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Abstract: In this work, the origin of the synergetic effect in mixed MnxCo3 4O, oxides
with the spinel structure in the CO oxidation reaction was tested. A series of Mn,Cos.4
oxide catalysts were synthesized by the coprecipitation method with further calcination at
600 °C and varying manganese content from x = 0 to x = 3. The catalysts were characterized
using XRD, TEM, N adsorption, TPR, EXAFS, and XPS. The catalytic activity of Mn,Coz.«
oxide catalysts was tested in CO oxidation reactions. The addition of manganese to cobalt
oxide results in the formation of mixed Mn-Co oxides based on a cubic or tetragonal spinel
structure, a change in microstructural properties, such as surface area and crystal size, as
well as local distortions and a decrease in the surface concentration of Co ions and Co
in the octahedral sites in spinel structure; it also decreases catalyst reducibility. For all
catalysts, the activity of CO oxidation decreases as follows: Mng 1Co,.9 > Co304~Mng3Coy 7
> Mn0,5C02‘5 > MnOy > Mn0‘7C02.3 > Mn0,9C02.1~Mn1.1C01,9~Mn2,5C00.5 > Mn2'9C00.1 >
Mn1.7C01.3 > Mn2.1C00.9 > Mn1,3C01‘7~Mn1,5C01.5~Mn2,3C00,7. The Mn0,1C02‘9 Catalyst
displays the best catalytic activity, which is attributed to its small crystal size and the
maximum surface ratio between Co®" and Co?*. A further increase in the manganese
content (x > 0.3) provokes drastic changes in the catalytic properties due to a decrease in the
cobalt content on the surface and in the volume of mixed oxide, changes in the oxidation
states of cations, and structure transformation.

Keywords: Mn,Co3.,O4 oxides; solid solutions; synergetic effect; CO oxidation

1. Introduction

Transition metal oxide catalysts (Co304, CuO, Mn3Oy4, CrO3, Fe; O3, etc.) attract
attention as promising catalysts for the oxidation of CO, hydrocarbons, and volatile organic
compounds [1,2]. They are expected to be a better alternative to replace the noble metal
catalysts since transition metal oxides are cheaper, resistant to poisons, and have good
redox ability and flexible valence states. However, single-oxide catalysts usually have
moderate activity in oxidation reactions. One approach to improve catalytic performance is
to combine two or more metal elements, which usually exhibit superior catalytic activity as
compared to the arithmetic summation of individual oxides due to the synergetic effect [3,4].
The synergetic effect results in an enhancement or improvement in catalytic performance.
Its origin can be both in the different roles of the components in activity, stability, and
selectivity and in changes in electronic, structural, and microstructural properties [3].

Cooperation between Mn and Co is of interest since these oxides have their own
activity [1] and tend to interact with each other in the formation of solid solutions and new
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compounds [5]. Many authors have noted a synergetic effect in the improved catalytic
properties of VOCs [6-11] and CO oxidation [12,13] for MnCoOx oxide catalysts. Aguilera
et al. found that the catalytic behavior during the oxidation of toluene, ethanol, and butanol
in mixed MnCoOx oxide catalysts differs from that observed in catalysts containing only
manganese as an active phase [9]. This difference was attributed to the beneficial impact
of metal interactions, which enhance the oxide reducibility, leading to the formation of
amorphous phases and thus increasing the catalytic activity in oxidation reactions. Among
the Co/Mn/Mg/ Al mixed oxide catalysts obtained by the thermal decomposition of hy-
drotalcite with a variation in the Mn/(Co + Mn) ratio from 0 to 0.67, the catalyst with
Mn/(Co + Mn) = 0.67 showed the highest activity in toluene oxidation [9]. Tang et al. found
that the formation of a Mn,Co3.«O4 (Mn/(Co + Mn) = 0.5) solid solution with a spinel struc-
ture and a high surface area leads to an increase in the VOC oxidation reaction due to the
strong synergetic effect of Mn and Co in the oxide and the low-temperature reducibility [7].
The following work by the authors of [10] was devoted to investigating the effect of the
Mn/(Co + Mn) ratio from 0.1 to 10; the catalyst with a Mn/(Co + Mn) ratio of 0.5 showed
the best activity for benzene conversion. Faure et al. used the controlled decomposition
of oxalates to produce mixed oxides of Mn,Co3.4,O4 with a spinel structure and a very
large surface area [12]. These spinel oxides exhibit an outstanding catalytic activity for
propane and CO oxidation. The authors found that the high activity is correlated both with
the surface area and the cobalt concentration. With an increasing Co content, an almost
linear dependence was observed; the most efficient catalyst was Cop3Mng;O4 [12]. Liu
et al. investigated mesoporous Mn-doped Co3O; catalysts prepared via a dry soft reactive
grinding method with further calcination at 300 °C and tested their catalytic performances
in CO oxidation. A significant promotion effect was observed when the atomic ratios of
Mn/(Co + Mn) were lower than 0.1. For all the samples, the descending order of activity of
Mn/(Co + Mn) was as follows: 0.05~0.1 > 0 (Co304) > 0.2 > 0.3 > 1 (MnOx) [13]. Zhang
et al. tested a series of catalysts with different Mn/(Mn + Co) molar ratios in the catalytic
combustion of benzene [6]. The MnCoOx catalyst with Mn/(Mn + Co) = 0.5 exhibited the
best activity compared with other cation ratios of 0.5-0.15, as well as single Co30O4 and
MnOx [6].

