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Jana nuceprauiiina poOoTa NPUCBAYEHA OTPUMAHHIO IIOPUCTUX BYTJICLIEBUX
MatepiaiaiB Ta JOCHIIKEHHIO MOYKJIMBOCTI 1X 3aCTOCYBAaHHS B SIKOCTI €JIEKTPOJIB
€JIEKTPOXIMIYHUX KOHJEHCATOPIB CHMETPUYHOIO Ta ACUMETPUYHOIO THUIMY;
BUBUCHHIO BIUIUBY CTPYKTYpHO-MOP(OJIOTIYHUX XapaKTEPUCTHK OTPUMAHHUX
BYIJIELIEBUX MAaTEpiajilB HA MEXaHI3MH HAKOMUYEHHS 3apsaly B aCUMETPUUYHMX
CIICKTPOXIMIYHUX KOHJICHCATOPAX.

OOTpyHTYBaHHS aKTyaJbHOCTI 00paHOT TCMU JUCEPTAIIMHOTO JIOCIIIKCHHS,
MeTa JIOCTIKEHHS, OCHOBHI 3aBJaHHs, HAYKOBAa HOBHU3HA 1 MPAKTUYHA IIHHICTh
poOOTH BUCBITIICHI Y BCTYIII.

VY nepmoMy po3auTl MPeACTaBIEHO KPUTUUHUI OIS JIITEPAaTyPHUX JHKEpen
IIOJI0 CY4YacHOr0 CTaHy HAyKOBUX [JOCHIJDKEHb Yy Tally3l EHEpPreTHKH 1
BIJIHOBIIIOBAaHMX JDKepen cHeprii. [lpoananizoBaHo 1iepeBarm Ta HEIOIIKA
MPUCTPOIB HAKONMYEHHA €HEeprii Ta MpeiacTaBiIeHO iX Kiacudikaniio 3a
MeXaHi3MaMHU HaKOMUYEeHHS 3apsaay B HUX. PO3riasHyTa KOHILIENLIS aCUMETPUYHUX
CYNEpPKOHJICHCATOPIB HAa OCHOBI BYIJICIEBHX EIEKTPOJIB Ta TMEPCIEKTHUBHICTh
BUKOPHUCTAHHS BOJHHX €JIEKTPOJIITIB B JAHUX CUCTEMaX.

Crmocobu OTpMMaHHS TOPUCTUX BYIJICICBUX MaTrepialdiB 3 Pi3HUMHU
CTPYKTYPHO-MOP(OJIOTIUHUMH XapaKTEPUCTHUKAMU Ta €KCIEPUMEHTATbHI METOIN
JOCIIJIKEHHS iX CTPYKTYPH, CTaHy ITOBEPXHI Ta 1X €NEKTPOXIMIYHMX BIIACTUBOCTEH
BUCBITJIEH] Y Apyromy po3auti. OnucaHi OCHOBU NPUHUMIY (YHKIIOHYBAHHS JJis
KOXXKHOT'O 3 METOJIB JIOCHIKEHb Ta 3arajibHl XapaKTEpUCTUKU JaOOPaTOPHOTO

