Situ XRD Study

The phase transformations that occur during the reduction of
Mn;Co,0,-400 catalyst have been further studied by in situ
XRD. In these experiments, the XRD patterns were collected
during the stepwise heating of the samples in 10%H, in the
He mixture from room temperature to 700 °C. The results of
the investigation of MnsCo,0,-400 are presented in Fig. 7.
At room temperature, the catalyst consists of oxides with
the tetragonal spinel structure, such as Mn;_,Co,0, and
CoMnO;. At 250 °C, the 113 diffraction peak of CoMnO;
disappears. Above 300 °C, the intensity of spinel reflections
declines and wide peaks appear at approximately 35.3° and
41°, corresponding to 200 and 111 reflections of a MnO-like
oxide. At 575 °C, a new line appears at 44° corresponding to
metallic cobalt, and the intensity of a MnO-like intermediate
compound decreases. At 575-700 °C, the reflections of Co
and the MnO-like oxide are observed.

To estimate lattice parameters of the intermediate oxides
without thermal expansion, the sample was cooled from
625 °C to RT. The lattice parameter is 4.418(1) A, which
differs from the literature data for MnO (4.445 ;\, JCPDS
no. 07-0230) and CoO (4.260 A, JCPDS no. 431004). Such
change in the lattice parameter indicates the formation of a
Mn,_,Co, O solid solution. The composition of solid solu-
tions was estimated using the Vegard rule. The composition
of the intermediate state corresponds to Mn,, 3sCo ;50. After
reduction at 700 °C, the lattice parameter becomes 4.443(1)
A, indicating the formation of MnO. According to the frac-
tion weigh estimation, which was performed by the Rietveld
refinement, the reduction product contains 12 wt% of Co and
88 wt% of MnO. During the reduction, Co cations leave the
Mn,, ¢5Co, ;50 solid solution and form metallic Co.
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Fig.7 In situ XRD patterns of MnsCo,0,-400 collected during heat-
ing from 200 to 700 °C in a flow of 10%H, in He gas mixture (a),
quantitative phase composition as a function of the reduction temper-
ature (b), and isothermal reduction at 225 °C (c). Dotted lines indi-
cate the position of Mn;0, tetragonal spinel reflections, arrows point
to CoMnO; reflections, solid line—Co, *—(Mn,Co)O

In addition, the isothermal reduction at 225 °C was inves-
tigated (Fig. 7c). At the beginning, the reflection of MnCoO;
disappears and after three scans the formation of the MnO-
like oxide is observed.

4 Discussion

Despite the abundance of work in this area, the nature of the
synergistic effect with respect to catalytic activity is not com-
pletely clear. On the one hand, the synergistic effect is asso-
ciated with the formation of mixed oxides having the spinel
structure [11]; on the other hand, the formation of highly dis-
persed or amorphous oxides was observed [15]. In this work,
the most active Co—Mn catalyst was obtained at a relatively
low temperature of 400 °C, at which incomplete interac-
tion between elements and the formation of dispersed parti-
cles are possible. According to XRD, for all the MnsCo,0O,
catalysts, the presence of Mn;_,Co, O, with tetragonal spi-
nel structure was observed. For Mn;Co,0,-400, SR-XRD
revealed the formation of highly disperse CoMnO; parti-
cles, in which Mn cations are in the Mn** state. The XPS
results show the formation of Mn** on the surface for the
most active catalyst. The calcination temperature greatly
affects the specific surface area, the crystallite size, phase
composition and morphology. At 400 °C, poorly crystal-
line oxides, such as CoMnO; and Mn;_,Co,0,, 5, are
formed. Mixed oxides are transformed into well crystalline
spinel Mn, sCo, 0, when the calcination temperature is
increased to 800 °C. The calcination temperature changes
the redox properties of the catalysts. MnsCo,;O,-800 is char-
acterized by a high-temperature reduction of mixed oxide:
Coy sMn, s0, — Mn; ¢sCo; ;50 — MnO + Co. While for
Mn;Co,0,-400, the low-temperature reducibility is con-
nected with the formation of Mn;_ Co,0, 5 with excess
oxygen and CoMnO;.

It is generally reported that many parameters, such as spe-
cific surface area, crystallite size, pore system, reducibility
of Mn—Co species or oxygen mobility, and active oxygen
species, are relevant to the good activity of Mn—Co oxide
based catalysts for oxidation reactions [10-12, 14, 16—18].
In our work, we observed the catalytic activity in CO oxida-
tion to increase with the specific surface area, the change in
active species, the formation of MnCoOj, the total amount
of H, consumption, the presence of Mn** and the low-tem-
perature reducibility.

5 Conclusions
A series of Mn;Co,O, catalysts calcined at different tem-

peratures in the range of 400-800 °C were synthesized
by coprecipitaion of manganese and cobalt nitrates. Their
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catalytic performance were tested in the oxidation of CO.
The low-temperature catalyst calcined at 400 °C displays
the best catalytic activity, which is attributed to its high
surface area, low-temperature reducibility, and a high sur-
face concentration of Mn*". The formation of highly dis-
perse and active CoMnOj; species and excess oxygen in a
Mn;_,Co,0, s spinel leads to excellent low-temperature
redox properties. The elevated temperature calcination
results in the decline in the catalytic activity in CO oxidation
due to formation of a well crystalline Mn;_,Co,0, spinel, a
decrease in the surface area and reducibility.
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