As can be seen from the literature, there is a contradiction in the composition of active
catalysts (the optimal Mn/(Co + Mn) ratio varies from 0.05 to 0.67) [6,9,10,12,13]. Within
a similar chemical composition, the state of the active catalyst varies and depends on the
method of synthesis and the mechanism of the catalytic reaction. Several works emphasize
the role of the presence of a Mn,Co3.O4 oxide with a spinel structure [7,10,12]. Generally,
the most active catalysts were prepared at relatively low temperatures of 300400 °C, which
may lead to the formation of dispersed and difficult-to-detect active states. For example, in
the case of a Mn5Co; Ox catalyst prepared at 400 °C, the formation of CoMnO3 nanoparticles
was detected [14]. During the decomposition of an oxalate precursor at temperatures up to
300 °C, oxides such as MnO; ¢ and MnsOg can be found [15-17].

To the best of our knowledge, no systematic studies concerning the effect of spinel
composition in the wide range of manganese content on catalytic properties have been
conducted. The purpose of this work is to investigate the origin of the synergetic effect
in the case of Mn,Co3.4O4 oxides, depending on the cation content. Herein, we used a
relatively high calcination temperature of 600 °C in order to eliminate the influence of highly
dispersed states. X-ray diffraction (XRD), transmission electron microscopy (TEM), N,
adsorption, X-ray absorption fine structure (EXAFS), temperature-programmed reduction
in hydrogen (TPR-H,), and X-ray photoelectron spectroscopy (XPS) techniques were used
to study the structure as well as the redox and surface properties of the catalysts. Catalytic
properties were tested in a CO oxidation reaction.
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2. Results
2.1. Catalytic Activity

Figure 1a shows the evolution of CO conversion as a function of temperature for the
Mn,Cos.« catalysts. Figure 1b illustrates the temperature of 50% conversion of CO (T5)
depending on the Mn content (x). For the pure cobalt oxide catalyst (MnyCos, x = 0), the tem-
perature of 50% conversion was 129 °C. The addition of Mn up to x = 0.1 led to a shift of the
light-off curve to a low-temperature region, and Tsy decreased to 97 °C. Further introduction
of Mn ions led to the opposite effect: the CO conversion curves shifted from x =0.3 to 3 to a
higher temperature region, and Tsq changed from 130 (x = 0.3) to 280 °C (x = 1.9). For all the
samples, the T5g value increased in the following sequence: Mng 1Coj9 < Co304~Mng 3C0z7
< MI’IO.5C02.5 < MnOy < Mn0.7C02_3 < MHO.QCOZ_l~M1’11_1C01'9~M1‘12.5C00_5 < MDZ.9COO_1 <
Mn; 7Co13 <Mny 1Copg < Mnj 3Co; 7~Mn; 5Co1 5~Mnj; 3Coq 7. It is worth noting that 50%
CO conversion of the Mn3Cog (x = 3) catalyst was achieved at 221 °C. In the range of x
from 2.9 to 0.7, a noticeable shift of the CO conversion curve to a higher temperature region
was observed, and T5p changed from 221 to 280 °C. This indicates that the addition of Co
ions to manganese oxide provokes a negative effect on the catalytic activity. To elucidate
the nature of active components, we will further investigate the properties of the catalysts
by physicochemical methods.
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Figure 1. Reaction temperature dependence of CO oxidation conversion (a) and temperature of 50%
CO conversion depending on the manganese content (x) in MnyCos. catalysts (b).

2.2. Structural and Microstructural Properties

Figure 2 shows X-ray diffraction patterns for Mn,Cojz., with x =0, 0.1, 0.3, 0.5, 0.7,
1.1,1.9, 2.5, and 3. For x = 0, the XRD pattern contained diffraction peaks at 26 = 8.7, 14.2,
16.6, 17.4, 20.2, 24.8, 26.4, and 28.7°, corresponding to 111, 220, 311, 222, 400, 422, 511,
and 440 reflections of Co3O4 with a cubic spinel structure (space group Fd3m, PDF No.
431003). With an increase in x from 0 to 1.1, the broadening of the diffraction reflections and
their shift towards low angles took place. The appearance of other diffraction reflections
was not observed. Table 1 summarizes the phase composition, lattice parameters, crystal
size, and strains calculated using the Rietveld refinement. The introduction of Mn into
cobalt oxide led to an increase in the lattice parameters from 8.084(2) to 8.191(1) A. The
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ionic radius of Mn was larger than that of Co Mn®* —r=0.58 A, Co®* —r=0.55A, for
coordination number of 6; Mn?* — r = 0.66 A, Co>* — r = 0.56 A, for coordination number
of 4 [18]); the increase in the lattice parameter indicated the incorporation of manganese
into the oxide structure with the formation of Mn,Co3.,O4 solid solutions based on the
cubic spinel structure. Simultaneously, the crystal size changed from 550(70) to 120(10)
A, the strains from 0.14(2) to 0.36(2) %, and the specific surface area increased from 25
to 44 m?/g. During the formation of solid solutions, an increase in strains was observed
due to the difference in the atomic radii of the elements. Geometrically, different atoms
are located at crystallographically equivalent positions, leading to local distortions and
deformations. Moreover, the octahedrally coordinated Mn3* is a Jahn-Teller ion. It is in a
degenerate electronic state and undergoes a tetragonal Jahn-Teller distortion that lowers
the symmetry of the octahedral. This increase in stress leads to a loss of long-range order in
the arrangement of atoms and, consequently, a decrease in the crystal size.

Y t ¢ t
t
t tho it t y,t ot | Lv x=3

Intensity / arb.u.

