AHOTAIIA

Konxoecoka [I'M. CunTe3, CTpyKTypa Ta €JIEKTPOXIMIYHI BJIACTUBOCTI
HaHouyacTHHOK (La,Sr)MnOs 31 cTpyKTyporo nepoBchbKiTy. — KBamidikaiiina HayKoBa
mparls Ha IpaBax PyKOIMHCY.

Huceprartiss Ha 3400yTTs CTyneHs gokTopa ¢inocodii B ramysi 3HaHp 10
[Tpuponuunyi Hayku 3a cremianbHicTio 105 Tlpuknagna ¢izuka Ta HaHOMaTEpiamu. —
[IpukapnaTchkuii HamioHaJIbHUN yHIBepcuTeT iMeHi Bacuns Credanuka, IBaHO-
®paHkiBCbK, 2025.

OcHOBOIO ucepTalii € pe3yibTaTi JOCTIIKEHHS CTPYKTYPHO-MOP(OIOTTUHUX
3MiH mepoBchbKiTHUX MatepianiB (La,Sr)MnQOs;, B 3amexHocti Bif 3HadeHb pH
CepelioBUIIA, METOAIB OTpPUMaHHs, 3aMillleHHS Ta iX BIUIMB Ha MEXaHI3MHU
HAKOIMWYEHHSI 3apsijy eJeKTPOXIMIYHUX KOHJIEHCATOPIB Ta 3HAYEHHS IUTOMHX
€MHICHHUX MapaMeTpiB JTaHUX CUCTEM.

VY BCTymi pO3KpUBAETHCS OOIPYHTYBAHHS AKTyaJIbHOCTI TEMHU JUCepTalii,
bOpMYITIOETHCS METa, BU3HAYAIOTHCS OCHOBHI 3aBIaHHS, a TaKOX ITiJIKPECITIOETHCS
HayKOBa HOBM3HA Ta MPAaKTUYHA 3HAYYIIICTh MTPOBEIECHOI POOOTH.

VY nepiomy po3iii AucepTallii MpoaHaai30BaHO OIS JIITEPATyPHUX JIKEPET,
Kl CTOCYIOTBCA OCOOJIMBOCTEW CTPYKTYpH TE€POBCHKITHMX MaTepialiB, iX
BJIACTUBOCTEN Ta HAHOUIbIII MEPCIIEKTUBHUX raly3eil iXHbOro 3acTocyBaHHs. OCHOBHA
yBara TMpUIUISIETbCS PO3POOIl €IMHOI CUCTEMH KPHUTEPIiB, IO HEOOXITHI IS
e(EeKTUBHOTO BHMKOPUCTAHHS TEPOBCHKITHUX MarepilaidiB B SKOCTI €JIEKTPOAIB
EJIEKTPOXIMIYHUX KOHAEHCATOP1B. TakoX po3risiHyTO BUAM BYTJIELEBUX MAaTepiajiB Ta
iX O0COOJIMBOCTI MpPH CYMICHOMY BHUKOPHUCTaHHI 3 OKCHAHMMM MaTepiaiaMu Y
riOpUIHUX EJNEKTPOXIMIYHUX KOHJeHcaTtopax. OnucaHo pi3HI METOAM OTPUMAHHS
MaTepianiB 31 CTPYKTYPOIO MIEPOBCHKITY Ta MPOaHATI30BaHO OCHOBHI iXHI TIEpEeBary Ta
HEJIOJIKH.

VY npyroMmy po3fiii MpeacTaBiIeHO OCOOJMBOCTI 30J1b-Te€b METOIy 3a Y4acTHO
aBTOTOPiHHS Ta ¥Woro momudikamii (metomy Ilewini) mias oTpUMaHHS MaTepiajiB
(La,Sr)MnO; 31 CTpyKTYpOIO MEPOBCHKITY. TaKOX y 1IbOMY PO3/1Ji MICTUTBCS OIHUC

