AHOTAILUS

JMicoscvka C.A. CtpykTypa, Mopdosoris Ta eIeKTPOXiMiuHI BIACTUBOCTI
CJICKTPOAHUX MaTepialiB CHCTEM HaKOMMYEHHS 3apsaay. — KpamidikaliiiiHa HaykoBa
npaisd Ha IpaBax PyKOMHCY.

Hucepraiist Ha 3700yTTsI cTymeHs gokTopa ¢inocodii B ramysi 3HaHb 10
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OCBITH 1 Hayku YKpainu, M.IBaHo-®paHkiBCchK, 2025.

Hucepraiiiina poOOoTa MNPUCBAYEHA BCTAHOBJICHHIO ONTHUMAJIbHUX YMOB
CUHTE3y Ta aKTUBALlli HAHOMOPUCTUX BYIJICLIEBUX MATEplajiB 3 METOI0 CTBOPEHHS
Ha 1X OCHOBI BHCOKOC(EKTHBHMX EJIEKTPOIIB E€IEKTPOXIMIYHUX KOHJIEHCATOPIB;
BU3HAUYCHHIO BIUIMBY TEMIIEpAaTypd Ta TPUBAJIOCTI aKTHBAaLli Ha aacopOLiiiHi
BJIACTUBOCTI, ()paKTaibHy PO3MIPHICTb, & TAKOXK MIKPO- I ME3OIIOPUCTY CTPYKTYPY
OTPUMAaHUX BYTJEIEBUX MaTEPiaiB.

VY BcTyni OOIpyHTOBaHO aKTYyaJbHICTh TEMHU JUCEpTalii, cOpMyIbOBAHO
METy Ta OCHOBHI 3aBJaHHS JOCHIJDKEHHsS, BU3HAYCHO HAYKOBY HOBHU3HY i
MPaKTUYHY MIHHICTE poO0TU. PO3KPUTO 3B’S30K AOCHIKEHHS 3 HAyKOBUMU
nporpaMamMu ¥ TemMaMu, HaBEIEHO OO0 €KT 1 MpeaMeT JOCHIKEHHS, MOJIaHO
BIJIOMOCTI Tpo ampoOarito Ta MmyOmikaiii pe3yibTaTiB, a TaK0X OKpPECICHO
OCOOMCTHII BHECOK JucepTaHTa B omyOmikoBaHl pobotu. IlogaHo 3aranbHy
XapaKTEPUCTHUKY JTOCIIKCHHS.

[Teprmmii po3aisT MICTUTh KPUTHIHHM OTJISIA JTITEpATypHHUX JKepel. B Hpomy
BUCBITJICHO 3arajbHUN CTaH JOCHIJ)KYBAHOI TEMH, PO3TJSHYTI OCHOBHI BHUIU
CJICKTPOXIMIYHUX CHUCTEM HAKOIMYEHHS 3apsAy Ta OMHUCAHO MPUHIIUI iX POOOTH.
OnucaHo Ta WPOAHATI30BAHO OCHOBHI XapaKTEPUCTUKU EIEKTPOXIMIUHUX
KOHJIEHCATOpIB, W0 MPALIOIOTh 32 MPUHLUIOM 3apsa/po3psany MOABIMHOTO
CJIEKTPUYHOTO Mapy. HaBeneHO OCHOBHI MeXaHI3MH YTBOPEHHS IMOABIHHOTO
CJIEKTPUYHOIO IIapy Ha MEXI MOPUCTHM BYIJICLIEBUM €JIEKTPOJI/eNEeKTPOIIT Ta

MOJieNl, Kl OMUCYIOTh iX (DYHKLIOHYBaHHS. PO3INsIHYTO pi3HI TUIU BYTJIELIEBUX
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MaTepiaiiB 3 BUCOKOIO IUJIOIIEIO MOBEPXHI Ta HABEICHO MepeBark iXx BUKOPUCTaAHHS
npu (GopMyBaHHI1 €JIEKTPOJIIB €JIEKTPOXIMIYHUX KoHJAeHcaTopiB. [IpoaHarnizoBaHi
MEXaH13MHU HAKOTIMYEHHS 3apsily Y HAHOMIOPUCTUX BYTJICHEBUX €IEKTPOIaX.