20/°

Figure 2. XRD patterns (MoK radiation) for the Mn,Cos. catalysts (x =0, 0.1, 0.3,0.4,0.7, 1.1, 1.9,
2.5, 3). Dot lines show the position of the CozO4 (Mn,Co3.y, x = 0) reflections. Symbols ¢ indicate
the MnyxCo3.,O4 cubic spinel reflections, t—the MnyCo3.,O4 tetragonal spinel reflections, 0—Mn,0O3,
v—Mn;50g, and the asterisks—CoMnOs.
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Table 1. Phase composition, lattice parameters, crystal size, strains (e0) according to Rietveld
refinement, and specific surface area (S) for the Mn,Cojz., catalysts.

Catalysts Phase Composition, wt %  Lattice Parameter, A  Crystal Size, A e0, % S, m?/g
100% CO304
Co304 (cubic) 8.084 (2) 550 (70) 0.14 (2) 25
Mny1Cosy9 100% Mn,Co3.4Oy (cubic) 8.092 (1) 220 (10) 0.12 (1) 26
Mng3Cos 7 100% MnyCo3.,O4 (cubic) 8.104 (1) 160 (10) 0.17 (2) 27
Mny5Co, 5 100% MnyCo3.4O4 (cubic) 8.113 (1) 170 (20) 0.26 (2) 29
Mngy7Coy 3 100% MnyCo3.4O4 (cubic) 8.154 (1) 140 (10) 0.35(2) 46
Mn; 1Co19 100% MnyCo3.4O4 (cubic) 8.191 (1) 120 (10) 0.36 (2) 44
96% MnxCo3.,O4 5.730 (1) 240 (60) 0.17 (2)
Mn; 9Coq 1 (tetragonal) 9.260(2) 48
4% CoMnOs, - 230 (50) -
100% MI’IXCO3_XO4 5.741 (1)
Mn; 5Cog 5 (tetragonal) 9.341 (1) 260 (10) 0.10(1) 21
55% Mn30y4 250 (30)
MnOy 35% Mn50sg - 80 (10) - 21
10% Mn,O3 250 (20)

For x = 1.9 and 2.5, the diffraction pattern drastically changed. The XRD peaks at
20 =8.3,13.3,14.1,15.0, 16.4, 17.4, 20.0, 22.5, 23.0, 24.1, 25.1, 26.1, 26.7, and 28.6°, which
belong to the tetragonal spinel of the Mn3Oy type (space group [4;/amd, PDF No. 240734),
were observed (Figure 2). With an increase in the concentration of manganese from x = 1.1
to x = 1.9, a phase transition from the cubic to the tetrahedral modification occurred due to
the cooperative Jahn-Teller effect. The observed lattice parameters were smaller than those
for pure Mn3O4 (a =b =5.762 A, c=9.469 A, PDF No. 240734), indicating the incorporation
of Co ions into the structure of manganese oxide (Table 1). In the case of the Mn; 9Coq 4
catalyst, the XRD pattern contained additional peaks at 26 = 11.2, 18.7, and 27.1° due to
the appearance of the CoMnQOj3 oxide (PDF No. 120476). The XRD pattern of MnOy (x = 3)
significantly differed from the previous samples. It contained reflections of Mn5Og (20 = 8.3,
9.9,17.7,21.4, 22.0, and 29.0°, PDF No. 391218), Mn3O4 (PDF No. 240734), and Mn;0O3
(26 =10.7,15.0, and 24.6°, PDF No. 411442). Estimation of the phase composition showed
that the sample contained 55 wt % Mn3zOy, 35 wt % MnsOg, and 10 wt % Mn, O3 It is worth
noting that the introduction of even a small amount of cobalt (17 at%) stabilized the spinel
structure, which is consistent with the phase diagram for the Mn-Co-O system [5].

TEM images of the Co304 and Cop1Mny g catalysts are presented in Figure 3. The
Co304 consisted of round-shaped and plate-shaped particles with sizes of about 25-60 nm
(Figure 3a). In the case of the Mng 1Co, 9, the particles were smaller; particles with sizes
of about 20-30 nm were observed. EDS mapping showed a predominantly uniform
distribution of Co and Mn over the sample volume (Figure 3c,d); the ratio between Mn
and Co was 0.03. Figure 3e demonstrates the crystalline structure of Co3O4 well. For
the Mng 1Co, 9 catalyst, the crystal structure contained defects; Figure 3f shows the micro
strains, and arrows indicate micro strains in the FT image.
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Figure 3. TEM images for Co304 (a,e) and Mng 1Coy 9 (b—d,f). EDS mapping pattern of Mn (red) and
Co (blue). Arrows indicate the strains.

2.3. EXAFS

EXAFS measurements were conducted to study the detailed structure of the catalysts.
EXAFS analysis of Co30y is complicated due to the presence of two nonequivalent oc-
tahedral and tetrahedral Co sites in the crystal structure. The Co3O4 spinel consists of
Co®" ions (Oh, octahedral coordination by six oxygen atoms) and Co™ ions (Td, tetrahe-
dral coordination by four oxygen atoms). These two oxygen shells of neighbors must be
taken into account separately in order to make a reliable analysis of the data. Therefore,
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a multisite-multishell analysis was performed due to the presence of non-equivalent Co
sites. However, EXAFS averages over all the Co atoms in Co3zOy, and only two-thirds of the
Co atoms occupy octahedral sites; the remaining one-third occupies the tetrahedral ones.
During refining, the coordination numbers (CN) in the EXAFS analysis of Co3O4 were 4
instead of 6 for the octahedral CoO" site and 1.33 instead of 4 for the tetrahedral Co™ site.

