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ABSTRACT The structural and phase transformations of La0.6Ca0.4Mn1−yCoyO3±δ (y = 0.2 – 0.6) solid solutions
in a reducing atmosphere were studied using in situ XRD and HRTEM methods. Experiments have shown that
heat treatment in a reducing atmosphere of H2 leads to the partial decomposition of solid solutions, the nature
of which differs from decomposition in an inert atmosphere. In the case of a system with a hydrogen-containing
atmosphere, the heterogeneous reduction of the structure leads to the formation of an orthorhombic phase
of LaMnO3-based perovskite with disordered vacancies, an additional phase of ordered Rudlesden–Popper-
type perovskite based on La2CoO4 and Co and Ca2MnO4 nanoparticles on the surface of perovskite. In an
environment with excessive partial oxygen pressure for the reduced sample, the reverse phase transition of
the Rudlesden–Popper phase into the perovskite phase occurs.
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1. Introduction

Complex oxides with a perovskite structure have great potential for the synthesis and research of new compounds of
this type, due to their structural flexibility [1–3]. They are widely used as catalysts for various reactions, in particular,
reactions of high-temperature oxidation of hydrocarbons [4–6], decomposition of nitrogen oxides [7–9], in the processes
of photocatalytic production of hydrogen [10–12] or the disposal of antibiotics in wastewater [13, 14]. In many ways,
these properties are provided by structural features, in particular, the presence and distribution of cationic and anionic
vacancies [15, 16]. The most common method of influencing the perovskite structure is to obtain solid solutions by
replacing part of the cations with a lower charge state [17,18]. This leads to a decrease in the energy of vacancy formation,
an increase in the level of nonstoichiometry [19,20] and, as a result, to an increase in the activity of catalysts in oxidation
reactions [21, 22].

Another way to create the required level of nonstoichiometry may be heat treatment of a complex oxide under re-
ducing conditions. In the presence of cations of variable valence [23, 24], a decrease in the degrees of oxidation (as a
rule, in the B-sublattice) will lead to irreversible removal of lattice oxygen and the formation of vacancies. The initial
structure during these processes can either be preserved, undergoing minor changes in structural parameters [25], or be
partially destroyed [26] with the formation of new phases. In this case, nanoparticles of new phases can form on the
surface of perovskite-like oxides, which also affect their catalytic activity [27]. Thus, the catalytic activity of perovskites
can increase simultaneously due to an increase in the level of nonstoichiometry in the structure and mobility of lattice
oxygen, as well as due to the formation of a “carrier-active component” type system on the surface with partial decompo-
sition of the initial phase. On the other hand, additional temperature exposure in a reducing atmosphere can lead to partial
decomposition of solid solutions and can lead to negative consequences, in particular, to a decreasing of catalytic activity.

In this regard, studies of phase transformations of mixed oxides (for example, La–Ca–Mn–Co–O) are of interest for
understanding their mechanisms and possibilities of controlling the reduction process to obtain more active systems or to
search for optimal conditions for impact on initial solid solutions.
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2. Experimental section

La0.6Ca0.4Mn1−yCoyO3 sample was synthesized by the polymerizable precursor method. Appropriate amounts
of crystal hydrates of salts, including La(NO3)3 · 6H2O (ZRM, > 99 %), Ca(NO3)2 · 4H2O (Merck, > 99 %),
Mn(NO3)2 · 4H2O (Merck, > 99 %), Co(NO3)2 · 6H2O (Merck, > 99 %), citric acid (ChimProm, > 99.5 %), ethy-
lene glycol (ChimProm, > 99.5 %), and distilled water were mixed. An aqueous solution with appropriate cation ratio
La:Ca:Mn:Co was prepared. The resulting reagent was evaporated at 70 – 80 ◦C until the formation of a resinous polymer.
The precursor was calcined at 800 ◦C for four hours with a rise in temperature of 100 ◦C/h.

The microstructure of the photocatalysts was studied by HRTEM using a ThemisZ electron microscope (Thermo
Fisher Scientific, Waltham, MA, USA) at an accelerating voltage of 200 kV. The microscope was equipped with a SuperX
energy-dispersive spectrometer and a spherical aberration corrector. The maximum resolution of the microscope was
0.06 nm. For the HRTEM analysis, the samples were ultrasonically dispersed onto perforated carbon substrates attached
to copper grids.