VY npyromy po3aiun gucepTamiiiHoi poOOTH MPEACTABICHO Y3arajlbHEHI
BIJOMOCTI LIOJI0 CHHTE3Yy, aKTHBAIlll Ta JOCTIMKEHHS MOPUCTUX BYTJICIEBUX
MaTepianiB. BuCBITIeHO iX Kiacu@ikaliio 3aJeXHO Bl CHoco0y oJep)KaHHS,
MOPGOJIOTIYHUX XApAaKTEPUCTUK Ta (PYHKIIOHAIBHUX TPYIN IOBEPXHI, SKI
BU3HAYAIOTh aJCcOpOIliiHI Ta enekTpoximiuHi. [lokazano, mo BuOip BUXiTHOT
CUPOBMHM Ta METOJly aKTHBallli ICTOTHO BIUIMBa€ Ha (OPMYBaHHS MMUTOMOL
MOBEPXHI, MOPUCTOT CTPYKTYpH U EJEKTPOIPOBIAHOCTI BYIJICLIEBUX MaTeplaiB.
JleTanbHO MpoOaHANI30BaHO (PI3MYHI METOAM aKTHBAlli, IO IPYHTYIOTbCS Ha
TEpMOOOPOOIIl B CEPEIIOBHIII T'a3iB-aKTUBATOPIB, Ta XIMIUHI METOJU aKTHBAIli 13
3aCTOCYBAHHSM PEareHTIB (30KpeMa TIAPOKCUIY Kajilo), Kl J03BOJSIOThH IOCATTH
BHUCOKHX 3HAYEHb MUTOMOI IOBEPXHI Ta PO3BUHEHOI MIKPO- 1 ME30IIOPUCTOCTI.

HaBeneHo XxapakTepuCTUKy Cy4YaCHUX EKCIIEPUMEHTAIbHUX METO/IIB,
3aCTOCOBAHUX JUIS JOCHIDKEHHS CTPYKTYpH, TIOBEPXHEBOTO CTaHy Ta
CJIEKTPOXIMIYHUX BIACTUBOCTEH ByrJieneBUX matepianiB. OOTpyHTOBAaHO METY Ta
JOIUTBHICTG ~ BHUKOPWUCTAHHS  KOXKHOTO 3  HHX, BHKJIQJICHO TIPUHIIUAIN
(GyHKIIOHYBaHHS Ta y3arajJlbHEHO AaHl IIOAO0 Ja0OpaTOpHOTO OOJaJHAHHS, IO
3a0e3neduye ix peamizailio. 30KpeMa, METOJl HU3bKOTEMITepaTypHOI aacopOIiiHoT
MOPOMETPIi 3aCTOCOBAHO JJIsl BU3HAYEHHS MUTOMOI MTOBEPXHI1, PO3MOALTY Ta 00’ €My
MOp; CKaHYIOUy €JICKTPOHHY MIKPOCKOTIiI0 — JIJIsl Bizyasizarlii Mopdoaorii moBepxHi
3 BUCOKOIO PO3I1IBHOIO 3aTHICTIO; CIIEKTPOCKOIII0 KOMOIHAIIHHOTO PO3CIFOBaHHS
cBiTia (PamaH-crieKTpOCKOIiI0) — JJIsl BCTAHOBJIEHHS CTPYKTYPHUX MOAM(IKAIIiil Ta
neheKTHOCTI BYTJICIIEBOTO KapKaca; MaJIOKYTOBE PEHTIE€HIBChKE PO3CIFOBAHHS — JJIs
OIIIHKH MapaMeTPiB y HAHO- Ta Me30MacIlTadl; peHTreHO(IyOpeCIICHTHUN aHai3 —
JUTSL BU3HAUEHHS €JIEMEHTHOTO CKJIaay Ta JOMIMIKOBUX (ha3. 3 METO BH3HAUYCHHS
CIEKTPOXIMIYHUX  XAPAKTEPUCTHK  BUKOPUCTAHO  METOAMU  IMIIEJAHCHOL
CHEKTPOCKOMIl, TaJlbBAHOCTATUYHOTO Ta MOTEHIIOAMHAMIYHOTO I[UKIIIOBAHHSI.

