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La;xSrxMnOs.5 (x =0, 0.15, 0.30 and 0.50) perovskite powders were synthesized by a modified Pechini sol-
gel method. Differential thermal analysis revealed that heat treatment at approximately 800 °C is required for
complete formation of the perovskite phase. X-ray diffraction analysis showed that the as-synthesized powders
possess an orthorhombic perovskite-related structure (Pnma), while heat treatment at 800 °C results in the formation
of a single-phase rhombohedral perovskite structure (R-3¢). Scanning electron microscopy demonstrated that the
powders consist of agglomerated nanoparticles with grain sizes ranging from 50 to 200 nm. Electrochemical
investigations revealed that Sr substitution significantly influences the capacitive properties of La1.xSrxMnQO3.s. The
highest specific capacitance of 118 F g™' was obtained for Lao.7Sro3MnOs.5, which is attributed to an optimal
balance between electronic conductivity and the concentration of electrochemically active Mn3**/Mn** redox
centers. The results demonstrate that controlled Sr substitution is an effective approach for tailoring the structural
and electrochemical properties of LaixSrxMnOs3.5, making these materials promising candidates for supercapacitor

electrode applications.
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Introduction

Lanthanum-based perovskite oxides have attracted
considerable attention because of their structural
flexibility, mixed-valence manganese ions, high chemical
stability and tunable electrical properties. Lanthanum-
based perovskite materials exhibit notable optical [1, 2],
magnetic [3, 4], and catalytic properties [S]. Owing to their
high power conversion efficiency, and capacity for
isomorphic metal substitution, they have been widely
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investigated for diverse applications, including catalysts
[6-8], chemical sensors [9], solid oxide fuel cell electrodes
[6], hydrogen storage [10], optoelectronic devices [11],
solar cells [12], and magnetic materials [13-15]. Among
these, Ag-decorated LagsgsSro1sMnOs.s  perovskite
nanoparticles have been proposed as promising electrode
materials for supercapacitor applications [16].

By substituting lanthanum with strontium in the
LaMnOgj crystal lattice, the valence state of manganese
can be tuned, which in turn strongly influences electrical
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conductivity, magnetic behavior, and charge transport.
Owing to these properties, Lai~Sr.MnOs-5 is highly
promising for diverse applications, ranging from cathode
materials for solid oxide fuel cells [17] to electrode
materials for supercapacitors [18-22] and other energy-
conversion and storage devices.

Recent studies have demonstrated that Sr substitution
significantly improves the electrochemical performance of
LaMnOs-based electrodes [23-26]. In particular,
enhanced capacitance has been attributed to improved
electronic conductivity, optimized Mn**/Mn** ratios, and
favorable microstructural characteristics. However, the
reported electrochemical performance strongly depends
on the synthesis route, thermal treatment and Sr
concentration, while the relationship between crystal
structure, morphology and electrochemical behavior
remains insufficiently understood. Therefore, further
investigation of the influence of Sr substitution on the
structural and electrochemical characteristics of
La;_xSr:MnOj3 remains an important task for optimizing
electrode materials for supercapacitors.

The aim of this work is to investigate the effect of Sr
substitution on the phase formation, morphology and
electrochemical properties of La;xSrxMnOjs_5 synthesized
by the modified Pechini method and to determine the
optimum Sr concentration for supercapacitor electrode
applications.

I. Materials and Methods

Perovskite materials with the composition
La;xSrxMnQOs5 (x = 0; 0.15; 0.3; 0.5) were synthesized
using a modified the Pechini method. The starting reagents
included lanthanum nitrate, strontium nitrate (in the
required compositions), manganese nitrate, citric acid as a
complexing agent, and ethylene glycol as a
polymerization agent.

The phase composition of the obtained samples was
analyzed by X-ray diffraction using Shimadzu XRD 7000
instruments with Cu(Ka) radiation (A = 1.541 A). The
experimental diffractograms were then analyzed using the
Rietveld method in FullProf software [27-29].

Thermal characteristics of the samples were
investigated using the STA Jupiter 449 F3 system. Data
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were recorded over a temperature range of 25-1200 °C at
a controlled heating rate of 20 °C/min under an argon flow
of 20 ml/min.

The morphological features of the samples were
examined using a JSM 6700F field-emission scanning
electron microscope. Imaging was performed in secondary
electron mode at an accelerating voltage of 10kV and a
beam current of 0.75 nA.