Two distributions for the first oxygen coordination shell, Co™¥-O and Co®"-O, and
two distributions for the second cobalt coordination shell, Co®"-Co(Mn)°" and Co©h-Co™9,
were then considered. The coordination shell Co™-Co™ was not included in the analysis
because it is rather larger than the cutoff distance included in the theoretical model.

The Fourier transform (FT) of the k*-weighted EXAFS spectra of the M#n,Cos., oxides
with x = 0.1, 0.3, 0.7, and 1.1 is shown in Figure 4. The EXAFS data showed a peak at
about 1.45 A, corresponding to the first oxygen coordination shell, and two further peaks
between 2.4 and 3.0 A, mainly related to the nearest MOP-MOh (6f 2.9 A in radius) and
MTA-MON (of 3.4 A in radius) neighbors, respectively (M = Mn or Co). For Co K-edge, the
intensity of peaks in the area of 2.5-3 A decreased noticeably as the x increased, which
indicates a decrease in the amount of cobalt in the catalysts. Whereas for the Mn K-edge,
the peak at 3 A was less intense than one at 2.4 A. This result indicates that Mn atoms
mainly occupy the octahedral Mn©" site; so, for the Mn K-edge, the theoretical model only
included scattering from the Mn©" site.

17 15
16 | - Co K-edge 14 _ Mn K-edge
g | 13 54 30
14T 5 3.0 128 145 ©
13 F I
- 11}
Co,0, | & 10T MnTd
Lo \/
—~ 8}
\J\/ x=01 | % 41 \vunOh
x 5l =
\/ E g x=0.1
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:___./\/\/ \ X=1.21 1 [ x=1
- 0
-1 [ . I N T -1 I
0 2 3 4 5 3 4 5

R (A) R(A)

(a) (b)

Figure 4. The Co (a) and Mn (b) K-edges EXAFS data (black line) and theoretical fits (red line) of
the Mn,Coz., (x=0.1,0.3,0.7, 1.1) oxides. The green line represents the theoretical magnitude curve
of the Fourier transform (FT) of EXAFS for multisite-multishell Co sites in Co304 (Co K-edge) and
separately for MnTd and MnO" sites (Mn K-edge).
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The results of the quantitative analysis of the Mn,Coz., catalysts are listed in Table 2,
and the corresponding curve-fitting results of Co K-edge and Mn K-edge EXAFS are
shown in Figure 4. These results confirmed that the best fit corresponded to the model
without MnT9 atoms. Since two Co-O distances (tetrahedral (1.89 A) and octahedral (1.94 A)
sites) cannot be distinguished, these two Co-O pairs were fitted with a single path at an
intermediate distance of 2.95 A and total CN of 5.3, which was implemented for x = 0.1.
The fits demonstrated that the total CN for Co™ and Co®" decreased with increasing x,
which was consistent with a decrease in the concentration of Co atoms in the samples.

Table 2. The EXAFS fit results: coordination numbers (CN), interatomic distances R (A), and Debye-
Waller factors o2 (AZ), studied with EXAFS, compared to the crystal structure data of CozO4 (ICSD
No. 290720), R-factor.

Catalyst x=11 x = 0.7 x=0J3 x=0.1 Co304
Co K-Edge Shell CN R A CN R, A CN R, A CN R A CN R, A
Co™-0 1.3 1.893
Co%h-0 4.2 1.932 48 1.931 4.6 1.928 5.0 1.903 4.0 1.942
Co®h-Co/Mn©h 4.3 2.883 5.5 2.885 6.5 2.880 7.5 2.873 4.0 2.858
CoCh-Co™d 4.2 3.420 5.0 3.408 5.0 3.391 8.7 3.347 8.0 3.352
CcoTdQo 3.1 3.296 3.1 3.280 2.8 3.267 5.8 3.264 5.3 3.374
Co°"-Mn 15 3.050 2.3 3.074 34 3.070 6.3 3.107 - -
Mn K-edge Shell ~ CN R, A CN R, A CN R, A CN R, A CN R, A
Mn©h-O 2.7 1.908 2.8 1.913 1.8 1.870 1.8 1.912 6 1.942
Mn°h-O 0.8 2.009 0.8 2.001 1.9 1.980 15 2.007 - -
Mn©"-Mn/Co®h 3.8 2.924 4.4 2922 3.8 2.903 48 2.884 6 2.858
Mn©h-CoTd 34 3.420 32 3.408 29 3.391 4.6 3.385 6 3.352
Mn©h-O 4.6 3.581 3.8 3.583 32 3.556 4.5 3.533 6 3.551
02(M-0), A2 0.00386 0.00464 0.00240 0.00250
02(M-M), A2 0.00566 0.00646 0.00476 0.00577
R-factor, % 1.16 1.25 1.88 3.43 - -

The first coordination shell, Mn®", has an octahedral environment with four OXy-
gen atoms at a distance of ~1.9 A. We were able to distinguish two Mn°"-O distances.
Consequently, two distinct oxygen shells Mn®"-O samples were studied.

In regards to the structural parameters of the second coordination shell around Co®?
and Mn®" obtained by EXAFS, the interatomic distance Co®"-Co/Mn®" between edge-
sharing Co©M octahedra (double-corner sharing between Co®" octahedra) remained almost
constant and equal to 2.87-2.88 A. The CN decreased from 7.5 to 4.3, while a similar distance
MnOh-Mn/Co®M increased significantly from 2.88 to 2.92 A, and CN remained virtually
unchanged. The edge-sharing Mn©" octahedra tend to distance themselves from each other.
The interatomic Co®"-Co™ distance (single-corner sharing between a tetrahedron and its
nearest octahedron neighbor) increased from 3.35 to 3.42 A as the x increased. The CN for
Co®h-Co™ displayed a decrease, whereas the CN for Mn®"-Co™ increased, suggesting
disordered Co vacancies, which is correlated to the decrease in the Co atoms.