IMHGI[aHCHa CHGKTpOCKOHiH Hajgajiaa MOJKJIMBICTB BCTaHOBUTH 3HA4YCHHA
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BHYTPIIIHBOT'O OTOPY, €JIEKTPONPOBIAHICTh Ta MIBUIKICTh MEPEHECEHHS 3apsiy,
TOJ1 SIK METOJIU 3aPSA-PO3PSATHOTO Ta BOJIBTAMIIEPHOTO aHATI3Y JO3BOIMIINA OLIHUTH
MPOLECH HAKOMUYECHHS €HEeprii Ta BU3HAYUTH MUTOMI €MHICHI XapaKTEPUCTHKHU
JOCIIJKYyBaHUX MaTepianiB. OTpuMaHi pe3yibTaTH CTBOPIOIOTH MIATPYHTS AJis
dbopMyBaHHS BHCHOBKIB MO0 ONTHUMAJIbHUX YMOB CHHTE3Y W aKTUBAIlii
BYTJICIICBUX MaTepialliB Ta JOIUIBHOCTI X BHUKOPHUCTAHHS SK EJCKTPOIB
CYNEpPKOH/ICHCATOPIB.

Y TpeTrboMy poO3AiNii MPOBEIEHO KOMIUIEKCHUN aHalli3 MOPHUCTOI CTPYKTypHU
BYTJICLIEBUX MaTepiajiB Ta MOKa3aHO €(PEKTUBHICTh 3aCTOCYBaHHS TEPMOXIMIYHOI
aKkTuBailii 1 (GopMyBaHHS lepapxiyHoi cuctemMu mop. OTpuMaHi BYTJIELEBI
MaTepiaan XapaKTepU3yIOTHCS BUCOKOIO IUIOMIEI0 moBepxHi 700 M%/r Ta 3arajabHUM
06’emom 1op 0,7 cM’/r. B oTpuMaHuX MaTepiajgax OCHOBHHMI BHECOK y IUTOMY
IUIOLY TOBEPXHI Ta 00’ €M pobJIsATh Mikporniopu po3Mipom 0,65-1,25 HMm, a mezonopu
JlaMeTpoM 2-5 HM 3a0e3MeuyroTh €(peKTUBHUN TOCTYMN 10 HUX. BHACHIIOK 3MiHU
TEMIEpATypu Ta 4Yacy TEPMIYHOI aKTUBalli OTPUMAHO TpHU cepli BYIJIELEBUX
MatepianiB. BusHaueHo, 10 BC1 TEPMIYHO aKTMBOBAHI BYTJIEIEBl MaTepiail MatOTh
ME30TIOPUCTY CTPYKTYpPy 3 po3Mmipom mop Oymm3bko 2-3 HM. Jlmsa matepianiB
aktuBoBaHux mpu 400 °C, xapakTepHe NOCTYINOBE 30UIbIICHHS MUTOMOI IO
MOBEPXHI Ta 00’ €My MOpP O NEBHOTO KPUTUYHOrO Yacy akTuBauii 6im3pko 120 xB.
3pocTanHs miomi noBepxHi 10 940 M%/r BimOyBaeTbCs IEPEBAXKHO 3a PAaXyHOK
PO3BUTKY MIKPOIIOpP, TOAl SIK ME30N0pU (POPMYIOTHCA MOCTYHOBO 1 3a0€3MEeYyI0Th
om3bpko 70-95 % Bin 3aranbHOTO 00’ €My O, 0 BKa3y€e Ha TOMIPHO ME30TIOPUCTY
CTPYKTYpY IIpH 30€peKeHHI 3HAYHO1 YaCTKH MIKpOTop. Marepiaiau akTHBOBaHI MPU
450 °C, xapakTepu3yloThCsl aKTUBHILIUM IMEpepo3NoALIoM nop y aianazoHi 0,65-
2,25uM. Ha mouatrky mnepeBaxarwoth Mikpornopu (0,65-1,25HM), omnHak i3
MOJIOBXKEHHSM 4Yacy aKTHUBAIlll BIIOYBAETHCS PO3IIMPEHHS Ta 3JIUTTSA MIKPOIIOP, 1110
CHpHsi€ 3pOCTAaHHIO YacTKU Me3omop. [lmoma moBepxHi Mpu 1bOMY 3aTHIIAETHCS
BUcoKo10 (moHan 800 M%/T), a TUTOMa YacTKa ME30I0p Y 3arajJbHOMY 00’eMi csirae
70-85%. Y cepii aktuBoBaHiii npu 500 °C 31 3pocTaHHSIM Yacy akTHUBAIll