XRD patterns were obtained on a Bruker AXS D8 Advance diffractometer (Karlsruhe, Germany) equipped with a
high temperature, supply of various gas mixtures, the use of CuKα radiation in scanning with a step of 2θ = 0.05◦

point by point, and an ac-cumulation time of 3 s at each point in a range of the angles 2θ = 15 – 75◦. Temperature
measurements were performed according to the following conditions: temperature rate of 10 ◦C/min with 30 % H2 +
70 % He flow and a mixture rate of 40 mL/min. Dif-fractograms were obtained at temperatures of 30, 300, 450, 600 and
750 ◦C. The crystallite sizes and chemical compositions were calculated in the X’Pert HighScore Plus (PANalytical B.V.,
Almelo, The Netherlands) software. The calculation and refinement of lattice parameters were performed in the IK (BIC
SB RAN, Novosibirsk, Russia) software by the method of least squares.

Thermal analysis of the sample was performed using a synchronous thermal analysis device, STA 449C Jupiter (NET-
ZSCH, Selb, Germany). This device combines the methods of differential thermal analysis (DTA) and thermogravimetric
analysis (TGA) into one dimension. The weight of the sample was approximately 100 mg. The furnace temperature
was increased from 40 to 900 ◦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.

3. Results and discussions

The samples of the La0.6Ca0.4Mn1−yCoyO3±δ series, (y = 0.2 – 0.6) synthesized by the Pechini method, according
to XRD, are well-crystallized solid solutions having ortho-rhombic symmetry with s.g. Pnma (see Fig. 1a). The volume
of the unit cell of complex oxides varied from 224 to 227 Å3 (see Table 1). With an increase in the degree of cobalt
substitution, the volume of the unit cell showed a slight decrease, which can be explained by lower values of the radii of
Co3+ cations (0.59 ± 0.05 Å for Co3+ and 0.62 ± 0.02 Å for Mn3+), the number of which presumably increases with a
growth in the pro-portion of cobalt in the solid solution. The electroneutrality in the structure is mainly provided by the
formation of oxygen vacancies and Mn4+ cations, which has already been shown for La1−xCaxMnO3±δ [28], although
the formation of Co2+ cations is also allowed, as in LaMn1−yCoyO3±δ [29].

TABLE 1. Unit cell parameters of La0.6Ca0.4Mn1−yCoyO3±δ in initial state

Sample V , Å3 D, Å ε S, m2/g

La0.6Ca0.4Mn0.8Co0.2O3 227.37 590 0.0017 7.7

La0.6Ca0.4Mn0.7Co0.3O3 226.64 437 0.001 9.5

La0.6Ca0.4Mn0.6Co0.4O3 225.69 470 0.003 11.5

La0.6Ca0.4Mn0.5Co0.5O3 224.71 380 0.0035 11.8

La0.6Ca0.4Mn0.4Co0.6O3 224.33 433 0.0026 13.7

According to XRD data, the particles of solid solutions consist of crystallites with sizes of 20 – 30 nm (see Table 1),
correlating with the particle size, according to the HRTEM data, the average particle size is 40 – 50 nm (Fig. 1b). Based
on calculations, the micro-distortion parameter increases slightly in samples with a high content of Co cations. The spe-
cific surface area increases with the cobalt content and correlates with a decrease in the size of crystallites and particles,
respectively (Table 1). The performed mapping of chemical elements did not show significant deviations from the chemi-
cal composition (Fig. 1c). A more detailed study by the HRTEM method showed that the samples of this series are well
crystallized and have a perovskite structure in orthorhombic modification (Fig. 1d).

In situ XRD experiments in hydrogen containing atmosphere have shown that partial decomposition is character-
istic for perovskite-like oxides of these compositions, and the effect of a reducing medium leads to a decomposition
mechanism different from that observed in an only He medium [26]. La0.6Ca0.4Mn1−xCoxO3 samples similarly to
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FIG. 1. XRD patterns of La0.6Ca0.4Mn1−yCoyO3±δ in initial state (a). HRTEM images of sample
morphology (b) and microstructure (c), EDX mapping for La0.6Ca0.4Mn0.5Co0.5O3 sample (d)

La0.5Ca0.5Mn0.5Co0.5O3 release lattice oxygen when heated to 600 ◦C in a helium environment, which leads to a visible
increase in the cell parameters. Further heating to 750 ◦C leads to the decomposition of the complex oxide with the
formation of CaO and CoO particles on the surface of the perovskite (Fig. 2a). At the same time, the structure of the
perovskite type is quite stable with minor changes in chemical composition. The size of the crystallites also does not
change significantly and remains around the same values (about 55 nm for La0.6Ca0.4Mn0.8Co0.2O3).