eKCIIEPUMEHTAJIbHIUX METOJIB JOCHIIPKEHHS OTPUMAHUX MaTepiaiiB, a came: X-



IPOMEHEBUH CTPYKTYPHHI aHai3, 3a JOMOMOTOI0 SIKOTO BU3HA4Yanu (pa3oBHil CKIaj,
OCHOBHI CTPYKTYpHI IapaMeTpu Ta PO3MIpH 00JIaCTe KOTEPEHTHOTO PO3CiHOBAHHS
(OKP); merom ckanyrodoi enekTpoHHOi Mikpockomii (CEM) st mocmimKeHHS
Mopdoorii MOBEpPXHI Ta PO3MIpIB YaCTHHOK; METOH aAcopOIiifHOI mopoMeTpii, 3a
JIOTIOMOTOI0  SIKOTO JIOCHI/DKEHO TOBEPXHEBl €(EeKTH, BCTAHOBIEHO THUI TMOp 1
BU3HAYCHO PO3MOALT TOp 3a po3MipaMd Ta 3HAYEHHS MHTOMOI IUIONI TOBEPXHI
JTOCITIKYyBaHUX MaTepiaiiB. [leTaqbHO mpoaHami30BaHO MPOIECH, K1 B1IOYBAIOTHCS
Ha MeXI1 po3aity a3 eaeKTpoI/eNEeKTPOIIT B TPUEIICKTPOIHIN KOMIPII 3 €JIEKTPOAaMuU
Ha OCHOBI OKCHUJHMX MaTepiamiB. Takox AOCHIIKEHO OCOOJMBOCTI CYMICHOTO
3aCTOCYBaHHS OKCHJIHMX 1 BYTJICIICBUX MaTepiasliB IS €JEKTPOIIB aCUMETPUUHHUX
T1IOpUTHUX €JIEKTPOXIMIYHUX KOHJIEHCATOPIB.

VY TpeThoMy pO3Jiil MPEACTABICHO OCHOBHI PE3YyJIbTaTH €KCIEPUMEHTAIBHUX
JOCIIJIKEHb CTPYKTYypH, MOp(Ooorii Ta MOBEpXHI OTPUMAHUX MEPOBCHKITHUX Ta
BYIJICLIEBUX MartepiaiiB. 3A1MCHEHO ETalbHUI OMKMC METOJIB CHHTE3Y 30JIb-Iellb Ta
MoaudikoBanoro mMeroay lledini orpumanux B poOOTi 3pas3kiB ckiaaxy LaMnOs Ta
Lay7S193MnOs. [lnist orpumanHs oHOo(a3HUX 3pa3KiB nmpoBoauiau Bianan npu 600 °C
ta 800 °C. ITicns Bianany npu 800 °C Oyio BCTaHOBIEHO, 1110 BCi 3pa3ku (La,Sr)MnO;
€ oqHO(a3HUMH Ta XapaKTEePU3YIOThCS MEPOBCHKITHOK CTPYKTYPOIO TPUTOHAIBHOI
CUHTOHIT mpocTopoBoi rpynu R3m. 30ib-reibr METOJAOM MPOBEACHO CUHTE3 3Pa3KiB
LaMnOs; 3 pizaumu 3HaueHHsMu pH. [leTtanpHO ommcaHo pe3ylbTaTd JOCITIIKEHHS
Mopdotorii moBepxHi 3pa3kiB (aHaii3 orpuMannx CEM 300paxeHb TOBEepXHi), 3B1JIKU
BCTAHOBJICHO, 110 HAHO1IBIITUM po3MipoM YacTUHOK (100-200 HM) XapaKTepHu3yOThCs
3pazku LaMnQOs, cuHTE30BaH1 pu HEWTpaIbHOMY piBHI pH 7, a 4acCTHHKM OTpUMaHi y
kuciomy (pH 2) ta myxaomy (pH 9) cepempoBumax maroth po3mipu 40-60 HM Ta
YTBOPIOIOTH OLIBIN PO3BUHYTI, MOPiBHAHO 3 pH 7, xopanononiOHi arnomepatu. [Ipu
pH 9 B cuntezoBanomy Marepiani LaMnO; (SG) TakoXX € CHUIBHO arjioMepoBaHi
YaCTUHKU po3MipoM 15-25 HM. AHami3 pe3ysbTariB aJcopOLiiiHOI MOpPOMETPIi a30Ty
IO0Ka3aB, 10 MaKCHMAaJbHOK MMTOMOK ILIOIEK MOBEpxHi (60 M*/T) BONOMIIOTH
3pazkn  LaMnQO;, otpumani Metogom Iledini. Takok mnpoaHani30BaHO BILUIUB