oOnannanus. BucCBITIEHO MeTy 3acTOCyBaHHS TOrO 4YM IHIIOTO METOAY



JOCIIIJIKCHHS, 30KpeMa: METOJ aJcOpOIIHHOI HU3BKOTEMIICPaTypHI MOPOMETPIi
3alpONOHOBAHUM JIJISl OCTIKCHHS MOPUCTOI CTPYKTYPHU BYTIICLIEBUX MaTeplaiis,
CKaHylo4a eJeKTPOHHA MIKPOCKOMIS — Jii OTpUMAaHHA 300pakeHb BHCOKOI
PO3IUIbHOI 34aTHOCTI Ta JAcTanbHOI iHdopMallli Mpo IIOBEPXHIO BYTJICIICBUX
MaTepiaiB, CHEKTPOCKOMis KOMOIHALIMHOTO pO3CIIOBAaHHSA CBITJIa HajAae
iHdopMaIiio Mpo MOJIEKYJSIPHI KOJWUBAHHSA, SKI MOMHA BHUKOPUCTOBYBATH IS
ineHTrudikamii pizHUX ¢da3 BYIVICIIO, MaJOKyToBe X-IIPOMCHEBE PO3CIIOBAHHS —
Jnae 1H(OpMaIil0 TpPO CTPYKTYpy MaTeplaiiB y HaHO- Ta Me3oMaciuTadl, A
BU3HAYCHHS  CJICMCHTHOTO  BMICTY  BHKOPHCTOBYETHCS  X-TIPOMCHCBA
(bayopecleHTHa  CIEKTpOMETpis, IHQpayepBOHa  CHEKTPOCKOMiA —  JJIA
1aeHTH¢IKalll (QYHKIIOHATIBHUX TOBEPXHEBUX TIPYN Ha IMOBEPXHI BYIICLIEBUX
MarepiajiB, METOJA  IMIICJAHCHOI  CHCKTPOCKOIMI — IS JIOCIIIKCHHS
EJIEKTPOXIMIYHUX Ta EJIEKTPOINPOBIIHUX BJIACTUBOCTEH BYIJIELEBOIO Marepiany,
raJlbBaHOCTATHYHE 1 TTOTCHIIIOMHAMIYHE ITUKJIFOBAHHS — JIJI1 BUBUCHHSI IIPOIICCIB
HAKOIIMYEHHS 3apsily B CIICKTPOXIMIYHMX CHUCTEMax Ta BU3HAUYCHHA ITUTOMUX
EMHICHUX  XApaKTEpPUCTHK  BYIJIELEBHX  MaTepiajiB 1  €JIEKTPOXIMIUHUX
KOH/ICHCATOPIB CUMETPUYHOI'O Ta aCUMETPUYHOTO THUILY.

Tpetiit po3aUT NPUCBIYEHU TEPMIYHIN Ta XIMIYHINA METOAMKAM OTPHUMAHHS
MOPUCTUX BYTJELEBUX MaTepiayliB 13 POCIMHHOI CHPOBUHH. Y  po3aull
IPEICTABICHO  PE3YyJIbTaTH  EKCIICPUMEHTAIBHUX  JIOCHIJKCHb  CTPYKTYpH,
MOP@OJIOTIi 1 MOBEPXHI OTPUMAHUX BYTJIEIIEBUX MaTEPIAJIIB.

Ha ocnoBi aHamizy maHux aacopOiiiHOi mopoMeTpii a30Ty MoKa3aHo, 110, B
3aJIEKHOCTI BiJ| CITOCOOY aKTHBAIlll BUX1HOI CHPOBUHM, MOYXXHA OTPUMATH TIOPHUCTI
BYTJICIIEBl MaTepialy 3 THTOMOIO NOBEPXHEIO Bif 237 10 431 M?/T Ta HEOOXiAHUM
pO3MOALIOM MIKpo- 1 Me3omop 3a posmipamu. [lpeacraBieHo pe3ynbratu
JIOCIIJIKEHHSI BIUIMBY TEMIIEpATypd CHHTE3Yy BYIVICIIEBMX MaTeplaliB Ha iX
(bpakTanbHy Ta MIOPUCTY CTPYKTYPY.

[IpoBeaeHo aHami3 CHEKTPIB KOMOIHAIIMHOTO PO3CIIOBaHHS CBITIA 1
BCTAHOBJICHO 3aJIC)KHICTh CEPEJAHBOTO PO3MIpy TIpadiToBUX (parMeHTIB BiJ

TeMneparypu cuHresy. [lokasaHo, IO 3MEHILIEHHS CEPENHBOTO IONEPEYHOTO
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posmipy rpaditoBux ¢pparMeHTiB Big 9,86 HM 110 8,02 HM BIIOYBa€eThCS Y MPOILIEC]
KapOoHizallli B mianaszoHi Temiepatyp 400 - 800 °C, a migBuILICHHS TeMIlepaTypu
KapOoHi3alii MPU3BOAUTH JO 3POCTAHHS pPO3MIPYy TpaiTOBUX YaCTHUHOK.
JonaTkoBa TepMiuHa akTHBalifg ByrieneBoro matepiany npu 400 °C npu3BOIUTH
710 3MEHILEHHS K TOBILMHH, TaK 1 O1YHUX PO3MIpIB KPUCTAMITIB rpadiTy.

[IpeacTaBneHo MeETOAWKY TepMOXiMiuHOI akTuBarii opTtodochopHOIO
KHUCIIOTOI0 BUXIAHOI CUPOBHUHHU POCIUHHOTO MOXOPKCHHS JUIsl OTPUMaHHSA ME30-
TIOPHCTHX BYIJIELEBUX MATEPIaIiB 3 MUTOMOKO IUIOIIE NOBEPXHi 734 - 1385 MY/T.

