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Abstract

:

Perovskite samples of the LaMn1−xFexO3 (x = 0–1) series were prepared by the Pechini method; their physicochemical properties were studied using XRD, HRTEM, XPS, and BET, and their catalytic activity was estimated in nitrous oxide decomposition and methane and CO oxidation reactions. In methane and CO oxidation reactions, all intermediate (0 < x < 1) samples of the series exhibited a lower catalytic activity normalized to the unit surface area as compared to the extreme terms, whereas in the nitrous oxide decomposition all intermediate samples were more active than extreme terms of the series. Different dependences of activities on the composition obtained in the study for the tested reactions involving the catalyst oxygen are caused by differences in the reaction mechanisms.
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1. Introduction


Owing to the high thermal and chemical stability as well as the unique catalytic, electrophysical and magnetic properties of oxides with the LaBO3 perovskite structure, they are considered as promising materials for some high-temperature processes; for example, such oxides can be used as the high-temperature cathode or anode materials for solid oxide fuel cells, as the catalysts for oxidative conversion of methane and combustion of waste gases, particularly the exhaust gases from motor vehicles, and as the catalysts for high-temperature oxidation of ammonia and decomposition of nitrous oxide in the production of nitric acid [1,2,3,4,5]. The perovskites containing Mn or Fe cations in the B sublattice are considered to be among the most active and stable ones in the catalytic processes involving oxygen [3,4]. Since the activity of the oxide catalysts in such high-temperature catalytic processes depends mostly on the oxygen bond strength on the surface, their activity is often controlled by the introduction of substituting cations with different valences into lanthanum sublattice. Their introduction affects the defective structure of the oxide or its structural modification, thus changing the oxygen amount or leading to the appearance of new oxygen species [6,7,8,9]. In addition, the activity of perovskites is also affected by the method of their preparation [8,10,11,12].



Lanthanum manganite and lanthanum ferrite have different defect structures. Lanthanum manganite belongs to the oxides with excess oxygen; typically, it contains manganese cations in an increased oxidation state (+4) [13]. Lanthanum ferrite, on the contrary, is characterized by the presence of oxygen vacancies and a deficit of lanthanum in the lanthanum positions [14]. Thus, it is expected that the substitution of manganese cations by iron cations in position B will also affect the oxide defectiveness and the oxygen bond strength in the mixed perovskite, and hence the catalytic activity. Indeed, the literature data testify to such an effect, but it was different in different reactions.



It was thus demonstrated in [10] that the catalytic activity in CO oxidation (the conversion degree of CO) of the LaMn1−xFexO3 (0 < x < 1) perovskites prepared by the precipitation or citrate method and calcined at 800 °C changed through a maximum at x = 0.6 due to the highest specific surface area of the sample, while the activity normalized per m2 was higher for LnMnO3 (x = 0). It was noted that the introduction of iron increased the Mn3+ /Mn4+ ratio and decreased the unit cell parameter of the perovskite structure from 3.931 Å for lanthanum manganite to 3.8743 Å for lanthanum ferrite. The influence of the LaMn1−xFexO3 (0 < x < 1) preparation method on the activity was also revealed: the samples prepared by the citrate method were more active.



A recent study undertaken by Miao et al. [8] revealed the high catalytic activity of the La(Mn, Fe)O3+λ catalyst in low and middle temperature methane oxidation and the effects of different preparation conditions on the catalyst (the composition was not given) performance. The results showed that the single-phase perovskite La(Mn, Fe)O3+λ catalyst stable in methane oxidation could be prepared by the sol-gel method after calcination at 600 °C for 3 h in the air atmosphere. The highest activity in methane combustion in the middle and low temperature regions was revealed for the La(Mn, Fe)O3+λ catalyst when ethylene glycol/metals ratio = ½ and citric acid/metals ratio = ½ were obtained after its calcination at 600 °C. The catalyst had a high specific surface area (29.2 m2/g), pore volume (0.19 cm3/g), pore diameter (27.8 nm), and a higher Mn3+/Mn4+ ratio on the surface.



In [15], single-phase perovskites LaMn1−xFexO3 (0 < x <1) were prepared by the sol-gel method, calcined at 700 °C, and studied in the NO + CO catalytic reduction over the temperature region of 150–500 °C. It was shown that the introduction of iron, on the contrary, decreases the specific surface area of the samples, increases the fraction of Me4+ cations on the surface, and facilitates the reduction of perovskites. Thus, the maximum activity (the conversion of CO and NO) in this reaction at 350 °C was observed for a sample with the composition LaMn0.3Fe0.7O3 and low specific surface area.