FT of the Co data shows two apparent Co—Co contributions that could be fitted using
two shells at approximately 2.86 and 3.35 A. However, the best fits were obtained using a
three-shell fit solution that yields Co-Co distances at around 2.9, 3.1, and 3.4 A for all the
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samples. The EXAFS fitting results indicated that there was an additional scattering path
Co%-Mn of around 3.05-3.10 A in the radius, and it was added to the structural model,
leading to additional local disorder in the structure.

The EXAFS results for the Mrn,Cos., catalysts confirm the formation of solid solutions
and show that the addition of manganese ions to cobalt oxide provokes local distortions,
and Mn ions prefer to occupy octahedral sites in the spinel structure.

2.4. Catalyst Reducibility

Figure 5 shows TPR curves for the Mn,Coz., catalysts. The TPR profile of pure
Co304 (x = 0) exhibited two peaks of hydrogen consumption with maxima at 320 and
370 °C. Two peaks of hydrogen consumption corresponded to the two-step reduction:
Co304 + Hy — 3Co00 + H,O and CoO + H, — Co + HyO [19,20]. With an increase in x
and the incorporation of manganese cations into the cobalt oxide structure, these peaks
shifted to a high-temperature region and became broader. A detailed description of the
reduction process for mixed MnyCo3.,O4 oxides can be found in the works in [21,22],
illustrating that the addition of manganese to cobalt oxide inhibits the catalyst reduction.
The reduction of Mn,Cos 4O mixed oxides proceeds via two stages: (1) MnyCo3.,O4
+ Hy — 3(MnyxCo3.4)1,30 + HyO and (2) 3(MnxCoz.4)1/30 + 3Hpy — xMnO + (3-x)Co +
3H,0 [21,22].

A
263 19
_—/M
= 263
- Y =11
X .
.e 1l A~
S 263
~ v x=0.7
> 255
87, PN\ x=0.5
L e
[0 233
‘E | / x=0.3
J x=0.1
/ x=0
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Temperature / °C

Figure 5. TPR-Hj profiles of the MnyCoj3 4 catalysts (x =0, 0.1, 0.3,0.4, 0.7, 1.1, 1.9, 2.5). The black line
shows the position of the first TPR peak of Co3O;.
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With an increase in the Mn content from x = 0 to x = 2.5, the total amount of consumed
hydrogen decreased from 17.3 to 6.6 mmol H, /g due to the reduction of cobalt oxide to
Co” and manganese oxide to Mn?*. In the case of x = 0.3-2.5, the appearance of small low-
temperature peaks at 209-263 °C was observed. Low-temperature peaks were associated
with the reduction of amorphized or highly dispersed oxides, which were undetectable by
XRD [23,24]. Previously, it was shown that the TPR curve for MnsCo;Ox catalysts prepared
at 400 °C contains an intense hydrogen consumption peak at 270 °C, which is associated
with the reduction of MnCoOj3 [14] Zhang et al. found that for the Cop,Mn;Ox catalyst
calcined at the temperature range of 300-700 °C, weak low-temperature TPR peaks at
180-240 °C were observed [6]. The reduction bands were assigned to the reduction of easily
reducible species (highly dispersed surface Mn** species produced by nano Co-Mn oxide
composites and adsorbed oxygen species). The authors correlate the low-temperature
reducibly to the catalytic activity in the oxidation of CO and benzene [6,14]. In our case, the
proportion of the low-temperature peak to the total hydrogen consumption was 0.3—4%.
Low-temperature peaks of hydrogen consumption were not observed for the most active
Mny 1Coy 9 catalyst. It is worth noting that the presence of low-temperature peaks on TPR
profiles did not correlate with the catalytic activity.

2.5. XPS

To study the chemical states and relative concentrations of elements in the (sub)surface
layers of the Mn,Cos 4 catalysts, XPS was applied. Figure 6a shows the Mn 2p core-level
spectra of the studied catalyst at different concentrations of Mn. To identify the manganese
state, we used the binding energy of the Mn2p3, peak, the presence and position of
shake-up satellites [25-27], and the magnitude of the multiplet splitting of the Mn3s level.
Figure S1 shows Mn3s and O1s core-level spectra of the studied catalysts. The fitting of
Mn2p spectra allowed us to reveal that manganese was present in the Mn?*, Mn3*, and
Mn** states and by the satellites located, respectively, at a distance of 6.6, 10.5, and 11.8
eV from the main peaks. The binding energies of Mn2p3/, peaks equal to 640.2, 641.5, and
642.6 eV were assigned to the Mn?*, Mn®*, and Mn** states, respectively. According to the
literature, manganese in MnO, Mn,O3, and MnO; oxides is characterized by the Mn2p;,
binding energy for MnO, Mn,03, and MnO, oxides in the ranges of 640.4-641.7, 641.5-
641.9, and 642.2-642.6 eV, respectively, and the Mn3s multiplet splitting: MnO (5.6-5.8 eV),
Mny03 (5.2-5.4 eV), MnO; (4.5-4.7 V) and Mn30y4 (5.3-5.6 eV) [25,27-29].