Y d4erBepTOMy pO3MINl  JMCEPTAIiiHOI POOOTHM OMNHMCAaHI PE3YJIbTATH
JOCIIJKEHHS €JIEKTPONPOBIIHOCTI Ta €JIEKTPOXIMIYHHUX JOCHIIKEHb OTPHUMAHHX
MOPUCTUX  BYIJELUEBHX MarepladiB Ta CUMETPUYHHUX 1 ACUMETPUYHHX
CYIICPKOH/ICHCATOPIB, CPOPMOBAHUX HA X OCHOBI.

BcraHoBlIeHa 3alIeKHICT MDK TEMIEpaTyporo KapOOHi3auli BHXITHOI
CUPOBHMHH 1 IMTOMUM OIIOPOM BYTJICIICBUX MAaTEplajiiB Ta PO3PaxXOBaHI 3HAYCHHS
MATOMOI TIPOBIHOCTI ISl OTPUMAHHMX IOPUCTUX BYTJICICBUX MaTCplaiB.
[loka3aHo, 1O 30UIBIIEHHS TeMIepaTypu KapOoHI3alli BUXIAHOI CHPOBUHHU
MIPU3BOIUTH JI0 3POCTAHHS CIICKTPOIIPOBIAHOCTI MaTepiaiy.

MeTonoM IMIIETAHCHOI CIEKTPOCKOIIi JOCHIKEHO TMPOIECH Ha MEexl
PO3ALTY BYTJICLEBUN €IEKTPOJ/CIESKTPOIIT ISl YCIX OTPUMAHMX BYIJIEHEBUX
MarepianiB. JIOCTIKEHO TUTOMI €MHICHI XapaKTCPUCTUKH TOPUCTHUX BYTIICHCBUX
MmatepianiB. [Tokazano, mo kapooHizais 6iomacu npu 800 °C go3BoOJISIE OTpUMATH
BYTJICLICBUM MaTepiall, MUTOMA EMHICTh SIKOTO MPH MOCTIHHOMY CTPYMi po3psny S-
100 MA 3miHIOETBCS B Mexax 97 - 121 ®/r; makcuMmanbHa Hampyra cuctemu 1 B.
XIMIYHO aKTHBOBAaHI BYTJEIEBl MaTepiaid 3a JaHUX pPEXKUMIB TECTYBaHHS
JEMOHCTPYIOTH Cepe/lHI 3HAa4eHHSI MUTOMOT eMHOCTI 122 - 140 ®/r nna BkazaHUX
CTPYMIB pO3pSY.

[IpencraBiaeHO pe3yabTaTH KOMILUIEKCHOTO AOCTIIKEHHS TUTOMUX €MHICHUX
XapaKTePUCTUK EIEKTPOXIMIYHUX KOHJIEHCATOPIB CUMETPUYHOTO Ta

ACUMCTPHUYHOIO THIIY Ta IIOKAa3aHO, IO, 36iJ'II>H_IyIOLII/I MacCy aHOAa [JIA



5

CICKTPOXIMIYHUX KOHIEHCATOPIB aCUMETPHUYHOI KOH(Irypallil, MOKHa 301JIbLIIUTH
MATOMI EMHICHI XapaKTepUCTUKH Ha 15 %.

Karouosi cioBa: mopuctuii ByrieneBuid Marepian, akTUBOBAHUM BYTJIELb,
CTPYKTypa, MOpdoJIoris, aacopOIliifHi BIACTHBOCTI, PO3MNOJALI MOP 3a pO3MipaMu,
€JIEKTPONPOBIAHICTD, X-IPOMEHEBUH AUPPAKIIMHMIIA aHai3, CyNnepKOHACHCATOPH,
IMIEAaHCHA CHEKTPOCKOIIsA, TaJbBaHOCTATHYHUI aHali3, BOJLTAMIIEPOMETPIs,

IIUTOMAa €EMHICTh, BOJHUHN CJICKTPOJIIT.

SUMMARY

Ivanichok O.M. Mechanisms of charge accumulation by asymmetric systems
based on carbon material different morphology and structure. — Qualifying
Scientific Work on the Rights of Manuscript.

Dissertation submitted for the degree Doctor of Philosophy in the field of
knowledge 10 Natural Sciences on the specialty 105 Applied Physics and
Nanomaterials. — Vasyl Stefanyk Precarpathian National University, Ivano-
Frankivsk, 2024.

This dissertation work is devoted to the preparation of porous carbon
materials. Moreover, it is the investigatin of the possibility of their use as
electrodes of electrochemical capacitors of symmetrical and asymmetrical type;
studying the influence of the structural and morphological characteristics of the
obtained carbon materials on the mechanisms of charge accumulation in
asymmetric electrochemical capacitors.