saMiienns iowie La’" Howmamm Sr** y A mosuuii Ha CTPYKTYpHi BIACTMBOCTI
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matepianiB Tuny ABOj 31 cTpykTyporo nepoBcebkiTy. [IpencraBieno getanpHuii onuc
cunTedy Sr-zamimeHoro LaMnOs (Lag7Sro3sMnQOs3) 3051b-refib METOIOM aBTOTOPIHHS
Ta MeTo/1oM [lediHi 1 BCTAHOBIIEHO CTPYKTYpPy OTPHUMAHMX 3pa3KiB Ta BU3HAUYCHO iXHI
OCHOBHI CTPYKTYpPH1 Ta MOP(OJIOTIUHI MapaMeTPH.

Y 1mpomy X pO3AiIl 3AIMCHEHO OMUC METOAMKU OTPUMAaHHS HAHOTOPUCTHUX
BYTJICIIEBUX MaTepiajiB Ta MPECTaBICHO PE3yJIbTATH BIUIMBY TEMIIEPATyPH aKTHUBALII]
Marepialy Ha MOPUCTICTb CTPYKTypH Ta 3HAYEHHS MUTOMOI IUIOIII IOBEPXHI.
BceranoBneno, mo ByrieneBl Mmartepianu micias aktuBamii npu 900 °C BOJOIIIOTH
BMCOKOPO3BUHEHOI 10BepxHer (1236 M?/T) Ta XapakTepusylThCs MIKpo- i
ME30IOPUCTOI0 CTPYKTYpOIO, SIKa € ONTHUMAJbHOI JUIS 3aCTOCYBaHHS B SIKOCTI
€JIEKTPOIIB JIsl €IEKTPOXIMIYHUX KOHJIEHCATOPIB.

YerBeptuili po3aun Aucepraiii MPUCBAYEHUN aHaMi3y eJIEKTPOXIMIYHUX
JOCITIJIKEHb OTPUMAHUX TEPOBCHKITHUX MaTepiaiiB Ta aCUMETPUYHUX T1OpUIHUX
€JIEKTPOXIMIYHUX KOHJIeHcaTopiB Ha ocHOBI (La,Sr)MnO; Ta ByrieneBux MaTepiaiis.
BcranoBneno 3anexHIicTh MDK 3MiHOIO pH cepemoBuiia oTpuMaHHS MatepialiB
LaMnO; (SG) Ta ix 3Ha4eHHIMHU MUTOMOI €eMHOCTI. IlokazaHo, Mo MaKCHMMaJlbHOIO
nuToMor0 eMHICTIO (53 D/r) BonmoniroThk 3pasku LaMnOs (SG), oTpumaHi 30J1b-Telb
MeTosoM y JyxHomy cepenoBuill (pH 9). Takox mnpoaHasli3oBaHO pe3yJIbTaTH
JOCIIIJKEHHS OTPUMAaHUX MHUTOMUX €JIEKTPOXIMIYHUX XapaKTEPUCTHK 3pPa3KiB
LaMnO; B 3amexHOCTi Bii MeToAy CUHTe3y. BcranomieHo, mo 3pazku LaMnOs,
oTpuMmaHi Metojom lleuiHi, BOJOAIIOTH OUIBIIMMHM 3HAYCHHSIMHU MUTOMOI €MHOCTI
nopiBHSHO 13 3paskamu LaMnQOs;, OTpUMaHUMH 30Jb-T€db METOJOM. 3ajjis
BU3HAUYEHHS BIUIMBY TUITY €JIEKTPOJIITY B €JIEKTPOXIMIUHIN KOMIPIII Ha TUTOMI €MHICHI
napaMmeTpu oTpuMaHux MarepianiB LaMnQO; Oyio mOpoBeAeHO eIeKTPOXIMIvHI
nocimimxeHHss 3 BukopucTanHsMm jyxHoro (KOH) Ta wnelitpanbroro (LixSOys)
CJIEKTPOITIB. BCTaHOBIIEHO, 110 BUKOPUCTAHHS JIY>)KHOTO EJIEKTPOJITY 3YMOBITIOE
JeNI0 BHILI 3HAYEHHA NUTOMOiI eMHOcTi Matepiany LaMnOs; (PC) (85 @/r) y
MOPIBHSHHI I[HOTO CAaMOTO 3pa3ka 3 BUKOPUCTAHHSM HEHUTPATBHOTO EJIEKTPOIITY
(61 ®/r). 3agns miaBUIIEHHS e(QEKTUBHOCTI Ta CyYMICHOI (PYHKIIIOHAJIBHOCTI

