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Abstract: This article attempts to study changes in the microstructure of solid solutions with the
perovskite structure Lag5CagsMngsFep 503 under the action of the methane oxidation reaction
medium. By the methods of XRD, XPS and HRTEM the initial condition of the structure and the
surface of the perovskite were both investigated. A feature of the structure of this solid solution is the
presence of planar defects in the direction of the planes (101). After the methane oxidation reaction,
a similar study of perovskite structure was conducted to obtain the changes. It was shown that
under the action of the reaction medium, Ca;_4Mn,O particles form on the surface of the perovskite
phase, while planar defects in Lag5Cag sMng 5Fep 503 structure remain. In situ XRD experiments on
perovskite calcination in helium current up to 750 °C showed the formation of a similar Ca;_,Mn,O
phase on the perovskite surface.
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1. Introduction

Solid solutions with perovskite structure have been intensively studied in recent decades due
to a wide and unique set of their physical and chemical properties [1-5]. Certain properties, such
as the effect of colossal magnetic resistance, charge ordering, magnetic calorimetric effect [6-9] are
not a complete list found in the perovskite structure. The effects are caused by quite labile structure
of the parent compound with the general formula ABOs. In real crystals, positions A and B can be
occupied by different ions, including dissimilar ones, which can lead to the formation of cation-deficient
structures [10,11]. For example, materials based on La;_xMxMeO3; (M = Ca, Sr, Ba, Me = Mn, Fe, Co) at
high temperatures have mixed ionic and electronic conductivity and can be used in high-temperature
electrochemical devices such as gas sensors, oxygen permeable membranes and electrodes of solid-state
fuel cells and catalysts of high-temperature oxidizing processes [12-14].

Catalytic oxidation of methane has been the subject of numerous publications in recent decades [15].
Perovskites are used as catalysts in the reaction of partial oxidation of methane [16-18] and as a deep
methane oxidation catalysts [19-21]. The main task of which was to obtain chemical compositions with
the highest possible activity at the lowest possible temperatures. From the literature data [22-25] it is
known that the most active were supported palladium catalysts, which provided a high degree of CH,4
oxidation already at 300-450 °C. However, metal oxide-supported PdO catalysts tend to deactivate
below 450 °C, which seriously hinders their long-term application in catalytic combustion. Later it was
shown that at higher temperatures (up to 550-650 °C) compounds with perovskite structure (ABO3)
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including oxides of rare-earth metals and 3D elements can compete with Pd-supported catalysts [26,27].
Such compounds are more preferable due to their higher thermal stability and the high cost of
noble metals.

A significant aspect in the creation of functional materials is the choice of the method of synthesis
and subsequent modification treatments that can lead to the formation of an optimal structure, from the
point of view of catalytic properties [28,29]. An important aspect in solving the problems of creating
materials based on the perovskite structure used at high temperatures is the reversible nature of oxygen
loss and addition during heating/cooling of these oxides [20,30]. One of the ways to solve this problem
is the introduction of doping elements to improve the transport properties of solid solutions with
perovskite structure. The introduction of bivalent cations to the perovskite A-sublattice containing, as a
rule, trivalent cations contributes to the formation of cation vacancies positively affecting the transport
of oxygen in the perovskite structure. Simultaneous introduction of variable valency cations such as
Mn, Fe, Co to the B-sublattice of the perovskite phase also improves the transport properties of oxygen
from the catalyst volume to the surface [31].

Solid solutions (LaMn;_,FexO3) can also be used as active and stable catalysts for complete
oxidation in gas purification processes [32,33], The introduction of Ca?* cations into the La sublattice
increases the mobility of O~ anions in the system [34], which positively affects the catalytic activity
of samples in deep oxidation reactions, but reduces their thermal and structural stability in media
with a low oxygen content. The introduction of Mn cations into the iron sublattice, on the contrary,
can contribute to the stabilization of the perovskite structure at high temperatures, preventing the
formation of vacancy-ordered phases.

In this study, we investigated the preparation and characterization of Lays5CagsMngsFeq503
perovskite catalyst by Pechini method and its application to methane combustion. Additional studies
of the effect of the reaction medium on the microstructure of perovskite were carried out using the
TEM, XPS and XRD methods.

