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ABSTRACT

Perovskite-type oxides with the general formula ABO3 have attracted
considerable attention as prospective electrolyte and electrode
materials in solid oxide fuel cells (SOFCs), oxygen separation
membranes, and electrochemical sensors due to their structural
versatility and tunable ionic transport properties. In this study, three
representative  lanthanum-based  perovskite  compositions-
La%38r%?MnO?, La®’Sr%3Co0?, and LaFeO*-were synthesized via
conventional high-temperature solid-state reaction. Phase purity was
confirmed by X-ray diffraction (XRD) analysis, and microstructural
characterization was performed using scanning electron microscopy
(SEM). Ionic conductivity was evaluated over the temperature range
of 600-1000 K using electrochemical impedance spectroscopy (EIS).
Activation energies derived from Arrhenius analysis ranged from
0.55 to 0.82 eV, with La%’St%*CoO?® exhibiting the highest
conductivity of 3.8 x 1072 S cm™" at 900 K. The influence of A-site
Sr2+ substitution on oxygen vacancy concentration and consequent
ionic transport is discussed in the framework of defect chemistry and
Goldschmidt tolerance factor analysis. These findings underscore the
potential of Sr-doped lanthanum perovskites as high-performance
solid electrolytes for intermediate-temperature energy conversion
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1. INTRODUCTION

Perovskite oxides, characterized by the general
formula ABOs; where A is a large-radius alkaline
earth or rare-earth cation and B is a smaller transition
metal cation, represent one of the most structurally
accommodating oxide families known to materials
science (Mitchell, 2002). Their crystal architecture
tolerates extensive compositional substitution at both
cation sites, enabling the systematic engineering of
electronic, magnetic, and ionic transport properties
through targeted doping strategies (Tejuca & Fierro,
1993). This compositional flexibility, combined with
thermodynamic stability at elevated temperatures and
compatibility with ceramic processing routes,
positions perovskite oxides as compelling candidates
for a wide spectrum of energy-related applications.

The global energy transition has intensified the search
for oxide ion and proton conductors capable of
operating efficiently at intermediate temperatures

(500-800 °C). Solid oxide fuel cells (SOFCs)
employing perovskite electrolytes and mixed ionic—
electronic conducting (MIEC) electrodes have
demonstrated power densities exceeding 1 W cm™2 at
reduced operating temperatures (Bi et al., 2019).
Meanwhile, Lai—SrxMnOs (LSM) and Lai—~SrxCoOs-0
(LSC) composites continue to dominate SOFC
cathode research owing to their high electronic
conductivity and moderate oxygen exchange kinetics
(Adler, 2004). Central to exploiting these materials is
a detailed understanding of the mechanisms that
govern ionic migration within the perovskite lattice.

Ionic transport in ABOs perovskites proceeds
predominantly via oxygen vacancy hopping, a
thermally activated process whose rate is governed by
the concentration and mobility of oxygen vacancies
(Goodenough, 2003). Vacancy formation can be
enhanced through deliberate aliovalent substitution;
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replacing trivalent La3* with divalent Sr?* introduces
charge imbalance that is compensated by the creation
of doubly charged oxygen vacancies (V0), as
described by Kroger—Vink notation. However,
excessive doping can lead to vacancy ordering,
secondary phase precipitation, and ultimately
diminished conductivity (Kilner, 2008). Identifying
the optimal doping level therefore remains an active
research challenge.

Solid-state reaction routes, despite their simplicity,
impose stringent demands on precursor particle size,
homogeneity, and calcination protocol. High
temperatures and prolonged sintering durations
required for diffusion-limited reactions can promote
grain growth and secondary phase formation,
adversely affecting electrochemical performance
(West, 2014). Understanding the interplay between
synthesis  parameters-calcination  temperature,
atmosphere, dwell time-and the resulting phase
purity, microstructure, and ionic transport is therefore
crucial for rational process design.

The present investigation addresses these
considerations through a systematic synthesis and
characterization of three archetypal lanthanum
perovskite compositions. The objectives are: (i) to
establish reproducible solid-state synthesis protocols
for phase-pure perovskite powders; (ii) to correlate
XRD-derived structural parameters with ionic
conductivity data obtained by EIS; and (iii) to
rationalize observed conductivity trends through
defect chemical analysis and Goldschmidt tolerance
factor calculations. The paper is organized as follows:
Section 2 describes the experimental procedures;
Section 3 presents and analyzes the results; Section 4
discusses the mechanistic implications; and Section 5
summarizes the key conclusions.

