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Abstract: A series of Lag ¢Srg 4MnOs (LSM) perovskite was made using the rapid solution combustion
method, which was calcined by varying the temperatures. In order to determine how the calcina-
tion temperature affected the nanopowders produced and calcined at various temperatures, their
microstructural, morphological, compositional, optical, and electrical properties were analyzed using
corresponding characterization tools. The XRD results showed the coexistence of the rhombohedral
polymorphs R-3c and Pm-3m for the perovskite phase under a calcination temperature of 1400 °C,
which were eliminated with increased calcination temperature. The average grain size was found to
increase with increasing calcination temperature. The EDS analysis showed better agreement of the
stoichiometry with the theoretical composition. The apparent porosity decreased with increasing
temperature due to the coalescence of sintering pores. The sample obtained after calcination at
1500 °C showed 10.3% porosity. The hardness also improved with increasing calcination temperature
and reached a maximum value of 0.4 GPa, which matched the bulk density. A similar trend was
observed in the resistivity studies as a function of temperature, and all the samples exhibited a low
resistivity of ~1.4 Q)-cm in the temperature range of 500-600 °C. The optical characterization showed
broad absorption at 560-660 nm and bandwidth values between 3.70 and 3.95 eV, according to the
applied heat treatment.

Keywords: LSM; fast solution combustion synthesis; microstructure; hardness; resistivity

1. Introduction

Perovskites are a class of functional ceramic materials that can be broadly character-
ized by the general formula of ABX3, where X denotes a halide (Cl, Br, or I) or an oxygen
ion, which can be further subdivided into perovskite halides and/or oxides. Perovskite
halides are widely used in optoelectronic devices and in perovskite solar cells due to
their great optical absorption, good charge carrier mobilities, and low optical band gap
(1.2-1.4 eV) [1]. A perovskite with oxides is generally termed an ABO3; or A;BO; struc-
ture. A larger cation, A, is situated in the center edge of the structure in a perfect cubic
crystalline unit cell of perovskite, whereas a smaller cation, B, is situated in the middle of
the octahedron. Both cations are bound by the anion O [2]. A cation, which has 12 oxygen
atoms for coordination, can be either rare-earth, alkaline, or alkaline-earth. Any transition
metal ion from a 3d, 4d, or 5d configuration can be the B cation, which is encircled by
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six oxygen atoms in octahedral coordination. While the B cation is in charge of the catalytic
activity in the perovskite structure, the A cation plays a crucial function in stabilizing
the structure. As indicated above, the ability to modify a perovskite structure’s catalytic
characteristics through the partial or complete substitution of A and B cations enables a
better fit for the required catalytic applications [3,4]. In many fields, including solid oxide
fuel and electrolysis cells (SOFCs and SOECs, respectively) [5], solar cells [1,6], ceramic
membranes [7,8], heterogeneous catalysis [3,9], photocatalyst [10,11], water splitting [12],
magnetic refrigerators [13], biomaterials, and smart drugs [14], this class of material has
shown signs of development. Its unique structure and properties include electronic and
ionic conductivity, superconductivity, piezoelectricity, magnetic properties, and catalytic
activity [15]. Since Libby [16] and Voorhoeve et al. [17] first studied perovskites in the
early 1970s, perovskite-type oxides have gained huge attention as viable catalysts for en-
ergy conversion and storage applications. Since then, there has been a huge increase in
investigations into perovskite as catalysts or catalytic precursors. Furthermore, due to
their ability to hold many oxygen vacancies, they are desirable choices for electrodes in
SOFC applications.

The microstructure and composition of electrode materials have a big impact on the
performance of SOFCs. The materials that can be employed are constrained by high tem-
perature as well as the presence of oxidizing or reducing atmospheres. Perovskite-oxides
can function as catalysts in oxidation and reduction processes, which largely rely on the
band structure and the density of states [18]. At the moment, the highest-performing SOFC
in the commercial sector is primarily composed of oxygen ion conductors made up of
perovskite oxides such as Lag ¢Srp 4Cog 2Fep sO3 (LSCF) or Lag ¢Srg 4Cog 2Fep sO3 (LSM) and
Y,03-ZrO, (YSZ), etc., as a composite cathode [19-23]. These cathode materials exhibit
polarization, which is the primary cause of energy loss and low operational stability in
SOFCs [24]. Moreover, the high cost of SOFCs is mostly a result of the high production
cost of LSM [25]. As a result, one of the major areas of research in SOFCs is synthesizing
approaches to these perovskite oxide materials in order to offset their many disadvan-
tages [26], which include cost as well as structural, morphological, electrical, thermal,
magnetic, and other issues.