In [16], single-phase perovskites LaMn1−xFexO3 (0 < x < 1) were prepared by the method of polymer-salt compositions (Pechini) after thermal treatment of polymer-salt precursors at 800 °C. The authors of [16] revealed an increase in the lattice parameter of the perovskite (in a cubic approximation) from 3.885 to 3.944 Å with raising the iron content (in contrast to [10]), the specific surface area of the samples showed slight changes in the range of 11–15 m2/g. The TPR data indicate a higher reducibility of manganese cations and, on the contrary, an increase in stability of iron cations in the obtained mixed perovskites; the catalytic activity in hydrogen peroxide decomposition decreased with raising the iron content in the x series: 0~0.27 >> 0.57 >> 0.90. A high activity of LaMn1−xFexO3 (0 < x < 0.15) perovskites in the soot oxidation reactions was demonstrated in [17].



The authors of [18] investigated the electronic, structural and magnetic properties of the LaMn1−xFexO3 (0 < x < 1) perovskites obtained by the glycine-nitrate synthesis and calcined at 1000 °C in air. It was found that the samples with x < 0.5, similar to LaMnO3+δ, are the rhombohedral perovskites containing excess oxygen, whereas the samples with x ≥ 0.5 are the orthorhombic perovskites not containing excess oxygen, which are antiferromagnets with the predominant exchange interaction Fe-O-Fe.



Data reported in the literature indicate that a continuous series of single-phase solutions can appear in the LaMn1−xFexO3 (0 < x < 1) system already after thermal treatment at 600 °C, which is promoted by a homogeneous distribution of cations at the stage of precursor synthesis (Pechini, citrate and sol-gel methods). The literature data also indicate that the morphotropic phase transition occurs in the system in the region of x = 0.5. The high catalytic activity of LaMn1−xFexO3 perovskites in some reactions was revealed, but the regularities describing changes in the catalytic activity of oxides with an increase in the content of iron cations are contradictive; this may be related to different methods of sample preparation in the studied catalytic reactions or to the different action of reaction media on the catalysts, which may change the chemistry of catalysts. For example, the authors of [19], when studying the La1−xCaxMnO3 samples prepared by the Pechini method before and after testing in methane oxidation, observed the appearance of structurally ordered regions on the surface after testing and an increase in the calcium content, which led to a decrease in their activity.



The LaMn1−xFexO3 perovskites may be of interest not only as the catalysts for deep oxidation processes, but also as the catalysts for high-temperature N2O decomposition because the substitution of manganese cations by iron cations in position B will affect the oxygen bond strength and the catalytic activity in N2O decomposition as well as taking into account the reaction limiting stage (oxygen desorption) according to [3]. Thus, in the N2O decomposition there is no possible influence of CO2 on the catalyst activity as compared with methane and CO oxidation.



To elucidate a possible role of the reaction medium, three different catalytic processes occurring with the involvement of the catalyst oxygen were chosen for the investigation of oxides prepared by the Pechini method. The oxidation of methane, which is the most difficult to oxidize among hydrocarbons, and the high-temperature nitrous oxide decomposition are catalytic processes of practical interest. It is also reasonable to estimate the activity of oxides in CO oxidation, which will allow us to compare experimental and literature data for revealing the role of the preparation method.



The Pechini method implies the absence of liquid effluents and is often used for catalyst preparation because it allows the synthesis of mixed single-phase oxides at moderate calcination temperatures and provides a more uniform distribution of oxides on the support surface during the synthesis of supported catalysts.



The goal of the study was to investigate the catalytic properties of LaMn1−xFexO3 (0 < x < 1) perovskites prepared by the Pechini method in different catalytic reactions that proceed with the involvement of the catalyst oxygen—nitrous oxide decomposition, oxidation of methane and CO—in order to assess the contributions of reaction medium and preparation method to the regularities describing changes in the catalytic activity of the oxides with variation of x.




2. Results and Discussion


2.1. Catalysts Characterization


As shown by XRD analysis (Figure 1a and Table 1), all the samples of the LaMn1−xFexO3 series are well crystallized (the SCR size of ca. 66–95 nm) single-phase solid solutions with the perovskite structure.



The unit cell parameters of oxides listed in Table 1 indicate that the unit cell volume of the solid solution increases with the iron content (Figure 1b), which is consistent with the data reported in [16]. Taking the close ionic radii of Fe3+ and Mn3+ cations into account, it can be assumed that the observed growth of the lattice parameter is caused by an increase in the number of oxygen vacancies in the structure of perovskites that occurs with the increase in iron content. The formation of vacancies may be promoted by the reducing conditions that are implemented during the preparation of oxides by the Pechini method, in contrast to the data of [10].