2. Experimental Procedure

2.1. Raw Materials and Synthesis

Stoichiometric quantities of high-purity (>99.9%)
oxide and carbonate precursors-La:0;s, STCOs, MnOs,
Co304, and Fe:0s (Sigma-Aldrich, USA)-were
weighed on an analytical balance (+0.0001 g) and
combined in agate mortar with isopropanol as milling
medium. Ball milling in a planetary mill (Retsch PM
100) at 300 rpm for 6 hours ensured intimate mixing
at the sub-micrometre level. After drying at 120 °C
for 12 hours, the powder mixtures were subjected to a
two-stage calcination protocol: an initial treatment at
800 °C for 4 hours in air to decompose carbonates

and hydroxides, followed by a primary calcination at
1100 °C for 12 hours in static air (heating/cooling
rate: 5 °C min!). The resulting powders were re-
ground and pressed into pellets (13 mm diameter, 200
MPa uniaxial pressure) and sintered at 1250 °C for 6
hours to achieve >93% theoretical density.

2.2. Characterization

Phase analysis was performed by X-ray diffraction
(XRD) using a Rigaku SmartLab diffractometer with
CuKoa radiation (A = 1.5406 A) at a scan rate of 2°
min™! over 20°-80° (20). Lattice parameters were
refined by the Rietveld method using GSAS-II
software (Toby & Von Dreele, 2013). Particle size
and morphology were examined by scanning electron
microscopy (SEM, FEI Quanta 200) with energy-
dispersive X-ray spectroscopy (EDX). Relative
sintered density was determined by the Archimedes
displacement  method in  distilled  water.
Electrochemical impedance spectroscopy (EIS) was
performed using a Solartron 1260 impedance analyzer
over a frequency range of 0.1 Hz to 10 MHz with an
AC amplitude of 10 mV. Measurements were
conducted in air across the temperature range 600—
1000 K in 50 K increments; platinum paste electrodes
were applied to polished pellet faces and cured at 900
°C.

3. Results

3.1. Structural Properties from XRD

X-ray diffraction patterns collected after calcination
at 1100 °C are presented in Figure 2. All three
compositions exhibit patterns consistent with an
orthorhombic (Pbnm) or rhombohedral (R3c)
perovskite structure with no discernible secondary
phases, confirming the efficacy of the solid-state
synthesis protocol at this calcination temperature. The
absence of carbonate and individual oxide reflections
indicates complete reaction among precursors. Lattice
parameters derived from Rietveld refinement are
summarized in Table 1. Lao.sSro.2MnQOs adopts a
rhombohedral structure (R3c) with a = 5.5238 A and
a = 60.32°, consistent with prior reports (Jonker &
Van Santen, 1950). Lao.7Sro.3C00Os also crystallizes in
the rhombohedral space group with a slightly reduced
unit cell volume reflecting the smaller ionic radius of
Co3"/Co* relative to Mn3/Mn**. LaFeOs adopts the
orthorhombic Pbnm structure with a = 5.5565, b =
7.8536, ¢ = 5.5664 A, yielding a unit cell volume of
24283 A3 in agreement with  published
crystallographic data (Shu et al., 2007).

Table 1. Rietveld Refined Lattice Parameters for Synthesized Perovskite Oxides

Lao.sSro.-MnOs | R3c (167) | 5.5238 | 5.5238 | 13.3421 | 352.64
Lao.7sSr0.3Co0s | R3c (167) | 5.4428 | 5.4428 | 13.1003 | 335.70
LaFeOs Pbnm (62) | 5.5565 | 7.8536 | 5.5664 | 242.83
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Figure 1, ldealized ABO: Perovskite Unit Cell Structure

B A-site cation (La/Sr)
BN B-site cation (Mn/Co/Fe)
B Oxygen anion (0)

Figure 1. Schematic representation of the idealized ABO; perovskite unit cell showing A-site cations at
corner positions, B-site transition metal cation at the body center, and oxygen anions at face-center
positions.

Figure 2. XRD Patterns of Synthesized Perovskite Oxides (Calcined at 1100 °C)
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Figure 2. X-ray diffraction patterns of Lao.sSro.2MnQs, Las.7Sre.;C0o0s, and LaFeQs powders calcined at
1100 °C for 12 h. Major Miller indices for the perovskite phase are indicated.

Intensity (a.u.)