To investigate the electrochemical properties of the
Laj«Sr«MnOs./electrolyte systems, a standard three-
electrode electrochemical cell was employed. The active
layer of the working electrode was prepared by mixing the
investigated material with acetylene soot, serving as a
conductive additive, and polyvinylidene fluoride. The
components were combined in a mass ratio of 85:10:5. All
measurements were carried out in an aqueous 3 M KOH
solution, which served as the electrolyte. The preparation
of the working electrodes and the electrochemical testing
procedure were similar to those reported previously for
oxide-based  supercapacitor materials [30, 31].
Electrochemical testing was carried out using an Autolab
PGSTAT/FRA 12. The specific capacitance of the
materials was determined from the integral area of the
cyclic voltammetry curves [32].

II. Results and discussion

X-ray diffraction patterns of the as-synthesized
La;«SrxMnOs5  powders obtained  after  the
autocombustion stage are shown in Fig. la. The
diffraction peaks of these as-synthesized powders
correspond predominantly to an orthorhombic perovskite-
related structure (space group Pnma) together with a small
amount of secondary phases, indicating that the
crystallization process is incomplete after
autocombustion. Increasing the Sr content slightly
broadens the diffraction peaks of the as-synthesized
powders, which may be associated with the formation of
nanosized crystallites and increased structural disorder.
Therefore, an additional heat treatment was required to
obtain a single-phase perovskite material.

To determine the appropriate temperature for the final
heat treatment, differential thermal analysis (DTA/TG)
was performed on the as-synthesized powders obtained
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Fig. 1. XRD patterns La;«Sr,MnOs.s powders (x = 0): (a) as-synthesized samples after autocombustion and (b)
samples after heat treatment at 800°C.
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after autocombustion. The thermal behavior of the
samples depends on the Sr content, which affects the
Mn**/Mn** ratio and consequently influences the
crystallization process of the perovskite phase.

The DTA/TG curves (Fig. 2) show that the main
thermal transformations occur below 800 °C. The
exothermic effects observed within the 400-800 °C range
are associated with decomposition of precursor
compounds and crystallization of the perovskite phase.
With increasing Sr content, these thermal effects become
more pronounced, indicating enhanced precursor
reactivity and faster phase formation.

The temperature interval of 280-320 °C corresponds
to the combustion of the organic components formed
during the modified Pechini process, while the exothermic
peak at 650-700 °C is associated with crystallization of
the rhombohedral perovskite phase. Above approximately
800 °C, no significant mass changes are observed,
indicating completion of the phase formation. Therefore,
800 °C was selected as the optimum heat treatment
temperature to obtain a single-phase perovskite while
preserving the nanostructure.

After annealing at 800 °C, all La;«SrxMnOs.5 samples
exhibit well-defined diffraction peaks characteristic of a
highly crystalline rhombohedral perovskite structure
(space group R-3c) (Fig. 1b). Rietveld refinement
confirmed that the annealed samples are single-phase
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within the detection limit of X-ray diffraction. A gradual
shift of diffraction peaks with increasing Sr concentration
indicates successful incorporation of Sr into the perovskite
lattice. X-ray phase analysis indicates that the average size
of coherent scattering domains, calculated according to
the Debye-Scherrer and Williamson-Hall approaches [33,
34], is approximately 20 nm, reflecting the nanoscale
character of the crystallites.

SEM images of the surfaces of samples after heat
treatment at 800 °C are presented in Fig.3. For the
undoped sample (Fig.3a), a uniform surface with an
almost continuous granular layer is observed. Particle
sizes range from 50 to 80 nm, with minimal porosity. At
x = 0.5 (Fig. 3b), the microstructure displays the most
pronounced fragmentation. The surface exhibits
macroporosity, complex topography, and larger
agglomerates composed of smaller particles, confirming
the significant influence of Sr substitution on the
microstructure developed during heat treatment.

Figure 4a presents CV curves of La;«SryMnOs;;
materials with compositions x = 0; 0.15; 0.3 and 0.5,
recorded in the potential window from -0.2 to 0.6V at a
scan rate of | mV/s in KOH electrolyte. The curves exhibit
an almost rectangular profile with slight distortions,
characteristic of pseudocapacitive behavior accompanied
by contributions from redox processes. The CV curve of
the La;«SryMnQOs;s sample with x=0 exhibits a
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Fig. 2. DTA, TG, and DTG Curves of (a) Lag g5Sro.1sMnQOs_5 and (b) Lag 7Sro3MnO3.5 powders.
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Fig. 3. SEM of La;«SrsMnOs.5 surfaces after heat treatment at 800 °C for x =0 (a) and x = 0.5 (b).