2. Results and Discussion

2.1. Catalyst Characterization

According to ICP MS data obtained on the device Agilent 7700 (USA), the initial compound has
a total composition of Lag 5pCag4g8Mng 50Feq 5003-5, which was close to the given chemical formula.
The values obtained are presented in Table 1. Measurement of the specific surface area by thermal
desorption of argon showed a surface value of 9.3 m?/g, which is the average value for perovskites
synthesized by Pechini method (from polymer-salt compositions) at temperatures of 900 °C [35].

Table 1. ICP MS data La0.5Ca0_5Mn0.5Fe0.503.

Sample Name/Mass % La Ca Mn Fe
La0,5Ca0'5Mn0,5Fe0.5O3 32.8 8.7 13.8 14.2

According to XRD pattern (Figure 1) Lag 5Cag sMng sFeq 503 is a well-crystallized solid solution
with a perovskite structure (PDF Number: 70-2665) having orthorhombic modification (space
group Pnma), which corresponds to the data obtained in Reference [36] for CaLaMnFeOg and
for Lag ¢Cag4Mn;_,Fe O3 [37] structures. Reflexes characteristic to the presence of other phases on
the XRD pattern were not found. The unit cell parameters were calculated using Rietveld refinement
procedure and gave values: a = 5.429 (6) A, b=7671(6) A, c =5.472 (4) A. The volume of the unit
cell of LagsCagsMngsFegs03; was V = 227.9 A3, The coherent scattering region calculated by the
Selyakov-Scherrer formula was 260 A.
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Figure 1. XRD pattern of the fresh Lag 5Cag5Mng 5Feq 503 with orthorhombic indexes.

According to HRTEM images, Lag 5CagsMng 5Fep 503 consists of rounded lamellar particles with
an average diameter of about 30 nm (consistent with the coherent scattering region calculated from
the XRD data). Particles form agglomerates with sizes from 20 nm to several microns (Figure 2a).
A distinctive feature of these particles is the presence of planar defects observed in the form of
contrast lines (marked with white arrows), randomly located on the surface of the particles. At higher
magnifications, it can be seen that the defects are located in the planes (101). This type of defects in the
structure of the perovskite La;_,CayFeO3; was observed in [38], where the composition of the perovskite
included Fe cations in the initial state and in the perovskites La;_4CaMnOjs after the oxidation reaction
of CHy in the sublattice of manganese cations [34]. It is also worth noting the presence of a layer of
amorphized carbon on the surface of perovskite particles, the thickness of such a layer is about 0.5 nm.

Figure 2. HRTEM images of perovskite particles with planar defects (a) and crystal lattice of perovskite
containing defects in the direction of the planes (101) (b).

Analysis of the review photoelectron spectra of the samples showed that only lanthanum, calcium,
manganese, iron, carbon and oxygen are present in the samples (Figure 3). No other additional
impurities were found within the sensitivity of the XPS method. Analysis of the photoelectron spectra
of the Fe2p level of the measured samples allows us to conclude that in the initial samples iron is mainly
in the state of Fe>*; this is evidenced by both the value of the binding energy (E = 710.8 + 0.1 eV) and
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the shape of the spectrum line. It is known that in the spectra of Fe?* there are pronounced shake-up
satellites located approximately 6 eV higher in the binding energy from the main lines. In the spectra
of Fe3t, shake-up satellites are also observed, which are much weaker in intensity, but shifted to a
greater value of the binding energy from the main peak of iron (~8 eV). This situation is observed in
the Fe2p spectra of the studied samples. From the analysis of Mn 2p level photoelectron spectra, it can
be concluded that there is a superposition of peaks from the two states of manganese. In the initial
sample, manganese is mainly in the Mn>* state, in addition, the small shoulder is observed from the
large values of the binding energy 642.3 + 0.1 eV. This value is typical for Mn**. The ratio of Mn** to
Mn?* is 0.94, which practically corresponds to the degree of doping with calcium cations.

641.2-Mn*" Mnzp 346.1 Ca2p Fe2p

642.4-Mn**

710.8-Fe*
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Figure 3. XPS spectra of the fresh sample Lag 5Cag 5Mng 5Feq 503 with line deconvolution.