It should be noted that in the synthesized series of samples, the morphotropic phase transition caused by an increase in the content of iron cations in oxides is observed in the composition range of x~0.4. Samples with x < 0.4 are the rhombohedral perovskites, whereas samples with x > 0.4 are the orthorhombic ones. The LaMn0.6Fe0.4O3 sample with x = 0.4 is characterized by the co-existence of two phases having the perovskite structure, the orthorhombic and rhombohedral ones. The analysis of micro-distortions calculated by the Williamson-Hall formula (Table 1) shows that their number in the oxide structures increases with the content of Fe cations, probably due to the growth in the number of oxygen vacancies in the oxide structure. The presence of the morphotropic phase transition at x~0.4 revealed in this study, instead of x = 0.5, which was reported in [18], may be caused by the difference in the content of vacancies in the oxides prepared under different conditions (the Pechini method in this study and the glycine-nitrate method in [18]) or by possible deviations of the real stoichiometric ratio of cations in the oxides used in our study and in the cited work.



Although the phase composition of lanthanum manganite does not change after catalytic testing in methane oxidation (Table 1), a change in its structural modification and an increase in the unit cell volume are observed, which are typical of the polymorphous high-temperature transition [20], and may be caused by a decrease in the content of excess oxygen in the sample under the action of reaction medium. Noteworthy also is a decrease in the unit cell volumes against the background of the increased number of micro-distortions in the structure of iron-containing rhombohedral perovskites after testing (Table 1 and Figure 1b) and insignificant changes in the SCR size, which may testify to the association of point defects and the formation of extended ones. After testing, the LaMn0.6Fe0.4O3 sample retains two modifications (orthorhombic and rhombohedral). Thus, the reaction medium of methane oxidation substantially increases the content of vacancies in oxides, facilitating the polymorphous transition in the case of lanthanum manganite or their ordering in the case of iron-containing perovskites.



The observed differences in the LaMn1−xFexO3 oxides prepared by the Pechini method may affect their catalytic properties, which can lead to different changes in the activity of such oxides in the reactions involving oxygen. Furthermore, it can be expected that an additional effect on the activity may be exerted by the reaction medium.



According to HRTEM data (Figure 2), the synthesized samples are also the single-phase solid solutions with the perovskite structure. The distinctive feature of this series of samples is the presence of pores on the surface, which formed upon removal of functional groups from the surface of the material. The perovskite particles have a rounded plate-like shape and a size of 100 nm–1 µm; they merge into dendritic agglomerates with the size of several microns.



After catalytic testing in methane oxidation, the samples also consist of the dendritic agglomerates comprising the rounded plate-like particles with a size from 100 nm to 1 µm. Pores with a widely varying size (from 1 to 100 nm) and amorphous carbon are observed on the surface of such well crystallized particles (Figure 3). Local orderings consisting in duplication of the unit cell period along (100) and (101) planes occur on some particles; this may be caused by the local ordering of Fe and Mn cations due to the Yan-Teller effect (Figure 4). The indicated local orderings are ca. 10 nm in size. Their formation may be related to the redistribution/ordering of Mn cations, which increases the number of micro-distortions in the oxide structure, primarily on the perovskite surface, because the corresponding reflections are not observed in the diffraction patterns. HRTEM did not detect any other visible changes in the structure or the presence of impurities except for those indicated above.



The data obtained allow for the conclusion that although the structure of oxides is stable in the reaction medium of methane oxidation, the content of oxygen vacancies in oxides increases under the action of reaction medium, which is accompanied by a decrease in the content of Mn4+ cations, the appearance of local regions with the ordered structure on the surface, and an increase in the number of micro-distortions. The appearance of carbon on the surface is also observed.



The data obtained allow for the conclusion that although the structure of oxides is stable in the reaction medium of methane oxidation, the content of oxygen vacancies in oxides increases under the action of the reaction medium, which is accompanied by a decrease in the content of Mn4+ cations, the appearance of local regions with the ordered structure on the surface, and an increase in the number of micro-distortions. The appearance of carbon on the surface is also observed.



XPS was used to investigate the surface composition of the series of LaMn1−xFexO3 samples. The binding energies of Mn2p3/2, Fe2p3/2, La3d5/2 and O1s and relative concentrations (atomic ratios) of elements in the subsurface layer of catalysts, which were derived from XPS data, are listed in Table 2. According to XPS data for the tested catalysts, the surface of the samples is enriched with lanthanum cations because the atomic ratios [Fe]/[La] and [Mn]/[La] are lower than the stoichiometric ratio in the bulk of oxides. The [Fe]/[Mn] atomic ratio is also lower than the stoichiometric one. As the iron content in the samples is raised, the content of manganese cations on the surface monotonically decreases, whereas the content of iron cations increases; however, their ([Fe]/[Mn]) ratio is nearly two times lower than the stoichiometric value, which indicates that the surface of substituted perovskites is depleted with iron cations. In addition, with the increasing iron content in substituted samples, the fraction of lanthanum on the surface increases because the [Fe + Mn]/[La] ratio decreases. Noteworthy also is a considerable growth of the carbon content on the surface of samples with the composition x = 0.6 and x = 0.8, which may testify to a higher content of residual carbon in the iron-containing perovskites.