In the current generation of SOFCs, a nominal composition of Laj_,SrxMnOj (x = 0.2)
is typically utilized. Massive magneto-resistance materials are another use for compounds
from the doped lanthanum manganite group [27,28]. The use of materials falling under
this category is influenced by their final microstructure, grain size, pore size, and pore
size distribution, in addition to their chemical, structural, and thermodynamic proper-
ties [29-31]. The pore size distribution is crucial for both the permeability of oxygen gas
and the conversion of oxygen into oxygen ions, especially in SOFC devices with tubular
designs where LSM serves as both a cathode and a support tube. In order to predict the
reaction result when the electrolyte interacts with the La-Mn—Zr-O system, the homogene-
ity of the LSM must also be investigated [31]. In the traditional ceramic synthesis process,
which is based on the diffusion of components in their solid state at high temperatures,
these features depend on the processing parameters but are hardly adjustable. Hence, the
creation of novel, quick, and affordable synthesis methods for usage on a commercial scale,
together with the application of tools to assess the effectiveness of processing, is of utmost
importance for enhancing the electrode performance in SOFCs and their catalytic activity
in energy applications.

Due to its simplicity, cost-effectiveness, and high-quality end product, solution com-
bustion synthesis, which has been used to prepare a variety of compounds for technological
applications, particularly in the development of ReSOFC components with the desired
composition and structure, is a good option in this situation [32-35]. Thus, in this investi-
gation, we sought to obtain a perovskite-oxides-structured Lag ¢Sr9 4MnO3; material using
the fast combustion synthesis method by dissolving metal nitrates in an aqueous solution
and then directly combusting in a single step for only 10 min, obtaining a powder foam
that was ground in an agate mortar and subsequently calcined at temperatures of 1400,
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1450, or 1500 °C for 8 h. The prepared LSM (Lag Srg 4MnQO3) perovskite materials” phase
formation, shape, crystalline structure, stabilization, electrical, and optical characteristics
were thoroughly examined.

2. Results and Discussion

Figure 1 shows the XRD patterns of Lag Srg 4MnO3z combusted (LSM500) and calcined
at 1400, 1450, and 1500 °C (LSM1400, LSM1450, and LSM1450, respectively). The LSM500
pattern exhibited multiple peaks due to the impurities present in the sample, which were
not observed in the calcined samples. Moreover, we noticed an increase in the intensity
of the diffraction peaks of the samples calcined at 1450 and 1500 °C and narrowed peaks;
this was related to the higher crystallinity [36]. Similarly, the samples LSM1400, LSM1450,
and LSM1500 exhibited peaks similar to those in earlier reports [37-39] for a single phase,
which corresponds to the single-phase perovskite Lag ¢Srg 4MnO3 hexagonal R-3¢c (JCPDS
No.: 98-009-9555). Previous experience has shown the existence of polymorphs with
identical nominal compositions during the formation of the LSM phase with this synthesis
method [40,41]. In order to study the structural properties of the samples in detail, Rietveld
refinements were performed using TOPAS software (Bruker AXS) with the double Voigt
function [42].
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Figure 1. XRD patterns of Lag Srg 4MnO3 combusted and calcined at 1400, 1450, and 1500 °C for 8 h.

For sample LSM 1400, the XRD data were modeled with the R-3c space group sym-
metry as the main perovskite phase. The Pm-3m polymorph was included as the second
phase in the refinement; this significantly improved the fit (goodness of fit (GoF)). The
difference between the experimental data and the fitted simulated pattern is provided as
a continuum. Figure S1 of the supplementary material shows the gray line as the best fit
suggesting the coexistence of two distinct polymorphs of Lag 4Srg4MnQOs in the sample
LSM1400 presenting the space group, 96.29% of R-3c and 3.71% of Pm-3m phases. This is
likely because LaMnQO3 perovskites adopt a highly symmetric Pm-3m cubic structure at
elevated temperatures [42,43]. Islam et al. explained that these ABOj3-type perovskites can
deviate from the ideal cubic structure due to distortions in the rigid BOg octahedra, i.e., by
changes in the lengths of the B-O bonds, generating flexibility in the antisymmetric Jahn—
Teller-type distortion of the BOg octahedra [44]. Thus, as the temperature decreases, the
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MOg octahedron sharing the corners in this structure can tilt, giving rise to the polymorphic
transition to the lower symmetry. These distortions are induced by valence bonding, orbital
degenerations, polar distortions, valence fluctuations, etc. Therefore, the heat treatment
applied to the samples is a crucial factor in influencing the phase segregation. This was
further evidenced in the samples LSM1450 and LSM1500, which exhibited a successful
fit with a single uniform R-3c phase. The LSM1500 powder showed an improvement in
the GoF from the LSM1450 sample, displaying a variation in lattice parameters with the
temperature, in an agreement with the literature [38,41,43,44]. The phase quantification
and the microstructural parameters of the Rietveld refinement are shown in Table 1.