The introduction highlights the relevance of the chosen topic of the
dissertation research, the purpose of the research, the main tasks, the scientific
novelty and the practical significance of the work.

The first chapter presents a critical review of literary sources regarding the
current state of scientific research in the field of energy and renewable energy
sources. The advantages and disadvantages of energy storage devices are analyzed

and their classification according to the charge storage mechanisms in them is
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presented. The concept of asymmetric supercapacitors based on carbon electrodes
and the prospects of using aqueous electrolytes in these systems are considered.

Methods of obtaining porous carbon materials with different structural and
morphological characteristics and experimental methods of studying their
structure, surface condition, and electrochemical properties are covered in the
second chapter. The basics of the principle of operation for each of the research
methods and the general characteristics of laboratory equipment are described.
Moreover, the purpose of applying one or another research method is highlighted,
in particular: The adsorption low-temperature porometry method is proposed for
studying the porous structure of carbon materials, scanning electron microscopy -
for obtaining high-resolution images and detailed information about the surface of
carbon materials. Raman spectroscopy provides information about molecular
vibrations, which can be used to identify different phases of carbon, small-angle X-
ray scattering - provides information about the structure of materials at the nano-
and mesoscale. X-ray fluorescence spectrometry is used to determine the elemental
content, infrared spectroscopy to identify functional surface groups on the surface
of carbon materials, the method of impedance spectroscopy for studying the
electrochemical and conductive properties of carbon material, galvanostatic and
potentiodynamic cycling for studying the processes of charge accumulation in
clectrochemical systems and determining the specific capacitance characteristics of
carbon materials and electrochemical capacitors of symmetrical and asymmetrical
type.

The third chapter is devoted to thermal and chemical methods of obtaining
porous carbon materials from plant raw materials. Furthemore, the section presents
the results of experimental studies of the structure, morphology, and surface area
of the obtained carbon materials.

Therefore, based on the analysis of nitrogen adsorption porometry data, it is
shown that, depending on the method of activation of the raw materials, it is
possible to obtain porous carbon materials with a specific surface area from 237 to

431 m*/g and the required size distribution of micro- and mesopores. It is presented
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the results of the study influence of the synthesis temperature of carbon materials
on their fractal and porous structure.

Therefore, an analysis of Raman light scattering spectra was carried out and
the dependence of the average size of graphite fragments on the synthesis
temperature was established. It is shown that the decrease in the average cross-
sectional size of graphite fragments from 9.86 nm to 8.02 nm occurs in the process
of carbonization in the temperature range of 400 - 800 °C, and an increase in the
temperature of carbonization leads to an increase in the size of graphite particles.
Additional thermal activation of the carbon material at 400 °C leads to a decrease
in both the thickness and the lateral dimensions of the graphite crystallites.

The method of thermochemical activation of raw materials of plant origin
with orthophosphoric acid for obtaining meso-porous carbon materials with a
specific surface area of 734 - 1385 m?/g is presented.

The fourth chapter of the dissertation describes the results of the electrical
conductivity and electrochemical studies of the obtained porous carbon materials
symmetric and asymmetric supercapacitors aplication.

The relationship between the carbonization temperature of the raw material
and the specific resistance of carbon materials was established, and the specific
conductivity values for the obtained porous carbon materials were calculated. It is
shown that an increase in the carbonization temperature of the raw material leads
to an increase 1n the electrical conductivity of the material.

The processes at the carbon electrode/electrolyte interface were investigated
by impedance spectroscopy method for all samples. Moreover, the specific
capacitive characteristics of porous carbon materials were studied. It is shown that
the carbonization of biomass at 800 °C makes it possible to obtain carbon material,
the specific capacity varies between 97 and 121 F/g at a constant discharge current
of 5-100 mA; the maximum voltage of the system is 1 V. Additionaly, chemically
activated carbon materials under these test modes demonstrate average values of

specific capacity of 122 - 140 F/g for the indicated discharge currents.
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It should be noted that, the results of a complex study of the specific
capacitance characteristics of electrochemical capacitors of symmetrical and
asymmetrical type are presented and it is shown that by increasing the mass of the
anode for electrochemical capacitors of asymmetric configuration, it is possible to
increase the specific capacitance characteristics by 15%.

Keywords: porous carbon material, activated carbon, structure, morphology,
adsorption properties, pore size distribution, fractal, electrical conductivity, X-ray
diffraction analysis, supercapacitors, impedance spectroscopy, galvanostatic

analysis, voltammetry, specific capacity, aqueous electrolyte.
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