eJIEKTPOXIMIYHUX CUCTEM OyJ10 c(hOPMOBAHO ACUMETPUYHY T1OPUAHY €NEKTPOXIMIUHY



KOMIPKY 3 €JEeKTpOJaMH Ha OCHOBI BYIJIELIEBOTO Ta NepoBcbKiTHOrO LaMnO;
MarepianiB. Pesynpratm  enektpoxiMiunmx gociimkeHb ['EK  mokazamu, 1o
KOMOIHAIlisS €JIEKTPO/IIB HAa OCHOBI aKTUBOBAHOTO BYTJICIIEBOTO (B SKOCTI KaTOMy) Ta
MIEPOBCHKITHOTO (B SIKOCTI aHOJy) MaTrepiajliB 3a0e3Mneuy€e BUCOKY MUTOMY €MHICTD,
MOKpAIleHy IUKJIIYHY CTaOlIbHICTh 1 MiJBUILNEHY IOTYXXHICTh Yy IOPIBHSIHHI 3
TpaJAMIIHUMU cucTeMaMu. BukopucranHs myxHoro enekrpoinity y ['EK crpusie
ONTUMAJILHOMY IIEPEHOCY 10HIB 1 ONTUMI3allii aKTUBHOCTI MEPOBCHKITHOTO MaTepiaiy
LaMnOs, Toail K ByIJIeLEeBH eleKTpo 3a0e3nedye epeKTUBHUI TPAaHCIOPT 3aps/IiB
Ta 3HW)KEHHS BHYTPIIIHBOIO ONOpPY KOMIpKH. [10pHIHa KOMipKa Ha OCHOBI
aKTUBOBaHUM ByTJelb/enekTpoiT/LaMnO; neMoHCTpye cTabuibHY poOOTYy HaBITh
HiCAs BEJIMKOI KIUIBKOCTI UUKIIB  3apsJKW/pPO3pAKH, IO CBIAYMATH Mpo ii
MEPCIEKTUBHICTH /I BUKOPUCTAHHA B CUCTEMax 30epiraHHs eHeprii.

Takokx y 1[BOMY pO3IUII MPEACTABICHO PE3YJbTaTH EJIEKTPOXIMIYHUX
JOCIIIPKEHHb YaCTKOBO 3aMilleHnX MatepianiB Lag 7Sty sMnOs3, oTpuMaHux 30J1b-reb
ta [lewini Meromamu. 3 aHadi3y OTPUMAHMX EJIEKTPOXIMIYHUX TapaMmeTpiB
BCTAHOBJICHO, 1[0 3aMillleHl TMEepPOBCHKITHI Matepianu Lag7SrosMnO; (SG) Ta
Lay7S193MnO; (PC) Bo011f0Th ACIIO BUIIIMMHU 3HAYCHHSAMHU ITUTOMOT EMHOCTI, a caMme
98 ®/r ta 118 @/r BinnosiaHo, Hixk Matepianu LaMnO; (SG) 1 LaMnO; (PC) (53 @/r
ta 85 ®/r). 3anns niasuieHHs napamerpiB 'EK O0yno chopmoBaHO enexkTpoxiMiuHy
CUCTEMY Ha OCHOBI aKTUBOBAHOTO BYTJIEII0 Ta YAaCTKOBO 3aMIIIEHUX 3pa3KiB
Lay7S193MnO; (SG) 1 Lag7Sro3sMnOs (PC). BusnaueHno, 1110 MakcuMaibH1 3HAUCHHS
nutoMoi emMHOCTi xapaktepHi s ['EK Ha OCHOB1 ByIJIeIIeBOro Marepiayly Ta
MEePOBCHKITHUX MaTepianiB Lag;Sro3MnO; (SG) ta Lay;Sro3MnO; (PC) cranoBasTh
131 @/r ta 165 ®/r BiANOBIIHO, U0 € BUIIUMH y MOPIBHSAHHI 3 BUKOPUCTAHHSAM B
sxocti anoxy ['EK ne 3amimenux 3pa3zkiB LaMnO; (SG) ta LaMnOs; (PS).