Table 1. Quantitative analysis of phases and microstructural parameters obtained using Rietveld
refinement of LSM samples.

. Lattice O (18e)- Crystallite

o, z -
Samples Weight % Parameters (A) Position (x) Size (nm) R-Factors
La0,65r0,4MnO3 0, a=b=>5487 (2) Rexp =5.51
LSM1400 96.29% c=13352 (3) 0.4516 (1) >150 Rop =9.13
S.G: Pm-3m 3.71% a=3.873(1) >150 GoF = 1.66
L Rexp = 2.61
LSM1450 Lap65r04MnO; 100% ac‘_blg 3?2?3()2) 0.4665 (1) >150 Ryp =441
e GoF =1.69
—h= Rexp =2.90
LSM1500 Lap6Sr04MnO; 100% a=b=5484(2) 0.4686 (1) >150 Ryp = 4.39
c=13.346 (3) GoF = 151

Additionally, through this analysis, it was possible to identify the nonexistence of
the SrO phase, because it is an undesirable phenomenon highlighted in the literature for
perovskites [45—48], as it can lead to a lower electronic conductivity. Squizzato et al. [48]
explained that the transition metal B-site of perovskites plays a fundamental role in the
catalytic activity, so it is necessary to preserve the pure LSM structure to optimize its
oxygen reduction properties in the ReSOFC. With the absence of the SrO phase in all the
materials developed by the fast combustion method, it is evident that this synthesis route,
and particularly the LSM1500 material, offers a promising crystalline arrangement to use
as a catalytic material in the SOFC.

It is well known that the catalytic properties of a material are closely related to the
morphology of its particles [49,50]. The morphological effect plays a fundamental role in
the performance of the SOFC constituent materials, and the existence of different morpholo-
gies may play an important role in influencing the performance of catalysts in particular
perovskites. Because of this, the morphology of the synthesized and calcined powders was
observed by scanning electron microscopy (SEM), and the images are shown in Figure 2. In
LSM500 (Figure 2A), the lack of ordering of its structure is reflected in the SEM because
it does not exhibit grain boundaries, which involves the nonformation of defined grains.
However, the effect of calcination brings, as a morphological consequence, evidence of
clear grain boundaries, an increase in grain size, and a decrease in porosity, as corrobo-
rated in Figure 2B-D. As the calcination temperature increases, the grain size distribution
significantly increases to exhibit agglomerates up to 3000 nm in sample LSM1500.
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Figure 2. SEM images and corresponding grain size distribution of the combusted and calcined LSM

powders: (A) LSM500, (B) LSM1400, (C) LSM1450, and (D)

LSM1500.
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The prepared sample evidenced a more regular grain size distribution than the pre-
viously reported material with a different chemical composition. The regularity of the
particles would result in improvements in the catalytic activity due to the ease of charge
transfer due to the generation of pores with more homogeneous sizes and volumes [48,50].
The average grain sizes agree with the those in the literature for the synthesized perovskite
composition [38,39,51]. Additionally, these SEM images revealed that these grains consisted
of La, Sr, Mn, and O in stoichiometric percentage by weight (Table 2). The comparison
between theoretical and experimental values of the prepared samples analyzed by EDS
exhibited a reasonable stoichiometric control in the synthesis process of the materials
(Supplementary Material Figure S2). The effect of calcination in the optimization of the
desired stoichiometry was corroborated, because the increase in the calcination tempera-
ture led to the differences between the theoretical and experimental values, which were
considerably reduced [40,41].

Table 2. Stoichiometric percentage by weight of Lag ¢Srg 4MnO3 powder samples calcined at differ-
ent temperatures.