CTIOCTEPIraeThCsl aKTUBHUI PO3BUTOK YJbTpaMikponop 1 mikpomop (0,65-1,25 um),
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0 BIIOOpaXaeTbCs Yy PI3KOMY 3pOCTaHHI IUIOINII TIOBEPXHi, a TOJaJIbIle
MOJIOBXKEHHS Yacy aKTHBallli CYyHNpOBOJXKYETbCS (OPMYBAHHIM PO3BUHEHOT
CUCTEMH ME30I0p (> 2 HM).

Bcranosneno, 1o ¢pakraibHa pO3MIPHICTh BUXITHOTO 3pa3Ka CTAHOBUTH
D=2,19, Bka3zyroun Ha MOMIpHY IIOPCTKICTh MOBEepXHi. Ha mouaTkoBux eramax
aktuBarii (dac 70 90 xB.) 3HadeHHs D 3pocTtae 10 2,466, 1110 CBITIUTH ITPO PO3BUTOK
MIKPOTIOPUCTOI CTPYKTYpH Ta IIABUIIEHHS HEPIBHOMIPHOCTI IOBEpPXHI depe3
yTBopeHHs HOBHX Top. [Ipu momanemiit aktuBarii (120-240 xB.) D 3amxkyeTbes 10
1,812, mo BKa3zye Ha KOHCOJIJAIIO0 CTPYKTYPH, 3JIUTTS TMOp 1 BUPIBHIOBAHHS
noBepxHi. Ha OCHOBI aHamizy KpUBUX, OTpUMAaHUX MeToloM SAXS BHU3HAYEHO
pajiycu ripaiiii ByTrJieHeBUX MaTepialiB, sIKI BAPIIOIOTHCA B MeKax BiI ~2.7 10 ~3.5
HM. [lokazaHo, 10 MakcuManbHE 3HAauYeHHs paaiyca ripamii (R, = 3,53 HM)
BIIMOBIZa€ 4Yacy TepMiuHOi 00poOku 150 xB. Ta cBIAYUTH TPO (QopMyBaHHS
MaKCUMaJIbHO PO3BUHYTOI ME30IIOPUCTOI CTPYKTYPH.

VY dgerBepTOMYy pO3aUI IMOKAa3aHO, IO TepMidHA aKTHBAlllsl BIIUBAE Ha
CTyMiHb rpaditu3allii, 1e(QeKTHICTb 1 po3Mip rpapiTOBUX JOMEHIB Y aKTHBOBAHUX
BYyTJICLIEBUX MaTepianax. JJig BCIX TeMIiepaTypHUX PEKUMIB 31 30UIBIIICHHAM Yacy
aktuBaiii g0 120 xB. BiAOyBaerbca 3pocraHHs rpaditusanii. [loganpimmii yac
aktuBalii HBM npu3BoauTh A0 3pocTaHHs AEPEKTHOCTI Yepe3 CTPYKTYpHY
JierpaIariio.