KirouoBi cioBa: mepoBCHKIT, X-TPOMEHEBHA CTPYKTYpPHHM  aHaT3,
aKTUBOBAHWI BYTJICIIEBUIA MaTepiall, TOPHUCTa CTPYKTypa, MUTOMA TUIOIIA TTOBEPXHI,
MOPQOJIOTisl, ENEeKTPOXIMIYHA KOMipKa, EJIEKTPOJIT, PEIOKC-peaKilii, raabBaHO-
CTATUYHUN aHaJi3, IIMKJIIYHA BOJBTAMIIEPOMETPIsl, IMIIEJaHCHA CIIEKTPOCKOITIS, T10pH-

JTHUM eNeKTPOXIMIYHUNA KOHACHCATOP, TUTOMA EMHICTb.



SUMMARY

Kolkovska H.M. Synthesis, Structure, and Electrochemical Properties of
(La,Sr)MnOs Nanoparticles with a Perovskite Structure. — A qualification thesis
submitted in manuscript form.

Dissertation submitted for the degree of Doctor of Philosophy in the field of
Knowledge 10 — Natural Sciences, Specialty 105 — Applied Physics and
Nanomaterials. — Vasyl Stefanyk Precarpathian National University, Ivano-Frankivsk,
2025.

The dissertation is based on the results of a study of structural and morphological
changes in (La,Sr)MnO; perovskite materials, depending on the pH of the medium,
synthesis methods, and substitution. The influence of these factors on the charge
storage mechanisms of electrochemical capacitors and the specific capacitance
parameters of the systems is also analyzed. The introduction provides a rationale for
the relevance of the dissertation topic, outlines the research aim, defines the main
objectives, and highlights the scientific novelty and practical significance of the study.

The first section of the dissertation presents a literature review focused on the
structural features of perovskite materials, their properties, and the most promising
areas of application. Particular attention is given to the development of a unified system
of criteria required for the effective use of perovskite materials as electrodes in
electrochemical capacitors. The section also examines various types of carbon
materials and their characteristics when used in combination with oxide materials in
hybrid electrochemical capacitors. In addition, different synthesis methods for
obtaining perovskite-structured materials are described, along with an analysis of their
main advantages and disadvantages.

The second section describes the sol-gel method with autocombustion and its
modification (the Pechini method) for synthesizing (La,Sr)MnO; materials with a
perovskite structure. It also outlines the experimental techniques used to study the
obtained materials, including:

X-ray diffraction (XRD) — for determining the phase composition, main

structural parameters, and the sizes of coherent scattering regions (CSR);
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Scanning electron microscopy (SEM) — for investigating surface morphology
and particle sizes;

Adsorption porometry — for analyzing surface effects, identifying pore types,
determining pore size distribution, and evaluating the specific surface area of the
materials.

This section also provides a detailed analysis of processes occurring at the
electrode/electrolyte interface in a three-electrode cell with electrodes based on oxide
materials. Furthermore, the features of the combined use of oxide and carbon materials
in electrodes for asymmetric hybrid electrochemical capacitors are explored.

The third section presents the main results of experimental studies on the
structure, morphology, and surface characteristics of the obtained perovskite and
carbon materials. A detailed description is provided of the sol-gel and modified Pechini
methods used to synthesize LaMnO3 and Lay 7S1ro3MnO3 samples.

To obtain single-phase materials, annealing was performed at 600 °C and
800 °C. After annealing at 800 °C, all (La,Sr)MnQO; samples were found to be single-
phase and characterized by a perovskite structure with trigonal symmetry, space group
R3m. The sol-gel method was employed to synthesize LaMnQO; samples at different
pH levels.