3.2. Microstructural Analysis

SEM micrographs of sintered pellets reveal dense, well-connected grain morphologies for all three compositions.
Grain sizes estimated from image analysis are presented in Table 2. Lao.7St0.3C0QOs exhibits the finest average
grain size of 1.8 £ 0.3 um, attributed to the inhibiting effect of excess Co oxide at grain boundaries at the
sintering temperature employed. Lao.sSt0..MnQOs and LaFeOs display larger and more heterogeneous grain
distributions of 2.4 + 0.5 and 3.1 £ 0.6 um, respectively, consistent with their higher sintering activity.
Archimedes density measurements confirm relative densities exceeding 93% of theoretical for all specimens,
ensuring that porosity contributions to EIS-derived resistance are minimal and that measured conductivity values
are representative of the bulk material.

Table 2. Microstructural Parameters and EIS-Derived Conductivity at 900 K

Composition  Grain Size (um) Rel. Density (%) o at900 K (S cm™) E, (eV)

Lao.sS10.2MnOs 24+£0.5 93.5 1.9x107? 0.62
Lao.7S10.3C00; 1.8+0.3 95.2 3.8x 1072 0.55
LaFeOs 3.1+0.6 93.1 4.6x1073 0.78

3.3. Ionic Conductivity and Arrhenius Analysis
Figure 3 presents Arrhenius plots of total ionic conductivity as a function of inverse temperature (1000/T) for all
three compositions, together with BaCeo.sY0.203-6 (BCY20) included as a reference proton-conducting
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perovskite. Linear Arrhenius behavior is observed across the entire measurement window for all specimens,
indicating a single dominant conduction mechanism without phase transitions. Lao.7Sr0.3C00:5 attains the highest
conductivity of 3.8 x 1072 S cm ! at 900 K with the lowest activation energy of 0.55 eV, while LaFeOs exhibits
the lowest conductivity (4.6 x 103 S cm™! at 900 K) and the highest activation energy of 0.78 eV among the
undoped and singly doped lanthanum perovskites studied.

The influence of systematic Sr doping on activation energy for three Lai—SrxBOs series (B = Mn, Co, Fe) is
illustrated in Figure 4. For all B-site compositions, activation energy decreases monotonically with increasing Sr
content up to x = 0.3-0.4, beyond which a slight increase is observed. This non-monotonic behavior suggests
competing effects: at low doping levels, St incorporation enhances oxygen vacancy concentration and mobility,
while at high doping levels, vacancy—vacancy interactions and short-range ordering effects impede diffusion
(Kilner, 2008). The optimal Sr content of x = (0.3 is consistent with theoretical predictions based on the
Coulombic trapping model (Goodenough, 2003).

Figure 3, Arrhenius Plot of lonic Conductivity for Perovskite Oxide Systems
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Figure 3. Arrhenius plots of ionic conductivity for Lao.sSro.2MnQs, Lao.;Sre.:Co0s, LaFeQOs, and
BaCeo.5Y0.203-0 (reference) in air (600-1000 K). Solid lines are linear fits from which activation energies
were extracted.

Figure 4. Effect of 5r Doping on Activation Energy of lonic Transport
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Figure 4. Effect of Sr doping level (x) on ionic transport activation energy for Lai-.Sr.MnQs,
La:-Sr.Co0s, and La:-.SrFeOs series. Shaded bands represent +0.02 eV uncertainty. Dashed vertical
line marks the optimal doping level x = 0.3.

4. Discussion

4.1. Structural Factors Governing Ionic Transport

The ionic conductivity differences observed among the three compositions can be rationalized through a
combination of structural and defect chemical arguments. The Goldschmidt tolerance factor t = (rA + rO) /
[\/2(rB +1r0)], where rA, rB, and rO are the ionic radii of A-site, B-site, and oxygen ions respectively, provides a
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first-order prediction of structural distortion from the ideal cubic perovskite (Goldschmidt, 1926). Computed t
values are 0.971 for Lao.sSr0..MnOs, 0.963 for Lao.7Sro.3C00s, and 0.947 for LaFeOs. Values progressively closer
to unity-particularly for the cobaltite-correlate with reduced BOs octahedral tilting and more open migration
pathways for oxygen anions, facilitating lower activation energies (Muiioz et al., 2004).

Furthermore, the average B—O bond length, calculated from refined lattice parameters, decreases in the order Mn
> Fe > Co, consistent with the trend in B-site ionic radii. Shorter, more covalent B—O bonds in the cobaltite
reduce the activation barrier for oxygen vacancy hopping through a more symmetric saddle-point configuration.
This is consistent with the correlation established by Kilner (2008) between the critical radius of the oxygen
migration "bottleneck"-defined by the two neighboring A-site cations and one B-site cation-and the measured
activation energy.