2.2. Lap5CapsMng sFey 503 Catalytic Activity and Microstructure Modifications in the Methane
Combustion Reaction

The data of catalytic activity of the sample are given in Table 2. In the temperature range up to
400 °C, the catalytic activity is not significant. At 400 °C activity is about 25%, with an increase in
temperature up to 450 °C and 500 °C, significant increase in conversion up to 93.7% occurs. With
an increase in temperature to 600 °C, methane conversion is 100% while only products of complete
oxidation (CO, and H,O) are formed. After reducing the temperature to 500 °C, the conversion slightly
reduces, but remains almost at the same level with the previous value.

Table 2. Lag 5Cap 5Mng 5Fe( 503 dependence of methane conversion on temperature of reaction medium.

Temperature, °C CHy Conversion, %
400 25.46
450 60.71
500 93.72
550 99.52
600 100

500 90.02




Catalysts 2019, 9, 563 50f12

The study of the solid solution after catalytic tests by XRD (Figure 4) revealed no significant
changes in the structure of the sample. There was a slight increase in the volume of the unit cell. It can
be seen by slightly shift of spent catalyst XRD pattern to small angle region.
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Figure 4. XRD patterns of the fresh (black line) and spent (red line) Lag 5Cag sMng 5Feq 50s.

However, the study sample by the method of HRTEM showed the presence of CaO particles on
the surface of the perovskite phase. In this case, planar defects in the direction of the planes (101)
were preserved (Figure 5a). The number of these defects is small, since no superstructural peaks were
found in the initial sample and in the sample after catalytic tests according to XRD data. XRD method
has also not recorded the allocation of CaO phase. Measurement of the interplanar spacings of the
Ca-containing particles on the surface of the perovskite phases showed smaller values of interplanar
spacings (2.68 A) than in CaO structure (2.77 A for (111) spacing). It can be concluded that the
particles also include the cations of Mn (Figure 5b), i.e., it is a solid solution Ca;_Mn,O having a
crystal structure similar to CaO. In [39] the authors conducted similar studies on the calcination of
solid solutions La;_4CaxMnQOj3, the separation of CaO and Mn3O, phases on the surface of perovskite
particles was observed. Apparently, the formation of a solid solution occurs due to the simultaneous
presence of Mn, Ca and Fe cations in the perovskite structure. Examples of the formation of such solid
solutions are given in Reference [40], however, its formation on the surface of perovskite, according to
available literature data, the authors observe for the first time.

PeroVskite

() (b)

Figure 5. HRTEM images of perovskite particle after participation in methane oxidation reaction with
planar defects (a) and Ca;_,Mn,O aggregates on the perovskite surface (b).
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It is possible that the appearance of Ca-Mn-O particles on the surface of the perovskite phase is
due to the lower oxygen content in the gas phase. Moreover, the reduction of the sample is the cause of
the observed slight decrease in catalytic activity during the catalytic tests.

Indeed, according to TPR-H, (Figure 6) in the sample after catalytic tests, the total hydrogen
absorption is significantly reduced (in 5.6 times), mainly due to a decrease in the absorption at low
(400 °C and 600 °C) temperatures, which indicates a sufficiently strong reduction of the sample
during the test. The amount of hydrogen absorbed by the sample decreases after catalytic tests—from
2.73x 1073 t0 0.49 X 102 mol H,/g. In addition, the profile of the recovery curve also varies significantly,
which indicates a change in the structure of the near-surface layers of the catalyst as a result of the
reaction. According to the data given in Reference [41], the main peak observed in the temperature
range of 400-500 °C refers to the recovery of high-charged Mn** and Mn3* cations to the Mn?* state,
the peaks in the region of 600 °C can be attributed to the recovery of iron +3 to +2 cations. The
high-temperature region of 800 °C refers to the recovery of iron cations almost to the metal state [42].
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Figure 6. TPR-H, profiles of the Lagy 5Cag 5sMng sFe( 503 before (green line) and after (blue line) methane
combustion reaction.

2.3. Formation Process of the Ca-Mn-O Phase on the Surface of the Perovskite in He Atmosphere

For a more detailed study of the catalyst reduction processes, in situ XRD experiments were
carried out on heating of the catalyst in the helium current to a temperature of 750 °C, which was
slightly higher than the temperature of the methane oxidation reaction. XRD patterns obtained during
the study are shown in Figure 7. In the range of 300-600 °C the perovskite structure has not undergone
significant changes. XRD patterns demonstrated only peak displacements associated with thermal
expansion. However, at a temperature of 750 °C peaks characteristic for the Ca;_4Mn,O were observed
on XRD pattern. The unit cell volume increased with temperature rising. Cooled to room temperature,
the unit cell parameters did not return to the original state (Table 3). This fact can be associated with
the formation of vacancies in the structure of perovskite occurred as a result of the allocation of Mn
and Ca cations at the Lag 5CagsMng 5Fey 503 surface.