FIG. 2. In situ XRD patterns of La0.6Ca0.4Mn0.8Co0.2O3 in He atmosphere (a), XRD patterns of
La0.6Ca0.4Mn1−yCoyO3 after treatments in hydrogen containing atmosphere (b)

At the same time, strong asymmetric broadenings of the perovskite phase reflexes are observed in the hydrogen
medium (Fig. 2b), further splitting of which occurs at 550 – 600 ◦C. The phase composition of the system most likely
includes perovskite-like solid solutions of orthorhombic symmetry, with different chemical compositions and, as a result,
unit cell parameters. The differences in composition are primarily due to different oxygen content, while the formation
of cobalt nanoparticles on the surface (S.g. Fm3m, PDF No. 15-806), as well as Ca2MnO4 (PDF No. 78-1031) and CaO
(PDF No. 37-1497) shows that changes occur in the cationic sublattices. At 600 ◦C, the transformation of part of the
initial solid solution into the phase of ordered perovskite (Raddlesden–Popper) of tetragonal symmetry (structural type
La2CoO4, s.g. I4/mmm, PDF No. 34-1081) is also observed.
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For the sample with the highest content of Mn cations – La0.6Ca0.4Mn0.8Co0.2O3, a similar transformation is also
observed, although it is expressed to a lesser extent (Fig. 2a). With a decrease in the proportion of manganese cations in
the structure to 0.6 – 0.4, the intensity of the peaks of the ordered perovskite phase increases significantly and it becomes
larger, which makes it possible to make conclusion about the key role of cobalt in this transformation. An increase in the
cobalt content in the solid solution also reduces the temperature at which structural transformations begin: for example,
in the case of La0.6Ca0.4Mn0.4Co0.6O3 decomposition begins at 450 ◦C (Fig. 3a), while for La0.6Ca0.4Mn0.6Co0.4O3

the process does not begin earlier than 550 ◦C (see Fig. 3b) for La0.6Ca0.4Mn0.5Co0.5O3 it begins at 500 ◦C and for
La0.6Ca0.4Mn0.8Co0.2O3 – 600 ◦C.

FIG. 3. In situ XRD patterns obtained in hydrogen containing atmosphere La0.6Ca0.4Mn0.4Co0.6O3 (a)
and La0.6Ca0.4Mn0.6Co0.4O3 (b)

Table 2 shows the parameters of the unit cell (in the form of reduced volumes, for clarity) before and after heat
treatment in a reducing medium. The parameters for one of the phases after reducing are closer to the initial values, which
allows us to assert the heterogeneous layered nature of reducing medium. For the forming phase of an ordered perovskite,
the cell parameter is slightly less than that for La2CoO4. Apparently, this is due to the formation of a solid solution, with
the assumed composition of La2−xCaxCoO4−δ . The difference of 1 Å3 allows us to assert that the proportion of calcium
in it is relatively small, however, the presence of manganese cations in it is not excluded, which increase the volume of
the cell, and therefore it is difficult to judge the exact ratio of calcium in the structure. For the second phase based on
perovskite, the parameters are close to those for La0.85Ca0.15MnO3.

TABLE 2. The reduced volume of the unit cell of the initial and reduced samples

Sample V/Zinit., Å3 V/Ztetr., Å3 V/Zort., Å3

La0.6Ca0.4Mn0.8Co0.2O3 56.84 94.42 58.04

La0.6Ca0.4Mn0.7Co0.3O3 56.66 94.39 58.12

La0.6Ca0.4Mn0.6Co0.4O3 56.34 94.36 59.33

La0.6Ca0.4Mn0.5Co0.5O3 56.12 94.26 59.40

La0.6Ca0.4Mn0.4Co0.6O3 55.93 94.50 59.79

Apparently, the observed change in the structure of perovskite occurs due to the reduction of cobalt and manganese
cations, in particular, one of the key transformations here is Co3+ → Co2+. On the surface, under the influence of the
medium, these cations are further reduced to a metallic state and migrate to the surface, forming surface defects and
thereby promoting the process of H2 diffusion and reduction of the complex oxide. Taking into account the XRD data and
the possible heterogeneity of perovskite recovery, the phase of ordered perovskite based on La2CoO4 is located mainly in
the near-surface layers of particles, since it is characterized by a high content of Co2+ in its composition, while the phase
of disordered perovskite is located closer to the center of the particles.

At the same time, this process demonstrates partial reversibility in the case of repeated heat treatment in an oxygen-
containing atmosphere, as previously shown [27]. A similar behaviour was shown by the La0.6Ca0.4Mn1−yCoyO3 sys-
tems: for the phases, a decrease in cell parameters and an overlap of reflexes were observed, and only the perovskite phase
with orthorhombic symmetry was observed relatively reliably in the phase composition, the volume of the cell of which
was 2 – 3 Å3 larger than the volume of the initial phase (see Table 2). The process of restoring the structure is mainly
associated with the return of oxygen to the structure of the complex oxide, which is reflected in the thermogravimetry
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curves (Fig. 4a). This process is also clearly visible on the diffractograms of the initial sample La0.6Ca0.4Mn0.4Co0.6O3

in comparison with reduced in hydrogen and reoxidized in air (Fig. 4b). Thermogravimetric curves recorded for the cor-
responding states in the air atmosphere. For the initial sample of the reduced form, the presence of an oxygen release peak
at 600 ◦C was noted. This process, as it was shown earlier [27], leads to destabilization of the structure of complex oxides.
For the recovered sample, there is also an intense peak of oxygen absorption in the region of 300 ◦C, which is formed
due to at least the contribution of two processes: oxidation of complex oxides with a perovskite structure and oxidation of
cobalt metal nanoparticles to Co3O4.