593



P. Kolkovskyi, M. Kolkovskyi, B. Rachiy, V. Kotsyubynsky, 1. Yaremiy, S. Yaremiy, O. Vyshnevskyi, etc...

6
54
4
34

ER
=11
0_
-1
2

-3

A
\\\
AN
e
//
/
/
'3
0.0 0.1 0.2 0.3 0.4 0.5
X
b)

Fig. 4. CV curves of La;.«SrxMnO;_5 samples (a) and specific capacitance values (b) as a function of Sr substitution.

pseudocapacitive profile with moderately pronounced
redox peaks. In contrast, the curves for x = 0.15 and
x = 0.3 display higher currents and more distinct redox
peaks, reflecting the highest electrochemical activity
among the compositions studied. At x = 0.5, the curve
shape changes slightly: the redox peaks become less
defined, and the maximum current decreases.

The substitution of Sr for La in the LaMnOs3
perovskite lattice has a pronounced effect on the
electrochemical properties of La;«SryMnOs.5. The
specific capacitance increases with Sr content up to
x = 0.3, reaching a maximum value of 118 F g™ for
Lag 7S103MnOs_5 (Fig. 4b). This behavior can be attributed
to an optimal Mn>*/Mn*" ratio, which improves electronic
conductivity and provides favorable conditions for
reversible redox processes. However, further increase in
Sr content to x = 0.5 leads to a decrease in capacitance,
most likely due to excessive substitution, structural
disorder, and a reduced number of electrochemically
active redox centers. Therefore, Lap7Sro3MnQOs.s can be
considered the most promising composition among the
studied samples for further supercapacitor research.

Conclusions

La;xSrxMnOs_5 perovskite powders were successfully
synthesized by the modified Pechini method and heat-
treated at 800°C. X-ray diffraction analysis revealed that
the as-synthesized powders possess an orthorhombic
perovskite-related  structure (Pnma), whereas heat
treatment at 800 °C leads to the formation of a single-
phase rhombohedral perovskite structure (R-3c) for all
investigated compositions.

Based on the data of DTA/TG/DTG analysis, the
following characteristic temperature intervals were
identified: ~280-320 °C — organic burnout; ~650-700 °C
— exothermic peak associated with crystallization of the
perovskite phase; ~800 °C — mass stabilisation and
completion of perovskite phase formation.

Scanning electron microscopy demonstrated that the
obtained powders consist of agglomerated nanoparticles
with grain sizes ranging from 50 to 200 nm.
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Sr  substitution  significantly = affects  the
electrochemical properties of La;«SryMnOs;5 Cyclic
voltammetry measurements confirmed the capacitive
behavior of all investigated compositions. The highest
specific capacitance of 118 F g™ was achieved for
Lag 7S103MnOs.5, indicating that this composition provides
the most favorable balance between structural stability,
electrical conductivity and the concentration of
electrochemically active Mn**/Mn** redox centers.

The obtained results demonstrate that controlled Sr
substitution is an effective approach for tuning the

structural  and  electrochemical  properties  of
La;«SrsMnO35 perovskites, making these materials
promising candidates for supercapacitor electrode
applications.
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Influence of Sr Substitution on the Phase Formation and Electrochemical Properties of LaxSr-MnQOs.s Perovskites

I1. Konkoscekuit', M. Konkosebkuii?, b. Pauiii?, B. KowroOuncekuii?, 1. SIpemiii?,
C. Spewmiii’, O. Bumnescekuii?, T. ITosena®, M. Kupuiiok®, A. Binoyc!