Figure 6b shows the Co2p spectra of the Mn,Cojz., catalysts. The spectra consist of the
Co2p3/,—Co2py/, doublet and the corresponding shake-up satellites. To identify the chemical
state of cobalt, the position of the Co2p3/, main line and the shape of the Co2p spectrum
(the intensity and the relative position of the shake-up satellites) should be used. In the
literature, the Co2p3/, binding energies reported for metallic cobalt, CoO, and Co30O4 oxides
are in the range of 778.0-778.1 eV, 780.0-780.5 eV, and 779.6-780.7 eV, respectively [30,31].
The wide range of binding energies observed in the Co2p3/, spectra of Co3O4 was attributed
to the presence of Co?* and Co3*. The literature values for the binding energies of these
cations are 780.0-780.9 eV for Co?* and 779.4-779.6 eV for Co>* [32,33]. The Co2p spectra
of CoO and Co304 oxides differ in satellite peaks, which allows us to distinguish these two
oxides. This discrepancy is due to varying coordination environments for cobalt cations in
CoO and Co30y4 [32]. In the case of CoO, two intense satellite peaks were observed at the
energy separations that were 2 eV and 6 eV higher than the main Co2p3, peak.
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Figure 6. Min2p (a) and Co2p (b) core-level spectra of the studied catalysts. The spectra are normalized
to the total integrated intensity of the corresponding Mn2p and Co2p spectra.

In contrast, the Co2p spectrum of Co3zO4 exhibited three satellite peaks located at
2 eV, 6 eV, and 10 eV above the Co2p;z;, peak. Furthermore, the second satellite peak in
the spectrum of Co30, had a much lower intensity compared to CoO. The shape of the
Co2p core-level spectrum and the position of the Co2p3,, peak at 780.2 eV in the Mny 9Coy 1
catalyst indicate that cobalt was present in the Co?* oxidation state. In contrast, in all other
catalysts, cobalt existed in both the Co?" and Co>* oxidation states. The binding energies
of the Co2p3/, peaks corresponding to Co?* and Co®* cations in the obtained spectra were
approximately 780.5 and 779.5 eV, respectively. Analysis of the Co2p core-level spectra
of the studied samples indicated that in the Mrn; 9Co; 1 catalyst, cobalt was present in the
Co%* oxidation state, whereas, in all other catalysts, cobalt could exist in both the Co%* and
Co®" oxidation states. The XPS analysis allowed us to estimate the fraction of manganese
and cobalt in different oxidation states (Table 3). It was obvious that with increasing x,
the surface concentration of [Mn]/[Co + Mn] increased. For all compositions, the surface
was enriched with manganese cations compared to the stoichiometric one. For example,
the Mng 1Co, 9 catalyst contained the stoichiometric ratio of [Mn]/[Co + Mn] = 0.03, and
the experimental value was 0.07. The introduction of Mn ions into cobalt oxide led to a
redistribution of the surface concentration of Co?* and Co®* cations. The surface ratio
[Co3*]/[Co%*] was maximum for the Mng 1Coy 9 sample. With an increase in x from 0 to
0.1-0.3, the Co®* content increased from 52 to 63%; a further increase in x to 0.5-1.1 resulted
in a decrease in Co3* to 30-50%. For x = 1.9 and x = 2.5, only Co?* was observed in the
catalyst composition, which was in good agreement with the literature data, indicating that
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with a small amount of Co, it predominantly replaced Mn2* in tetrahedral positions and
was in the oxidation state of 2+ [34,35].

Table 3. Atomic ratios of elements on the catalyst surface and the binding energy values for Mn2ps /5,
Co2p3/2, and AMn3s.

Mn2p3/, Co2ps;
Catalyst [Mnl/ AMn3s, eV
atalys Mn?*, eV Mn3+, eV Mn?**, eV Co?*, Co?*, eV [Co + Mn] nss, e
(%) (%) (%) eV (%) %)
7805 7796
0304 - - - (45%) (56%) 0.00 -
640.1 641.6 642.6 7805 7795
Mnp1Coa9 (57%) (40%) (3%) (37%) (63%) 0.07 -
640.2 6415 642.6 780.5 7795
Mng3Co;7 (57%) (40%) (3%) (39%) (61%) 0.26 57
640.2 641.5 642.6 7805 7795
MnosCoas (550, (41%) (3%) (41%) (59%) 0.37 b4
640.2 6415 642.6 7805 7796
Mng7C025 (51%) (48%) (1%) (38%) (62%) 0-40 55
640.2 641.5 642.6 780.4 7795
Mn; 3Cor9 (44%) (56%) (1%) (41%) (59%) 0-46 56
640.2 6415 642.6 780.2 7795
Mny 9Co1; (41%) (54%) (5%) (100%) (0%) 0.70 55
640.1 641.4 642.6 7805
Mn;5Coo5 (15%) (65%) (20%) (100%) 0.83 >4
640.2 641.6 642.6
MnOx (40%) (59%) (1%) - 1.00 55