SEM analysis of the surface morphology revealed that LaMnO; samples
synthesized at neutral pH (7) had the largest particle size (100-200 nm). In contrast,
samples synthesized in acidic (pH 2) and alkaline (pH 9) environments exhibited
smaller particle sizes (40—60 nm) and formed more developed, coral-like agglomerates.
Additionally, LaMnO; (SG) synthesized at pH 9 contained highly agglomerated
particles with sizes ranging from 15 to 25 nm.

Nitrogen adsorption porometry showed that the maximum specific surface area
(60 m?/g) was observed in LaMnO3 samples obtained by the Pechini method.

The influence of substituting La** ions with Sr** ions in the A-site of ABO;-type
perovskite structures was also analyzed. Detailed synthesis procedures for Sr-

substituted LaMnOs3 (Lag 7Sto3MnQOs) via sol-gel autocombustion and Pechini methods
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are presented, along with characterization of their structural and morphological
parameters.

This section also includes a description of the synthesis method for nanoporous
carbon materials and presents the results of studying the effect of activation
temperature on their porosity and specific surface area. It was found that carbon
materials activated at 900 °C exhibit a highly developed surface area (1236 m?/g) and
possess a micro- and mesoporous structure, which is considered optimal for application
as electrode materials in electrochemical capacitors.

The fourth section of the dissertation is devoted to the analysis of
electrochemical studies of the synthesized perovskite materials and asymmetric hybrid
electrochemical capacitors (HECs) based on (La,Sr)MnO; and carbon materials.

A correlation was established between the pH of the synthesis medium for
LaMnO; (SG) materials and their specific capacitance. It was shown that the maximum
specific capacitance (53 F/g) was achieved for LaMnOs (SG) samples synthesized by
the sol-gel method in an alkaline medium (pH 9).

The electrochemical performance of LaMnO3 samples synthesized by different
methods was also analyzed. Samples obtained via the Pechini method demonstrated
higher specific capacitance values compared to those synthesized using the sol-gel
approach.

To evaluate the influence of electrolyte type on the electrochemical performance
of LaMnOQs, experiments were conducted using both alkaline (KOH) and neutral
(L12SO,) electrolytes. The results revealed that alkaline electrolyte slightly enhanced
the specific capacitance of LaMnOs (PC) (85 F/g), compared to the same sample tested
in neutral electrolyte (61 F/g).

An asymmetric hybrid electrochemical cell was constructed using electrodes
based on activated carbon and LaMnO; to improve system efficiency and
compatibility. Electrochemical studies of the HEC showed that the combination of an
activated carbon cathode and a perovskite anode provides high specific capacitance,
enhanced cyclic stability, and increased power density compared to conventional

systems.
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The use of alkaline electrolyte in the HEC promotes optimal ion transport and
enhances the activity of the LaMnOj; electrode, while the carbon electrode facilitates
efficient charge transfer and reduces internal resistance. The hybrid cell based on
activated carbon/electrolyte/LaMnOs demonstrated stable operation over extended
charge/discharge cycling, indicating its potential for energy storage applications.

This section presents the results of electrochemical studies on partially
substituted Lao7Sro3MnQO; materials synthesized via sol-gel and Pechini methods.
Analysis of the obtained electrochemical parameters revealed that the substituted
perovskite materials Lag7Sro3sMnO;3; (SG) and Lag7Sro3sMnO;3; (PC) exhibit slightly
higher specific capacitance values — 98 F/g and 118 F/g, respectively — compared to
the unsubstituted LaMnO; (SG) and LaMnO; (PC), which demonstrate 53 F/g and
85 F/g, respectively.

To enhance the performance of the HEC, an electrochemical system was
developed wusing activated carbon combined with the partially substituted
Lay7S1o3sMnO; (SG) and Lag7Srp3MnOs (PC) samples. It was determined that the
maximum specific capacitance values for these HECs are 131 F/g and 165 F/g,
respectively, which are higher than those achieved with HECs incorporating the
unsubstituted LaMnO; (SG) and LaMnO; (PC) as the anode material.

Keywords: perovskite, X-ray structural analysis, activated carbon material,
porous structure, specific surface area, morphology, electrochemical cell, impedance
spectroscopy, electrolyte, redox reactions, galvanostatic analysis, cyclic voltammetry,

hybrid electrochemical capacitor, specific capacitance.
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