FIG. 4. TG curves for the initial, reduced and oxidized La0.6Ca0.4Mn0.5Co0.5O3 in the air atmo-
sphere (a) and comparative XRD patterns of La0.6Ca0.4Mn0.4Co0.6O3, the green curve corresponds
to the original sample, the black curve corresponds to the reduced one in hydrogen, the red curve corre-
sponds to the reoxidized sample in the air stream (b)

In situ XRD studies show that upon reaching a temperature of 300 ◦C in air oxygen (Fig. 5b), the intensity of the
tetragonal phase reflex 100 changes due to the contribution of the orthorhombic reflex 200 to the signal, and some of
the other reflexes related to the orthorhombic phase shift towards large angles, which indicates a decrease in the cell
parameter of this phase. With a further increase to 600 ◦C, the reflexes of the ordered perovskite disappear, while at a
lower temperature (for example, 450 ◦C) this process is not carried out. This suggests that the mechanism of “reoxidation”
of La0.6Ca0.4Mn1−xCoxO3 proceeds in at least two stages: through oxygen saturation and “oxidation” of the structure of
nonstoichiometric orthorhombic perovskite at 300 ◦C, and then through subsequent restructuring of the layer of ordered
perovskite. Most likely, the transition to an unordered state requires a higher temperature, while the phase of an ordered
perovskite can be saturated with oxygen to certain limits while maintaining this state, and also serve as an effective oxygen
conductor for deeper layers, as a result of which their saturation and change occur. The La2CoO4-based phase may also
hinder further reduction of perovskite, as it may impede the diffusion of cobalt cations to the surface, due to which the
reduction in hydrogen proceeds inhomogeneously.

FIG. 5. In situ XRD patterns demonstrating the processes of reoxidation of solid solutions La0.6Ca0.4Mn0.6Co0.4O3
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Significant changes in the microstructure are clearly visible on EDX mapping (Fig. 6a). In the sample, after treatment
in a reducing atmosphere, the release of cobalt particles on the surface of the perovskite phase is observed. These particles
have approximately the same size on the order of 10 nm and a uniform distribution over the surface of the perovskite.
Also, according to the EDX mapping data, it can be seen that there are zones of enrichment with calcium cations, which
corresponds to the XRD data on the coexistence of two phases with different chemical compositions. The morphology of
the sample after reoxidation to 600 ◦C changes significantly, the particles of both the perovskite phase and cobalt oxide
particles are enlarged (Fig. 6b). At the same time, Ca cation enrichment zones are observed, which indicates that Ca does
not fully return to the perovskite structure. It is worth noting that according to HRTEM data, calcium oxide forms a film
coating (Fig. 6c) and therefore the signal from this phase is practically not observed on diffractograms. In general, the
structure of perovskite undergoes significant changes, expressed in the presence of a large number of micro-distortions
and a decrease in the degree of crystallinity (Fig. 6d).

FIG. 6. EDX mappings and HRTEM images of La0.6Ca0.4Mn0.4Co0.6O3 sample after treatments in
hydrogen containing medium (a,c) and after subsequent oxidation at a temperature of 600 ◦C (b, d)

4. Conclusion

The effect of the reducing medium on the structure of complex oxides La0.6Ca0.4Mn1−xCoxO3 was studied by in situ
XRD and HRTEM methods. It is shown that the influence of the reducing medium at temperatures of 450 – 600 ◦C leads
to the formation of ordered phases based on the Radlesdenne–Popper structure, while the content of this phase strongly
depends on the initial composition of perovskite. In addition, the high content of Mn cations in the perovskite sublattice
increases the temperature of such transitions.

The effect of oxygen treatment of the reduced samples at temperatures of 300 – 600 ◦C leads to a partial return of
the multicomponent system to its original state. Thermogravimetry has shown that oxygen is absorbed by these systems
in the temperature range 200 – 350 ◦C, which leads to a partial return to the perovskite structure. The study of the
microstructure by the HRTEM method showed that during the treatment of solid solutions in hydrogen, cobalt particles
and a Ca1−xMnxO layers coating are formed on the surface of the perovskite phase. After calcination in air, particles of
the Co and Ca-containing phase remain on the surface of the perovskite phase, which also indicates an incomplete return
of the structure of solid solutions to its initial state.
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