3. Discussion

Overall, the strong synergetic effect between Mn and Co species in a solid solution
plays a key role in catalytic activity [7,10,12,13]. Cooperation between two elements changes
the chemical, structural, and microstructural properties of the catalyst. Generally, param-
eters such as specific surface area, crystallite size, pore system, good low-temperature
redox property, and active oxygen species are relevant to the good activity of Mn-Co oxide
catalysts for oxidation reactions [6,8-13,22]. The methods of preparation and the ratio
between elements can adjust these parameters. Since the interactions between different
components are usually complicated, the introduction of an additional element changes
several characteristics of the catalyst at once, so it is not possible to vary only one charac-
teristic and fix other ones. Such behavior complicates the interpretation of the results and
makes it difficult to determine the role of each factor. In the case of Co-Mn oxide catalysts,
solid solutions are formed based on the spinel structure; however, the formation of highly
dispersed or amorphous oxides is also possible [14]. In this work, we investigated the
catalytic properties of mixed Mn-Co oxides with a spinel structure. In order to avoid the
presence of amorphous highly dispersed states, we used a relatively high temperature of
600 °C. As a result, for x = 0...1.1, a MnxCo3.,O4 oxide was formed with a cubic spinel
structure, while for x = 1.9 and 2.5, a Mn,Co3.,O4 with a tetragonal spinel structure was ob-
served. For only the Mnj 9Coy ; catalyst, the appearance of a 4 wt % CoMnO3 was observed
(Table 1). The TPR curves illustrate the reduction of Mn,Co3.,O4 oxide (Figure 5), whereas
the low-temperature peaks of hydrogen consumption were detected, but the intensity of
these peaks was less than 4%. This means the preferential formation of a mixed oxide
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with a spinel structure. For x = 1.1-1.9, the catalysts contained two phases, both cubic and
tetragonal spinel [21].

An analysis of the catalytic activity in CO oxidation showed that the activity de-
creases in the following series: Mng1Coy9 > Co304~Mng3C0,7 > Mng5C0,5 > MnOy >
Mng 7Coz.3 > Mng 9Coz.1~Mny 1C01.9~Mn; 5C0p 5 > Mny 9Cop.1 > Mny 7Co1.3 > Mny 1Copg >
Mn; 3Co1 7~Mn; 5Co1 5~Mny 3Coq 7. The addition of manganese cations into cobalt oxide
led to a decrease in Ts( from 129 to 97 °C (Figure 1). For x = 0.3-0.7, the activity of Mn,Co3.«
catalysts was located between the corresponding values for pure oxides. Interestingly, for
x > 1.1, the activity was less than for pure oxide MnOy. The nature of this effect is likely
due to two factors leading to an increase or decrease in catalytic activity: (i) the dilution of
the catalyst with manganese reduces its catalytic activity since Co3Oy4 is more active than
MnOy (Figure 1), and (ii) the addition of manganese ions alters the microstructure and
structure properties of cobalt oxide, leading to an improvement of catalytic performance.
The addition of Mn ions into cobalt oxide resulted in a decrease in the crystal size from
550 A (x = 0) to 160 A (x = 1.1) and growth of the strains from 0.14% (x = 0) to 0.36%
(x = 1.1) and surface area from 25 m?/g (x = 0) to 44 m?/g (x = 1.1) (Table 1). The EXAFS
results showed that Mn ions replaced Co ions in the octahedral position in the spinel
structure, leading to a local distortion. Our observations are in good agreement with the
literature data. Mitran et al. [36] found that the substitution of Co with Mn in the cubic
phase of a spinel structure leads to the appearance of network defects as oxygen vacancies,
observed from the evaluation of lattice deformation where the elastic strain increases with
Mn content. The Co3* cations are substituted by Mn3* and Mn** cations in octahedral
sites [36]. The most active catalyst, Mng1Cos.9, is characterized by a small crystal size of
mixed oxide (220 A) and the maximum amount of the surface concentration of Co®* ions
(Table 3). Several works showed that the catalytic activity of cobalt oxides was due to Co>*
ions in octahedral sites [37,38]. Probably, in the case of the most active catalyst, the effect of
changes in structure and microstructure characteristics is more significant than changes in
the surface chemical composition (Co®* ions in octahedral sites).

On the other hand, the introduction of cobalt into manganese oxide did not improve
the catalytic performance (Figure 1). It is worth noting here that the MnO, sample contained
several phases; in addition to spinel Mn3 Oy, there were 10 wt % MnyO3 and 35 wt % Mn5Og
oxides. From this point of view, it is not entirely correct to analyze the incorporation of
cobalt into Mn3O4 oxide and compare it with MnOy catalysts. Hence, for low cobalt content,
it is expected that the catalytic activity does not change much because the substitution
occurs only in the inactive tetrahedral sites where Co®* replaces Mn?*. When the tetrahedral
sites are fully occupied by Co?* (x > 1), the substitution occurs in the octahedral sites,
creating active Co>* ions [35].

4. Materials and Methods
4.1. Catalyst Preparation

The catalysts with different Mn content were prepared using the coprecipitation
method. The calculated amount of Co(NO3), and Mn(NO3), aqueous solutions was poured
into a round-bottom flask. The precipitation was carried out under stirring with a gradual
addition of a NaOH solution to bring the pH of the solution to 11. After subsequent aging,
the precipitate was filtered, washed with distilled water on a filter to pH 6, dried at 120 °C,
and calcined in air at 600 °C for 4 h. The catalysts were designated as Mn,Coj3.,, where x is
the molar fraction of manganese.
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4.2. Catalyst Characterization

The phase composition was determined by XRD using a STOE STADI MP diffrac-
tometer equipped with a Mythen2 1K (Dectris, Baden, Switzerland) linear detector. The
diffraction patterns were obtained in transmission 8/26 geometry in the 26 range from 4 to
32° with a step of 0.015° using monochromatic MoK 4 radiation (A = 0.7093 A, Ge crystal
monochromator). The Rietveld refinement for quantitative analysis was carried out using
the software package Topas V.4.2. TOPAS supports the Double-Voigt Approach where
crystallite size and strain comprise Lorentzian and Gaussian component convolutions vary-
ing in 20 as a function of 1/cos(8) and tan(B) respectively. The instrumental broadening
was described with LaBg as a reference material. The crystallite size was calculated using
LVol-IB values (LVol-IB—the volume-weighted mean column height based on integral
breadth). The phases were identified using the powder diffraction database PDF-4+.