According to XPS data, the lanthanum in the tested catalysts is in the La3+ state and enters the composition of perovskite and partially the composition of lanthanum carbonate La2(CO3)3. Iron cations are present in the Fe3+ state in the octahedral environment of oxygen. Manganese cations in the catalysts under consideration are in the Mn3+ state. Since the binding energies of Mn3+ and Mn4+ cations are close, the presence of manganese cations in the Mn4+ state on the surface cannot be ruled out.



Thus, the substitution of manganese cations by iron leads to the depletion of the surface of substituted LaMn1−xFexO3 oxides with 3d cations, which is more pronounced for iron cations, and to the enrichment of the surface with lanthanum cations, probably in the form of La2(CO3)3.



As follows from the data of Table 1, the lowest specific surface area, 3.2 m2/g, is observed for unsubstituted samples of lanthanum manganite. The substitution of manganese cations by iron in the perovskite structure increases the specific surface area to 10 m2/g. The specific surface area of lanthanum ferrite is 6.1 m2/g. Thus, all of the substituted samples have a greater specific surface area than the unsubstituted ones.



Figure 5 and Table 3 present the H2-TPR curves for LaMn1−xFexO3 samples and the calculated amounts of hydrogen adsorbed by the samples. Two reduction regions are observed for the samples: at low and high temperatures. The adsorption in the low-temperature region (up to 550 °C) for LaMnO3 and LaFeO3 corresponds to the reduction of Mn4+ cations to Mn3+ or Fe3+ cations to Fe2+, respectively, whereas the adsorption in the high-temperature region—to the reduction of Mn3+ cations to Mn2+ or Fe2+ cations to Fe0.



The introduction of iron at the retained structural modification of lanthanum manganite (the LaMn0.8Fe0.2O3 sample) leads to a significant decrease in the reduction temperature that is virtually proportional to the manganese content decrease in the amount of adsorbed hydrogen in the first peak and, on the contrary, to an increase in the reduction temperature and a decrease in the adsorption in the second peak. This may indicate the promotion of the reduction of Mn4+ cations and, on the contrary, the hindering of the reduction of Mn3+ cations in this sample. A further increase in the content of iron cations significantly decreases the adsorption in the first and second peaks. Thus, the introduction of iron cations decreases the total adsorption (up to 900 °C) and adsorption in the low-temperature region (up to 550 °C), which is determined mostly by the reduction of Mn4+ cations; this is accompanied by a considerable lowering of the temperature at which the reduction of the samples starts.




2.2. Catalytic Activity in Methane and CO Oxidation and Nitrous Oxide Decomposition


Figure 6a displays the temperature dependence of methane conversion for LaMn1−xFexO3 samples. As the testing temperature is raised, methane conversion increases, and complete conversion is achieved for all the samples already at 600 °C. The oxidation products are CO2 and H2O only. The highest conversion of methane at all the testing temperatures was observed for the lanthanum ferrite sample with x = 1 and for the mixed perovskite with the substitution degree x = 0.4 (the sample from the region of morphotropic phase transition). The observed dependence of activity of the samples on the composition in methane oxidation (Figure 6a) differs from the dependence reported in the literature [10], which was obtained in CO oxidation, probably due to the difference in the specific surface area of the samples. However, the data obtained testify that the conversion is determined not only by the specific surface area of samples because the sample with the highest specific surface area (x = 0.8) is not the most active one.



Indeed, normalization of the catalyst activity to the unit surface area (determination of the methane oxidation rate, Figure 6b) demonstrated that all the intermediate compositions were less active than the extreme terms of the series. Note that an increase in the x value decreased the normalized catalytic activity (x = 0 > x = 0.2~x = 0.4~x = 1 >> 0.6~x = 0.8); the lowest activity was observed for the samples with the composition x = 0.6 and 0.8. In addition, it was shown that the activity of these samples additionally decreased upon testing. Thus, although methane conversion for the samples with x = 0, x = 0.2 and x = 1 does not change at 500 °C, its estimation after testing at 600 °C shows a significant decrease for the samples with x = 0.6 and 0.8 (by 8 and 13%, respectively). This may be caused by the imperfection of oxides and the surface properties related to the preparation method (Pechini in this work), as well as by the features of the methane oxidation process, particularly the action of reaction medium on the catalyst.



Figure 7 shows CO conversion and the rate constant versus the testing temperatures. The dependence of normalized activity (k) on the composition in CO oxidation obtained in our study is nearly the same as the dependence obtained for methane oxidation, but differs from that reported in the literature for the samples prepared by the precipitation or citrate method [10]. The most active samples were those with x = 0 and x = 1. All the intermediate samples, as in the case of methane oxidation, exhibit a lower activity as compared to the extreme terms of the series (x = 0 > x = 1 > x = 0.2~x = 0.4~x = 0.6~x = 0.8).



It should be noted that in CO oxidation, the catalytic activity of samples measured at 350 °C does not change after their testing at 500 °C. The data obtained indicate that the normalized catalytic activity of LaMn1−xFexO3 is affected not only by the composition of catalysts and their preparation method, but also by the reaction medium.