According to photoelectron spectra of the Ca2p region (Figure 8) of the studied samples after
testing in helium flow up to 750 °C, it can be concluded that in the spectra two main peaks with binding
energies of 346.2 + 0.1 and 347.1 + 0.2 eV are observed. The first value is characteristic of calcium in the
composition of perovskite, and the peak with a large binding energy can be attributed to Ca;_xMn,O.
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Figure 7. In situ XRD patterns of Lay 5CagsMng 5Fep 503 in He flow heating. Magenta line is cooling to

room temperature.

Table 3. Unit cell parameters for the Lag 5Cag5Mng 5Feq 503 in He flow heating.

Temperature, °C a A b, A ¢ A v, A3
30 543 7.67 5.47 227.92

300 5.46 7.71 5.47 230.51

600 5.53 7.83 5.54 239.66

750 5.57 7.87 5.57 244.18
cooling 5.53 7.81 5.54 238.72
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Figure 8. Ca2p level spectra of the studied samples.

The XPS data confirm the formation of Ca;_4Mn,O on the surface of the perovskite phase, the
proportion of Ca cations on the surface increases significantly both as a result of the participation
of the catalyst in the reaction and after calcination of the sample in the He current (Table 4). At the
same time, the amount of Mn cations in the calcined in He flow sample is higher than after reaction,
which can indicate the formation of a larger number of the Ca;_4MnxO phase on the surface of
Lag5Cap5Mng 5Fep503.
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Table 4. The ratio of atomic concentrations of the elements presented in the studied samples.

Samples Mn/Fe Fe/La Mn/La Mn/Ca Fe/Ca La/Ca
Initial 1.15 0.69 0.80 0.36 0.31 0.45
He treatment 1.16 0.61 0.70 0.21 0.18 0.30
After reaction 0.97 0.76 0.73 0.26 0.27 0.35

According to TGA (Figure 9) sample lost about 3.8% of the mass when heated in He up to 1000 °C.
In the temperature range from 30° to 300 °C the sample lost 2.1% of the mass, which can be associated
with the removal of water, CO, -OH groups and adsorbed oxygen from the surface of the sample.
Further heating of the sample up to 300 °C-600 °C led to removing of the weakly bound lattice oxygen,
which was 0.9%. At the next stage (600°-800 °C), the sample lost about 0.7% of its mass. A wide
exothermic peak accompanied this change in mass on the DTA curve at 700 °C. It corresponds to the
data obtained from the experiment in situ XRD and is evidence of the formation of a massive phase
Ca;_xMn,O. At higher temperatures, the TGA curve showed a slight decrease in the mass about 0.1%.
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Temperature, °C
Figure 9. Thermoanalytical data obtained in the heating of Lag5CagsMng 5Feq 503 in He flow.
3. Materials and Methods

Lag 5Cag 5Mng 5Fep 503 sample was synthesized by the polymerizable precursor (Pechini) method.
For this purpose, appropriate amounts of aqueous solutions of lanthanum, calcium, manganese
and iron nitrates were combined, citric acid and ethylene glycol were added, and the mixture was
evaporated at 70-80 °C until the formation of a resinous polymer (polymer—salt stock). The polymer
was subjected to oxidative destruction. The precursor was calcined at 900 °C for four hours with a rise
in temperature of 100 °C/h.

The catalytic activity of the samples in a reaction of methane oxidation was determined in a flow
system at temperatures of 350-600 °C. A 1-g portion of a catalyst fraction of 0.25-0.5 mm was mixed
with 1 cm?® of quartz and placed in a U-shaped quartz reactor with an inside diameter of 4.5 mm. The
feed rate of a reaction mixture of 0.9% CHy + 9% O, (and the balance N»,) was 2.4 L/h. Before the
measurements, the sample was kept in the reaction mixture for ~30 min at a specified temperature.
After testing at 600 °C, the sample was cooled in the reaction mixture to 500 °C and its activity was
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determined once again. Only carbon dioxide and water were the oxidation products of methane. The
reaction products were determined by chromatography.