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

TEM images were obtained using a ThemisZ Thermo Fisher Scientific microscope
(Thermo Fisher Scientific, Eindhoven, The Netherlands) with a resolution of 0.7 A, respec-
tively. Elemental maps were obtained using the energy-dispersive spectrometer SuperX,
Thermo Fisher Scientific. Samples for research were fixed on standard copper grids using
ultra-sonic dispersion of the catalysts in ethanol.

Co and Mn K-edge X-ray absorption spectra were measured at the Synchrotron Ra-
diation Source. The radiation was monochromatized using a water-cooled double-crystal
monochromator with Si(111) single-crystal pairs. The powdered sample was pressed be-
tween two Kapton® films (DuPont, PA, USA). Co and Mn K-edge XANES spectra were
recorded in the transmission mode using ionization chambers, and the absorption spectra
of Co or Mn foils were measured simultaneously with the sample spectrum using a third
ionization chamber, as commonly applied in XAS experiments for energy calibration. The
extended X-ray absorption fine structure (EXAFS) data were preprocessed and normalized
according to standard procedures in the Demeter [39] program of the IFEFFIT 2.0 software
package [40]. The EXAFS spectra were quantitatively analyzed, and a nonlinear best fit
was performed for the Fourier-transformed k?-weighted experimental XAFS signals. The
fitting procedure employs both the imaginary and real parts of the Fourier-transformed
EXAFS oscillations and minimizes the difference between the normalized experimental
data and the theoretical EXAFS obtained by ab initio multiple-scattering calculation for the
given crystal structure model using the FEFF6 code.

The temperature-programmed reduction in hydrogen (TPR-H;) was performed with
40-60 mg of sample in a quartz reactor using a flow setup with a thermal conductivity
detector. The reducing mixture (10 vol.% of H, in Ar) was fed at a rate of 40 mL/min. The
rate of heating from room temperature was 10° /min.

XPS analysis was performed on an X-ray photoelectron spectrometer (SPECS Surface
Nano Analysis GmbH, Berlin, Germany) equipped with an XR-50M X-ray source having a
twin Al/Ag anode, a FOCUS-500 X-ray monochromator (SPECS Surface Nano Analysis
GmbH, Berlin, Germany), and a PHOIBOS-150 hemispherical electron energy analyzer
(SPECS Surface Nano Analysis GmbH, Berlin, Germany). The core-level spectra were
obtained using monochromatic MgKe radiation (hv = 1253.6 eV) under ultrahigh vacuum
conditions. The charge correction was performed by setting the Cls peak at 284.8 eV.
Relative concentrations of elements were determined from the integrated intensities of the
core-level spectra using the cross sections according to Scofield [41]. For detailed analysis,
the spectra were fitted into several peaks after the background subtraction by the Shirley
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method [42]. The fitting procedure was performed using the CasaXPS software. The line
shapes were approximated by the multiplication of Gaussian and Lorentzian functions.

4.3. Catalytic Tests

Catalytic tests were performed in a flow regime using a glass reactor 170 mm in length
and 10 mm in inner diameter. 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 of
50-350 °C. A catalyst fraction of 0.4-1.0 mm was used. To avoid overheating during the
exothermic reaction, the catalyst was mixed with a quartz powder. The reactant mixture
before and after the reactor was analyzed by a gas chromatograph equipped with a zeolite
CaA column and a thermal conductivity detector.

5. Conclusions

A series of the Mn,Coz., oxide catalysts were synthesized by coprecipitation method
with further calcination at 600 °C with varying manganese content from x = 0 to
x = 3. For x = 0...1.1, Mn,Co34xO4 oxide was formed with a cubic spinel struc-
ture, while for x = 1.9 and 2.5, Mn,Co3 O, with a tetragonal spinel structure was ob-
served. Analysis of the catalytic activity in CO oxidation showed that the activity de-
creased in the following series: Mng 1Coz9 > Co304~Mng3Coz7 > Mng5Cop5 > MnOx >
Mng 7Co23 > Mng 9Co21~Mn1 1Co1.9~Mny 5C00 5 > Mnj 9Cop 1 > Mnj 7Co1.3 > Mny1Cogg >
Mn; 3Co1.7~Mnj 5C01 5~Mn; 3C0g 7. The Mng 1Co, 9 catalyst displayed the best catalytic
activity, which was attributed to its high surface area and maximum surface ratio between
Co’" and Co?*. A further increase in the manganese content (x > 0.3) provoked drastic
changes in the catalytic properties due to a decrease in the cobalt content on the surface
and in the volume of mixed oxide, changes in the oxidation states of cations, and structure
transformation. It has been shown that the introduction of Mn into cobalt oxide has oppo-
site effects on the catalytic properties; on the one hand, there is a change in microstructural
properties (a decrease in the size of oxide particles and an increase in the specific surface
area), the formation of micro strains, and distortions of the local environment. On the
other hand, the introduction of manganese leads to a decrease in the cobalt content at the
octahedral positions of spinel, which has a negative effect on the catalytic properties.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/inorganics13010008/s1, Figure S1. Mn3s and OIs core-level
spectra of the studied catalysts. The spectra are normalized to the total integrated intensity of the
corresponding Mn2p and Co2p spectra.
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