Presumably, the higher content of lanthanum on the surface and the depletion with 3d cations lead not only to a lower activity in oxidation reactions of the mixed iron-containing catalysts prepared by the Pechini method, but also to their deactivation at a high content of lanthanum (samples with x = 0.6 and 0.8), which is related to the ability of lanthanum oxide to form carbonates and to carbonize. It cannot be ruled out that the activity is also affected by the structurally ordered regions, which are formed under the action of the methane-containing reaction medium on the surface of perovskites, as was noted for the samples with a high substitution degree. The conclusion on the effect exerted by surface enrichment with lanthanum on the activity of catalysts synthesized by the Pechini method agrees with the conclusion made in [10] on a lower activity of the samples obtained by precipitation and containing lanthanum compounds on the surface. Taking into account the dependence between amounts of organics used in the synthesis and content of carbonates on the surface of oxides, which was revealed in [21], by analogy it is expected that the content of carbonates in the oxides prepared by the Pechini method will be higher than in those prepared by the citrate method. It seems that the higher content of lanthanum and hence of carbonates in the samples prepared by the Pechini method changed the form of dependence of activity of the samples on the composition in oxidation reactions because carbonates can block the active sites.



Taking into account the additional effect of reaction inhibition by surface carbonates on the activity, which is more pronounced for compositions with x = 0.6 and 0.8 having the highest lanthanum content on the surface, it can be stated that data on the activity in oxidation reactions correlate with TPR data on the amount of adsorbed hydrogen in the first reduction peak. A decrease in adsorption in the first peak with raising the iron content, which testifies to a decrease in the amount of reactive oxygen, correlates with a decrease in the activity of catalysts in oxidation reactions. An additional effect is exerted by the inhibition by the reaction product, which is more pronounced for compositions with x = 0.6 and 0.8 owing to a higher content of lanthanum on the surface. This leads to the observed deviation from the linear dependence between the activity and amount of reactive oxygen.



Thus, the observed changes in the normalized catalytic activity of samples in methane and CO oxidation reactions in dependence on the composition are caused not only by the composition but also by the synthesis method that provided the surface enrichment with lanthanum, which eliminated the dependence between activity and amount of weakly bound oxygen. In a more reducing methane-containing reaction medium, an additional effect on the activity can also be exerted by the ordering of cations. Supposedly, for the reactions that proceed with the involvement of the catalyst oxygen but without inhibition by the reaction product, changes in the activity will correspond to changes in the defect structure of oxides, which determines the content of weakly bound oxygen species.



In this connection, of interest is the high-temperature decomposition of nitrous oxide because this process is determined by oxygen desorption from the surface [22,23]. Figure 8 displays data on the nitrous oxide conversion and reaction rate constants for the tested samples versus temperature. A higher conversion is observed for the mixed oxides with x = 0.4, 0.6 and 0.8, which have a higher specific surface area, whereas the extreme terms of the series have the lowest activity. An estimation of the activity normalized to the unit surface showed that the maximum activity is exhibited by the sample with x = 0.2 (Figure 8b). Indeed, data on the activity correlate well with the hydrogen adsorption in the first reduction peak in the region of compositions with x = 0.2–1. It means that the modification of lanthanum ferrite with manganese cations, which increases the content of weakly bound oxygen, also increases the activity of catalysts. However, the lanthanum manganite sample, which has the highest amount of weakly bound oxygen but a low activity, falls out of this dependence. The activity of lanthanum manganite in this series is lower than the value expected according to TPR; as shown in [24], this may be caused by a change in the rate-determining stage of the oxygen desorption process, which includes stages of oxygen atoms recombination leading to the formation of oxygen molecules, and the stage of molecular oxygen desorption. If for lanthanum ferrite the rate-determining stage of the oxygen desorption process is exactly the desorption stage (the formation of oxygen molecule does not limit), then for lanthanum manganite it is the stage of oxygen molecule formation. Our earlier study showed that the substitution of lanthanum in lanthanum manganite by strontium also increases the nitrous oxide conversion due to the acceleration of the rate-determining stage—the formation of oxygen molecules. The introduction of iron cations in lanthanum manganite, which also leads to the formation of vacancies, increases the formation rate of oxygen molecules and probably changes the rate-determining stage of the process at x = 0.2.



Thus, in the high-temperature decomposition of nitrous oxide in the absence of inhibition by reaction products, the activity of samples correlates with the degree of substitution, which determines the amount of weakly bound oxygen in the series of compositions with x = 0.2–1. Lanthanum manganite (x = 0) falls out of this correlation most probably due to the change of the rate-determining stage of nitrous oxide decomposition for this perovskite. The data obtained also demonstrate that activity of the substituted perovskites in N2O decomposition becomes comparable with the activity of the most active LaCoO3 perovskite [3].