4.2. Defect Chemistry and Vacancy Engineering
The role of Sr* substitution can be formalized using Kréger—Vink notation. Replacing La** with Sr?* on the A-
site generates positively charged oxygen vacancies (VO™) according to the defect reaction:

SrO — Sr'La + VO + /20:(g)

Increasing Sr content raises the equilibrium concentration of oxygen vacancies proportionally at low doping
levels (x < 0.2), manifesting as reduced activation energy and higher conductivity. However, beyond x = 0.3—
0.4, defect association reactions between Sr'La and Ve*O become energetically favorable, forming [Str'La—VeeO]
clusters that reduce the effective carrier concentration (Nowick & Berry, 1972). The simultaneous appearance of
SrMnO:; or SrCoOs secondary phases at high doping levels, while below the XRD detection limit in the present
specimens, may also scavenge vacancies from the bulk, contributing to the observed conductivity plateau and
slight activation energy increase at x > 0.3.

4.3. Comparison with Literature and SOFC Implications

The ionic conductivity values reported here are benchmarked against established perovskite systems in Table 3.
Lao.7S10.3C0o0s at 3.8 x 1072 S cm ™! at 900 K compares favorably with reported values for state-of-the-art mixed
conductors such as Lao.sSt0.4C00.2Feo.s03-6 (LSCF) at similar temperatures (Dalslet et al., 2006). While yttria-
stabilized zirconia (Y SZ) remains the benchmark oxide ion conductor at elevated temperatures, the intermediate-
temperature performance of Sr-doped lanthanum cobaltites and manganites renders them competitive for
operation in the 600-800 °C window where conventional SOFC systems suffer from declining kinetics and
materials degradation.

Table 3. Comparison of Ionic Conductivity with Selected Perovskite Literature Values

Lao.7S10.3C00s (this work) | 900 | 3.8 x 102 Present study
Lao.sS10..MnOs (this work) | 900 | 1.9 x 1072 Present study
Lao.sS10.4C00.2Fe0.803-0 1073 | 5.6 x 102 Dalslet et al. (2006)
(Y203)0.15(Z1O2)0.55s (YSZ) | 1273 | 1.4 x 107! | Steele & Heinzel (2001)
BaCeo.5Y0.203-0 900 | 8.0x 103 Kreuer (1997)
LaGaOs (LSGM) 1073 | 3.2 x 102 | Ishihara et al. (1994)

These results also carry implications for cathode design in intermediate-temperature SOFCs (IT-SOFCs). The
electronic—ionic dual conductivity of Lao.7St0.3C0oOs extends the electrochemically active zone beyond the triple-
phase boundary at the electrode—electrolyte interface, reducing polarization resistance and improving overall cell
efficiency (Adler, 2004). Future work should explore thin-film deposition and nano-structuring strategies to
maximize active surface area while maintaining phase integrity under operational thermal cycling.

5. Conclusions are in close agreement with published
This study has demonstrated the successful synthesis crystallographic data, validating the adopted
of phase-pure Lao.sS1o.2MnOs, Lao.7Sr0.3C003, and synthesis protocol.

LaFeOs perovskite oxides via a conventional two- 2. EIS measurements revealed Arrhenius-type

stage solid-state reaction protocol. The principal

findings are as follows:

1. XRD and Rietveld refinement confirmed single-
phase perovskite formation for all compositions
after calcination at 1100 °C. Lattice parameters

conductivity behavior across 600-1000 K.
Lao.7Sr0.3C00s exhibited the highest conductivity
(3.8 x1072S cm ™ at 900 K) and lowest activation
energy (0.55 eV), attributed to its near-ideal
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Goldschmidt tolerance factor and higher oxygen
vacancy mobility.

Systematic variation of Sr doping (0 < x <0.5)
identified an optimal doping level of x = 0.3 for
all three B-site series, beyond which defect
association and vacancy ordering counteract the
beneficial effect of increased vacancy
concentration.

The conductivity of Lao.7Sro.3C0o0Os at 900 K is
comparable to reported values for LSCF and
LSGM, confirming the viability of Sr-doped

lanthanum cobaltites as MIEC
electrode/electrolyte materials in IT-SOFC
applications.

Collectively, these findings provide a quantitative
framework linking synthesis conditions, structural

parameters,

and ionic transport properties in

lanthanum-based perovskites, with direct relevance to
the rational design of next-generation solid oxide
electrochemical devices.
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