Samples Atom La Sr Mn (0]
Stoichiometric 0.6 0.4 1 3
Wt. % (Expe.) 38.59 15.04 24.86 21.51
LSM1400 Wt. % (Theo.) 37.66 15.84 24.82 21.68
Difference (%) 247 5.05 0.16 0.78
Wt. % (Expe.) 35.45 15.05 24.17 25.33
LSM1450 Wt. % (Theo.) 37.66 15.84 24.82 21.68
Difference (%) 5.87 4.99 2.62 16.84
Wt. % (Expe.) 38.33 15.44 24.34 21.89
LSM1500 Wt. % (Theo.) 37.66 15.84 24.82 21.68
Difference (%) 1.78 2.53 1.93 0.97

Table 3 shows the apparent density and porosity compared with the grain size and
microhardness of the samples. The measurement by the Archimedes method ratified this,
which is observed in the SEM and EDS, showing that as the temperature increased, the
porosity decreased. The grain size became more prominent, the material was denser, and
the microhardness increased up to 0.4 GPa for LSM1500.

Table 3. Mechanical and physical properties of Lag Srg 4MnO3 samples obtained at different calcina-
tion temperatures.

Sample LSM1400 LSM1450 LSM1500

Hardness (GPa) 02+0.1 03 +0.1 04 +0.1
Bulk density (g/cm?) 6.20 4.58 4.75
Apparent porosity (%) 3.9 21.9 10.3
Average grain size (nm) 528 696 1010

The resistivity variation as a function of temperature is shown in Figure 3. The
measurement was performed using the four collinear probes technique, with a DC voltage
ranging from —3 to 3 mV with a step of 2 x 10~%, measuring the current obtained and
obtaining the point-to-point resistivity according to Ohm’s law. All the evaluated samples
exhibited a rapid decrease in resistivity with an increase in temperature, which is typical
of LSM samples [52,53], associated with the increased mobility of charge carriers due to
electron hopping from Mn3* to Mn?*.
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Figure 3. Variation in resistivity with the temperature of the calcined Lag ¢Srg 4MnO3 samples.

The effect of calcination was also visible, as the LSM1500 sample presented the steepest
resistivity decay gradient compared with the samples calcined at a lower temperature
(1400 and 1500°), with a lower resistivity of 1.1 ()-cm at a temperature of 550 °C. This is
associated with the intimate relationship between the resistivity and grain size for the LSM
samples [41,52-55]. Additionally, there was no difference observed between the samples
synthesized using the fast solution combustion approach.

The optical absorption of the samples and the band gap energy (Eg) were evalu-
ated using Wood-Tauc theory [56,57] represented in Figure 4. The optical response of
Lag ¢Srp4MnO3 was clearly shown in the wavelength range from 500 to 800 nm, which
closely agrees with other investigations [58], with a second absorbance range from 460 nm
to 480 nm.

(ahv)? = A(hw — Ey) )

The sample calcined at 1500 °C (LSM1500) showed a better optical response than those
calcined at lower temperatures (1400 and 1450 °C), possibly due to its better crystalline
and morphological arrangement [41,56,57,59]. The relationship between the band gap
energy and the absorption coefficient according to Wood-Tauc theory is formulated by
Equation (1), where « is the absorption coefficient; hv is the photon energy; and A is a
constant that depends on the effective electron mass, hole, and refractive index of the
material. The calculated band gap values ranged from 3.71 to 3.95 eV, which are close
to the existing reported values for these perovskite materials [57,60-62]. However, the
change in the band-gap energy is attributed to the difference in the Mn** to Mn3* ratio as a
function of the La/Sr ratio and the calcination process. Because Sr>* substituted La?*, the
thermal treatment led to a product out of stoichiometry; hence, Mn** must be oxidized
to Mn** to maintain charge neutrality. It is important to point out that these band gap
values deepen the versatility of LSM material synthesized this way. In addition to being a
good catalyst for the SOFC or ReSOFC, it could be a suitable candidate for photocatalysis
processes or for developing high-frequency optoelectronic devices, because the band gap
values of the materials are obtained above 2 eV and at absorption values from 500 to
700 nm [10,11,57,63,64].
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Figure 4. Optical absorbance and band gap spectra of the Lag ¢Srg 4MnO3 samples calcined at different
temperatures (1400, 1450, or 1500 °C).

3. Materials and Methods

The development of the synthesis of Lag¢Srp4MnOs3 by the fast solution combus-
tion method started with the use of citric acid (C¢HgO7, 99.99%, Sigma-Aldrich, San
Luis, MO, USA) as a fuel in the desired stoichiometric ratio of La(NOj3)3-6H,0 (99.9%,
Merck, Darmstadt, Germany), Str(NOs); (99.8%, Sigma-Aldrich, San Luis, MO, USA), and
Mn(NO3);-4H,0 (97%, Sigma-Aldrich, San Luis, MO, USA) as precursors (Table 4). These
materials were mixed in 50 mL of water and stirred at room temperature for 1 h. Then, the
solution was combusted at 500 °C for 10 min in a Nabertherm furnace, LT 40/12 (Lilienthal,
Germany), generating rapid combustion. Finally, the foamed powder was ground in an
agate mortar and calcined at different temperatures of 1400, 1450, or 1500 °C for 8 h.