3. Materials and Methods


3.1. Preparation of the Catalysts


The synthesis of LaMn1−xFexO3 samples with a step of x = 0.2 was carried out by the Pechini method and included the dissolution of crystalline hydrates of the corresponding nitrate salts in water, the mixing of the solutions in a desired cationic ratio, and the addition of citric acid and ethylene glycol with the subsequent evaporation at 70–80 °C to obtain a rubber-like polymer (a polymer-salt composition). After oxidative destruction of the polymer at 110 °C, the formed precursors were calcined at 900 °C for 4 h.




3.2. Characterization of the Catalysts


X-ray diffraction patterns of the samples were obtained on an HZG 4-C (Freiberger Präzisionsmechanik, Freiberg, Germany) diffractometer using monochromatic (a flat diffracted-beam graphite monochromator) Cukα radiation in the angular range of 10–75° (2θ) and point-by-point scanning. A scanning step was 0.05°, and the accumulation time in each point was 3 s. Unit cell parameters were calculated using the Polycrystal software package [25]. CSR parameters and ∆d/d micro-distortions were calculated according to the Selyakov-Scherrer equation in a cubic unit cell approximation using the formula βcos θ = λ/D + 4(Δd/d) sin θ.



High resolution transmission electron microscopy (HRTEM) data were obtained on a JEM-2010 (JEOL, Tokyo, Japan) instrument with a resolution of 1.4 Å. Energy dispersive X-ray analysis (EDX) of the elemental composition of samples was performed on an EDX spectrometer with an Si(Li) detector having an energy resolution of 130 eV. Prior to the study, particles of the samples were deposited on the perforated carbon substrates fixed on copper or molybdenum grids using a UZD-1UCh2 ultrasonic disperser to obtain a uniform distribution of the particles over the substrate surface.



The chemical composition of the catalyst surface was examined using a SPECS Surface Nano Analysis GmbH (Berlin, Germany) photoelectron spectrometer equipped with a hemispherical analyzer PHOIBOS-150-MCD-9, X-ray monochromator FOCUS-500, and an XR-50M source of characteristics radiation with a double Al/Ag anode. The spectra were recorded using a monochromatic Al Kα source (hv = 1486.74 eV).



The specific surface area was determined by the BET method from the thermal desorption of argon.



The temperature-programmed reduction with hydrogen (H2-TPR) was performed in a flow setup with a thermal conductivity detector to examine the catalyst samples with the grain size of 0.25–0.50 mm. The samples were pretreated in oxygen at 500 °C for 30 min and then cooled in oxygen to room temperature. The weight of the sample was 50 mg; and the reducing medium (10% H2 in argon) was fed at a rate of 40 mL/min. The samples were heated to 900 °C at a rate of 10°/min. The amount of adsorbed hydrogen was calculated using the Origin software package over the temperature regions of 40–550 and 40–900 °C.




3.3. Catalytic Tests


The catalytic activity toward the oxidation of methane was estimated for the catalysts with 0.25–0.5 mm grain size at 350–600 °C in a flow-type setup equipped with a chromatographic analysis unit. Prior to each measurement, the sample was held in the reaction medium (0.9% CH4 + 9% O2 + 90.1% N2, flow rate 2.4 L/h, and contact time 1.5 s) for ca. 30 min. The products of methane oxidation were carbon dioxide and water only. The reaction rate was calculated under the assumption of its plug-flow mode using the formula:


w = 2.69 × 1019 kC0 (CH4 molecules) m−2 s−1



(1)




where k is the reaction rate constant, k = −ln(1 − x)/τ Ssp m, m–2 s–1 (x—the methane conversion; τ—the contact time, s; m—the sample weight, g; Ssp—the specific surface area of the sample, m2/g), and C0 is the initial concentration of methane (%). After testing at 300, 350, 400, 450, 500 and 550 °C, the sample was cooled to 350 °C in the reaction mixture flow, and its activity was estimated once more.



The catalytic activity in CO oxidation was measured in a flow-circulation setup using the catalyst fraction with the grain size of 0.25–0.5 mm. A mixture of 1 g catalyst and 1 cm3 quartz was loaded in a tubular quartz reactor with the diameter of 15 mm. The reaction mixture 1% CO + 1% O2 (N2 the balance) was fed at a rate of 10 L/h; the circulation rate was 1000 L/h. Before the experiment, the sample was held in a flow of artificial air with the composition 20% O2 + 80% N2 (5 L/h) at 400 °C for 1 h and then cooled. Prior to each measurement, the sample was held in the reaction mixture at a specified temperature for 30 min. The rate constant was calculated under the assumption of perfect mixing mode of the reaction using the formula:


k = XCO/[(1 − XCO)·N·Ssp·τ] m−2 s−1



(2)




where XCO is the CO conversion; N—the catalyst weight, g; Ssp—the specific surface area, m2/g; and τ—the contact time, s. After testing at 300, 350, 400, 450 and 500 °C, the sample was cooled in the reaction medium flow to 350 °C, and its activity was measured once more.