Electron microscopy investigation (HRTEM) was performed using a JEM-2200FS (JEOL Ltd.,
Tokyo, Japan) electron microscope operated at 200 kV with a lattice resolution 0.1 nm for obtaining
HRTEM images.

XRD patterns were obtained on the Bruker AXS D8 Advance diffractometer (Karlsruhe, Germany)
equipped with a high-temperature and supplying of various gas mixtures and the use of CuKa
radiation on scanning with a step of 26 = 0.05° point by point and an accumulation time of 3 s at each
point in a range of the angles 26 = 15°-80°. Each temperature measurement was performed according
to the following conditions: temperature rate of 5 °C/min with He flow of 40 mL/min. Before the
measurements, the sample was kept for ~30-50 min at a specified temperature. XRD patterns were
processed using X'Pert High Plus software (PANanalytical B.V. Almelo, Netherlands).

XPS (X-Ray Photoelectron Spectroscopy) data were obtained on the SPECS photoelectron
spectrometer (Berlin, Germany) using non-monochromatized MgK* radiation (h* = 1253.6 eV, 150 W).
The binding energy scale was pre-calibrated to the position of the core level peaks Au 4{7/2 (84.0 eV)
and Cu2p3/2 (932.67 eV). The sample was applied to a double-sided conductive adhesive tape. The
effect of recharging, arising in the process of electron photoemission, was taken into account by
the method of internal standard, as used Cls carbon line (284.8 eV), which is part of hydrocarbon
inclusions [43]. Determination of the relative content of elements on the surface of catalysts and the ratio
of atomic concentrations was carried out by the integrated intensities of photoelectron lines corrected
for the corresponding atomic sensitivity coefficients: C1s—1.0, Ca2p—>5.13, O1s—2.85, Mn2p3/2—8.99,
Fe2p—16.0, La3d5/2—26.5.

The TPR study of samples with hydrogen were performed in a flow system with a
thermal-conductivity detector (LHM-8, LHM, Yoshkar-Ola, USSR) using a fraction of samples with a
particle size of 0.25-0.5 mm. Before the reduction, the samples were pretreated in argon at 150 °C for
0.5 h and cooled to room temperature. The samples weight were 75 mg; the flow rate of the reducing
mixture (10% H; in Ar) was 40 mL/min. The samples were heated at a rate of 10 °C/min to 900 °C.
The hydrogen uptake (in mol-g~'-s!) was calculated from calibration obtained for the reduction of
standardized sample of copper oxide (CuO). The peak areas of the TPR of samples corresponding to
hydrogen consumption (mmoL/(g sample)) were calculated with the use of an asymmetric Gaussian
function profile.

Thermal analysis of the sample was performed using a synchronous thermal analysis device
STA 449C Jupiter company NETZSCH (Germany). This device combines the methods of differential
thermal analysis (DTA) and thermogravimetry analysis (TGA) in one dimension. The weight of the
sample was approximately 100 mg. The furnace temperature was increased from 40 °C to 980 °C at a
rate of 10 °C/min with He flux of 30 mL/min. The sample weight was monitored continuously as a
function of temperature.

4. Conclusions

The solid solution Lag 5Cag sMng 5Feq 503 with orthorhombic perovskite structure was synthesized
by the method of polymer—salt compositions. A distinctive feature of this solid solution is the presence
of planar defects in the particles in the direction of the crystallographic planes (101).

The catalytic activity study of perovskite in the methane oxidation reaction in the temperature
range of 300-600 °C showed that already at 400 °C 25% of methane conversion was achieved, and
at a temperature of 550 °C was almost 100%, while only products of complete oxidation (CO, and
H,0) were formed. The study by HRTEM showed the formation of Ca;_4Mn,O particles with sizes of
about 10 nm on the surface of perovskite after reaction. According to XRD data, the formation of these
particles after methane oxidation reaction was not detected, which indicated a small amount of oxide.

According to the XRD and TG data, Ca;_4Mn,O phase formation on the perovskite surface
occurs at a temperature of 700 °C in helium flow. The impact of the environment with low oxygen
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content leads to an increase in the proportion of calcium cations on the surface of the solid solution.
The formation of Ca;_,Mn,O is not typical for perovskites La;_,Ca,MnOs3, and occurs due to the
simultaneous presence of Fe and Mn cations in one perovskite sublattice.
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