Bruius 3amileHHs1 Sr Ha (a30yTBOPEHHSI TA eJIeKTPOXIMIYHI BJIACTUBOCTI
nepoBChKITIB La1xSrxMnOs.;

'Biooin ximii meéepodoeo mina, lncmumym 3aeanvroi ma neopeaniunoi ximii im. B. 1. Bepuaocvkoeo HAH Yxpainu, Kuis, Yxpaina;
2Kageopa npuknaouoi pizuxu i mamepianoznascmesa, Kapnamcokuii nayionanohuil ynigepcumem imeni Bacuns Cmeganuxa,
Ieano-®panxiscok, Yrpaina, bohdan.rachii@cnu.edu.ua;

*Kagheopa mamemamuxu ma ingpopmamuxu i memoouxu nasuanns, Kapnamcoxuii nayionanonuil yHigepcumem
imeni Bacuns Cmegpanuxa, lsano-@panxiscok, Yrpaina,

“Biooin npobnem anmasonocnocmi, Incmumym 2eoximii, minepanozii ma pyooymeopenns im. M. I1. Cemenenxa HAH Vrpainu,
Kuis, Vkpaina;

*Kagpeopa pizuxu, Kam'sneys-Todinscoxutl nayionaronuii ynieepcumem imeni leana Ozicnxa,
Kam'aneyw-Ilodinbcokuil, Yxpaina,

Kagpedpa cmomamonoeii, Ieano-Ppanxiecoruil HayionansHuii meduunuil ynisepcumem, lsano-Ppanxiecvk, Ypaina

IepocpkiTHi opomku LaixSrxMnOss (x = 0; 0,15; 0,30; 0,50) cuaTe30BaHO MOM(IKOBAHUM 30J1b-Telb
metonoM [leuini. J{udepeHuianbHuii TepMivuHHA aHai3 MOKa3aB, IO Ul MOBHOTO (JOpMyBaHHS MEPOBCHKITHOI
(a3u HeoOXinHa TepMidHa 00poOKa 3a Temmneparypu 6mu3bsko 800 °C. 3a nannMu X-npoMeHeBoi TudpakToMeTpii
BCTAQHOBJICHO, IO CHHTE30BaHi MOPOUIKM OO TEPMOOOPOOKHM MAalOTh OPTOPOMOIUHY IEPOBCHKITONOIIOHY
CTPYKTYpY 3 HPOCTOPOBOIO Tpynoto Pnma, Toxi sik TepmiuHa 00poOka mpu 800 °C mpuBoauTh 10 GOpMyBaHHS
onHO(a3Hoi poMOOenpIIHO] MEPOBCHKITHOI CTPYKTYpPH 3 IPOCTOpOBOO Ipymoro R-3c. Pacrposa enekrpoHHa
MIKPOCKOIIISl MPOJIEMOHCTPYBaja, L0 IOPOIIKK CKIJaloThCsl 3 arjioMepOBaHMX HAHOYACTHHOK i3 po3Mipamu
3eped Bix 50 10 200 HM. EnekTpoxiMivHi TOCTiPKEHHS 3aCBITUMIIH, IO 3aMilICHHS St iCTOTHO BIUTBA€E HA EMHICHL
BracTUBOCTI La1xSrxMnOs.5. HaliBumie 3Ha4eHHs TUTOMOT eMHOCTI — 118 ®/r — oTpumano aist Lag.7Srg.3MnO3_s,
IO TOB’S3aHO 3 ONTHUMAJIBGHUM CIIBBiHOIIEHHSM MK €JEKTPOHHOIO TIPOBIJHICTIO Ta KOHIIEHTPALL€E0
eIEKTPOXIMIiYHO AKTMBHHX OKHCHO-BiTHOBHHX IIeHTpiB Mn**/Mn**. OTpuMaHi pe3ynpTaTH NOKAa3ylOTh, IIO
KOHTPOJIbOBAaHE 3aMIIleHHS Sr € e()eKTUBHUM MIAXOZOM 0 IIJIECIPSIMOBAHOTO PETYIIOBAHHS CTPYKTYPHHX Ta
eNIeKTPOXiMiuHKX BiIacTuBOCTEH LaixSrxMnOs.s, 1110 poOHTH 11l MaTepiain NepCeKTUBHUMH JUTS 3aCTOCYBAHHS SIK
SNIEKTPOAU CYNIEePKOHACHCATOPIB.

KoarouoBi cioBa: mnepoBchkit, (a3zoyrBopeHHs, X-IpOMEHEBUIl CTPYKTypHHH aHaimi3, MopdoJoris,
La;xSrxMnOs.5, 3aMmilueHHs CTpoHUieM, MonudikoBanuit meron IlewiHi, eneKTpOXiMiuHI BIIACTHUBOCTI,
CYNEpKOHICHCATOPH.
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