The catalytic activity in nitrous oxide decomposition was estimated at 750–900 °C in a flow setup equipped with a chromatographic analysis unit. 10 mg samples of the catalyst with the grain size 0.25–0.5 mm were used. Contact time was 0.001 s at a 1 L/min consumption of the reaction mixture with the composition 0.15% N2O + 3% O2 + 3% H2O (He the balance). A preliminary experiment excluded the effect of external diffusion limitations and the occurrence of homogeneous reaction in an empty reactor.



The catalytic activity was classified by the first order reaction rate W of N2O decomposition according to the following equations:



Reaction rate at the reactor inlet, mol N2O/m2 × s


W = k C0/S q



(3)







First order reaction rate constant, 1/s


k = τ−1 ln C0/C



(4)







Residence time (contact time), s


τ = 17,880 v P/(273 + T) V



(5)




where C0 and C are concentrations of N2O in the inlet and outlet mixtures (mol), respectively; V—the total flow rate (ml/min), T—the reaction temperature (°C), P—the pressure in the reactor (atm); v—the catalyst volume (ml), q—the catalyst weight (g); and S—the BET surface area (m2/g).





4. Conclusions


	
Perovskite samples of the LaMn1−xFexO3 (x = 0–1) series were prepared by the Pechini method; their physicochemical properties were studied and catalytic activity was estimated in methane and CO oxidation and nitrous oxide decomposition reactions.



	
Samples with the composition x < 0.4 were shown to be the orthorhombic perovskites, whereas samples with x > 0.4 were the rhombohedral ones. Both modifications are present in the sample with x = 0.4, which indicates that the morphotropic phase transition occurs in the systems in the composition region with x~0.4. The TPR study revealed that an increase in the x value decreases the amount of weakly bound oxygen and lowers the temperature at which the reduction starts. Specific surface area values change through the maxima at x = 0.8. The XPS study demonstrated that the surface of the samples with 0 < x < 1 prepared by the Pechini method is enriched with lanthanum compounds.



	
All of the intermediate samples of the series were shown to have a lower normalized per m2 catalytic activity in CO and methane oxidation reactions as compared to extreme terms of the series; therefore, LaMnO3 was more active than LaFeO3. The observed dependence of the samples’ activity with an increase in the x value cannot be attributed only to a decrease in the content of weakly bound oxygen species, which behave in a linear manner with an increase in x. An additional effect is exerted by an increase in the content of lanthanum compounds on the surface, which leads to blocking of the surface by the reaction product (CO2) that forms surface carbonates with lanthanum compounds. The higher the content of lanthanum on the surface, the more pronounced is the detected decrease in activity. It cannot be ruled out also that an additional decrease in activity of the samples with high iron content during methane oxidation is promoted by the formation of locally ordered regions and carbon on the surface of these oxides upon testing. So, the best normalized per m2 activity in methane and CO oxidation among the studied perovskites was revealed for LaMnO3.



	
It was shown that all of the intermediate samples of the series, on the contrary, are more active in the high-temperature decomposition of nitrous oxide than the extreme terms of the series; the maximum normalized catalytic activity was observed for the sample with x = 0.2. A decrease in activity with the growth of x in the series with x = 0.2–1 correlates with the content of weakly bound oxygen species in the samples. Lanthanum manganite may fall out of the correlation due to the difference in the rate-determining stage of the process in the case of this oxide. Therefore, the best normalized per m2 activity in high-temperature N2O decomposition was revealed for LaMn0.2Fe0.8O3.



	
Different dependences of activities on the catalyst’s composition or amount of weakly bound oxygen species in the samples obtained in the study for the tested reactions, which are implemented with participation of the catalyst oxygen, are caused by the effect of characteristic features of the reaction mechanisms and the preparation method.
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Figure 1. X-ray diffraction patterns of LaMn1−xFexO3 perovskites before catalytic testing (a) and the unit cell volume in dependence x before (-■-) and after (-●-) testing (b) in methane oxidation. 
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Figure 2. HRTEM images of the morphology (a) and crystal lattice (b) of the LaMn0.8Fe0.2O3 sample. 
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Figure 3. HRTEM images of morphology (a) and crystal lattice (b) of the LaMn0.6Fe0.4O3 sample after methane oxidation. 
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Figure 4. HRTEM image of the LaMn0.2Fe0.8O3 microstructure after methane oxidation; FFT image illustrates duplication of the unit cell period along the (100) and (101) planes. 
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Figure 5. H2-TPR curves for LaMn1−xFexO3 samples. 
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Figure 6. Temperature dependence of methane conversion (a) and methane oxidation rate (b) for LaMn1−xFexO3 perovskites. 
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Figure 7. Temperature dependence of CO conversion (a) and CO oxidation rate constant (b) for LaMn1−xFexO3 perovskites. 
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Figure 8. Temperature dependence of nitrous oxide decomposition degree (a) and nitrous oxide decomposition rate (b) for LaMn1−xFexO3 perovskites. 
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Table 1. X-ray diffraction analysis data for LaMn1−xFexO3 perovskites before and after testing in methane oxidation.
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Sample