Table 4. Preparation parameters of Lag 4Srg 4MnOs.

Precursors Grams (g)
La(NOj3)3.6H,O 2.992
Sr(NO3), 0.366
Mn(NO3),.4H,0 2.168
C4HgO5 2212

Additionally, 11.5 mm diameter and 1 mm thick pellets were made from the combusted
powder by compacting them at 4500 Kg for 1 min. Finally, the pellets were sintered at the
same temperatures of 1400, 1450, or 1500 °C. The coding of the samples is provided in
Table 5.

The crystal structure and phase of the elements present in the calcined Lag ¢Srg 4MnOs3
powders were obtained with a X-ray diffractometer (Bruker AXS, D4 Endeavor, Bremen,
DE) with 40 kV, 20 mA, and 0.1542 nm Cu-K« with an angular range of 26 from 20° to
70° in 0.02° and 1 s steps. In addition, a Rietveld analysis of XRD patterns was carried
out to obtain the microstructural information using TOPAS software (Bruker AXS) version
4.2. The morphology, structure, and composition of the material were observed using a
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scanning electron microscope (SEM) (Tescan, Vega 3 Easyprobe SBU, Brno, Czech Republic)
equipped with an energy-dispersive X-ray detector (EDS). Additionally, the bulk density
and porosity were measured using the Archimedes method. The optical property of the
materials was measured with a UV-Vis spectrophotometer (Shimadzu UV-2600, Kioto
Japan). The resistivity as a function of temperature (50-700 °C) was examined using
the conventional four-collinear probe method with a Keithley 4200-SCS (Cleveland, OH,
USA). In addition, the room-temperature mechanical microhardness of the materials was
evaluated using a Zwick/Roell 8187.5 ZHU (Santiago, Chile) microhardness tester.

Table 5. Lag ¢Srp 4MnO3 sample nomenclature and parameters.

Temperature (°C) Time (min/h) Code Name
500 5 min LSM500
1400 8h LSM1400
1450 8h LSM1450
1500 8h LSM1500

4. Conclusions

The synthesis of rapid solution combustion was proven as an alternative way to obtain
the perovskite compound LagSrg4MnOj3 through thermal treatment at 1400, 1450, or
1500 °C for 8 h. The results obtained by the XRD indicated that all the samples presented
the hexagonal primary crystalline structure (R-3c). The single-phase sample with the best
crystalline arrangement was found in LSM1500, with crystallite size >150 nm. The sample
LSM1400, analyzed through Rietveld’s analysis of the XRD data, showed the coexistence of
R-3c and Pm-3m phases, corroborating the description provided for other compositions
with the same synthesis method. The SEM images showed the influence of the heat
treatment applied to the samples because there was a close relationship between calcination
temperature, grain size, and agglomerate formation. The average grain size for sample
LSM1500 was 1010 nm, and agglomerate formation was up to 3 um. As expected, the
porosity decreased with increased calcination temperature, and the hardness reached a
maximum value of 0.39 GPa. The EDS analysis showed a close relationship between the
heat treatment applied and the stoichiometry optimization. The dependence of resistivity
on temperature for the LSM samples showed a decrease in resistivity with an increase in
temperature, reaching a resistivity of approximately 1.1 ()-cm for the sample calcined at
1500 °C, which may be a suitable electrode material for ReSOFCs. Furthermore, the optical
response of the fabricated samples occurs in the wavelength range from 500 to 800 nm,
and the calculated band gap values ranged from 3.71 to 3.95 eV, which proved that the
synthesized perovskite compound may be a suitable candidate for the development of
high-frequency optoelectronic devices.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/catal12121636/s1, Figure S1: Rietveld refinement of XRD patterns
of La0.65r0.4MnQO3 by considering (a) only the thombohedral R-3c and (b) also the cubic Pm-3m
polymorphs of the La0.65r0.4MnO3 perovskite. The difference between experimental data and the fitted
simulated pattern is plotted as a continuous gray line at the bottom. (Blue open circles: Experimental
data; Green solid line: Cubic phase; Orange solid line: Rhombohedral phase; Red solid line: Fitted
data); Figure S2: EDS Mapping of the combusted and calcined LSM powders (A) LSM500, (B) LSM1400,
(C) LsM1450, (D) LSM1500.
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