	
Space Group

	
Unit Cell Parameters before Testing

	
Unit Cell Parameters after Testing

	
D (Å)

before Testing

	
D (Å)

after Testing

	
Δd/d∙104 before Testing

	
Δd/d∙104

after Testing

	
Ssp, m2/g






	
LaMnO3

	
Pnmb *

	
a = 5.491 (8)

b = 7.774 (4)

c = 5.489 (9)

	
a = b = 5.526 (3)

c = 13.324 (8)

	
660

	
660

	
3.9

	
4.5

	
3.2




	
LaMn0.8Fe0.2O3

	
R-3c

	
a = b = 5.514 (1)

c = 13.310 (1)

	
a = b = 5.513 (1)

c = 13.307 (1)

	

	
>1000

	
-

	
-

	
4.3




	
LaMn0.6Fe0.4O3

	
R-3c

	
a = b = 5.521 (1)

c = 13.352 (4)

	
a = b = 5.517 (1)

c = 13.310 (2)

	
-

	
-

	
-

	
-

	
6.0




	
Pnma

	
a = 5.486 (1)

b = 7.769 (1)

c = 5.524 (1)

	
a = 5.486 (1)

b = 7.771 (1)

c = 5.525 (1)

	
950

	
860

	
1.8

	
5.9




	
LaMn0.4Fe0.6O3

	
Pnma

	
a = 5.512 (1)

b = 7.805 (1)

c = 5.536 (1)

	
a = 5.502 (1)

b = 7.812 (1)

c = 5.530 (1)

	
920

	
920

	
7.4

	
11.0

	
8.4




	
LaMn0.2Fe0.8O3

	
Pnma

	
a = 5.543 (1)

b = 7.832 (1)

c = 5.556 (1)

	
a = 5.540 (1)

b = 7.829 (1)

c = 5.554 (1)

	
750

	
650

	
11.0

	
10.0

	
10.0




	
LaFeO3

	
Pnma

	
a = 5.563 (1)

b = 7.860 (1)

c = 5.560 (1)

	
a = 5.555 (2)

b = 7.852 (2)

c = 5.549 (1)

	
900

	
1000

	
10.0

	
20.0

	
6.1








* R3c/2 after testing.
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Table 2. Binding energies * of Mn2p3/2, Fe2p3/2, La3d5/2 and O1s (eV) and atomic ratios of elements in the subsurface layer of LaMn1−xFexO3 oxides according to XPS data.






Table 2. Binding energies * of Mn2p3/2, Fe2p3/2, La3d5/2 and O1s (eV) and atomic ratios of elements in the subsurface layer of LaMn1−xFexO3 oxides according to XPS data.





	Oxide
	Mn2p3/2
	Fe2p3/2
	La3d5/2
	O1s
	[Fe]/[La]
	[Mn]/[La]
	[Fe]/[Mn]
	[O]/[La]
	[C]/[La]
	[Fe+Mn]/[La]





	LaMn0.8Fe0.2O3
	642.29
	710.95
	834.26
	529.51

531.27

533.33
	0.06
	0.51
	0.13
	3.11
	1.53
	0.57



	LaMn0.6Fe0.4O3
	642.30
	710.91
	834.29
	529.57

531.56

533.62
	0.14
	0.39
	0.35
	2.92
	1.33
	0.53



	LaMn0.4Fe0.6O3
	642.31
	710.85
	834.48
	529.96

532.15

533.92
	0.17
	0.28
	0.62
	3.14
	3.13
	0.45



	LaMn0.2Fe0.8O3
	642.35
	710.79
	834.37
	529.85

532.07

533.75
	0.23
	0.15
	1.51
	3.20
	3.12
	0.38







* The binding energy scale was calibrated against the C1s line (Eb = 284.80 eV).
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Table 3. Total (40–900 °C) and low-temperature (40–550 °C) hydrogen adsorption for LaMn1−xFexO3 perovskites according to TPR data.
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	Sample
	Adsorption in the Range of 40–900 °C, mol H2/g
	Adsorption in the Range of 40–550 °C, mol H2/g
	Temperature of Adsorption Maxima in the Range of 40–550 °C





	LaMnO3
	34.4 × 10–4
	13.1 × 10−4
	520



	LaMn0.8Fe0.2O3
	18.3 × 10–4
	9.64 × 10−4
	413



	LaMn0.2Fe0.8O3
	6.71 × 10–4
	3.58 × 10−4
	382



	LaFeO3
	5.8 × 10–4
	2.2 × 10−4
	300
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