BcranoBieHo, 1m0 THUM CTPYMOIPOBiIHOI M00aBKM CYTTEBO BIUIMBAE Ha
e(eKTUBHICTh POOOTH EIEKTPOXIMIYHUX KOHJEHCATOPIB Ta abCOIIOTHE 3HAYCHHS
MUTOMOI EMHOCTI MaTepialy eneKTponaa. AICTHICHOBA ca)Xa BUIIISETHCSA SIK
HallKpamui BUOIp AJI1 KOMIIO3UTY 3 BYIVICLIEBUM MatepiajioM, 3a0e3nedyrouu
HaiBuIly muToMy eMHICTB (~100-120 ®/r) Ta BUCOKY PO3PSAAHY MOTY>KHICTh.

JlociipkeHHs BIUTMBY TEMIIEpATypH Ta Yyacy TePMIYHOI aKTUBAllli Ha €EMHICHI
XapaKTePUCTUKU KOHJEHCATOPHUX CHCTEM TI0Ka3ajo, IO KOHTPOJIhOBAHE
pETyJIIOBaHHS  IIMX TMapaMeTpiB  JO03BOJISIE  IIUIECTIPSIMOBAHO  3MIHIOBATH
€JIEKTPOXIMIYHI BJIACTMBOCTI MarepiajiB. MakCUMaJbHUM 3HAY€HHSM ITHUTOMOIT

emMHOCTI 135-145 ®/r mpu Hu3bKUX poOOYMX CTpyMax XapaKTepU3YIOTbCS BCl
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Marepiaii TePMIYHO akTuBOBaHI mpotsirom 30-60 xB. Marepiasm 3 00’emMoM
Me301op 85-95% xapakTepu3yrThCs MAaKCUMAJIBHOIO MTUTOMOIO €JIEKTPOEMHICTIO
OpU BUCOKUX PO3PSAHMX CTpymMax. B gaHux warepianax NUTOMa €MHICTb
3a0€e3MeuyeThCsl MEPEBAKHO €MHICTIO MOJIBIMHOTO €JNEKTPUYHOTO IIapy, a 3MiHa
€JIEKTPOEMHOCTI JJISl IOCHIKYBAHOTO Jiana3oHy poOOYUX CTPYMIB 3MEHIIYETHCS
He Outebmie HiK Ha 15%. OnTumanbHI yMOBH TEpMOOOpPOOKH 3a0e3euyroTh
dbopMyBaHHS 1€papXiuyHOi CTPYKTYPH 3 BHCOKOK IUTOMOIO TIOBEPXHEIO 1
JOCTYITHUMH TIOPaMH, 110 CHPHUSE MiJBUIICHHIO MTUTOMOI €EMHOCTI Ta MOKPAIIEHHIO
KIHETUKHU 3apsy/po3psily CylepKOHIEHCATOPIB.

Kuro4oBi cjioBa: akTUBOBaHMIA BYIJICIIEBUI MaTepiall, TOPUCTA CTPYKTYpa,
HaHOMATpiaJid, KOMIIO3WUTHI MaTepiajiu, aJcOPOIIiiHI BIACTUBOCTI, PO3MOALI MOP 32
po3MipaMH,  €JIEeKTPONPOBIIHICTh, X-MPOMEHEBUN  IUdpakiiiHuil  aHais,
CYNEpPKOHJIEHCATOPH, IMIIEJAHCHA CHEKTPOCKOIIs, TajlbBAHOCTaTUYHUN aHai3,

BOJIbTAMIIEPOMETPIisl, TUTOMA €MHICTb.

SUMMARY

Lisovska S.A. Structure, morphology and electrochemical properties of
electrode materials of charge storage systems. — 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 Carpathian National University, Ministry of
Education and Science of Ukraine, Ivano-Frankivsk, 2025.

The dissertation is devoted to establishing the optimal conditions for the
synthesis and activation of nanoporous carbon materials with the aim of creating
highly efficient electrodes for electrochemical capacitors based on them;
determining the influence of activation temperature and duration on the adsorption
properties, fractal dimensionality, as well as the micro- and mesoporous structure of

the obtained carbon materials.
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The introduction substantiates the relevance of the dissertation topic,
formulates the purpose and main objectives of the research, and defines the scientific
novelty and practical value of the work. The connection of the research with
scientific programs and topics is revealed, the object and subject of the study are
specified, information is provided on the approbation and publications of the results,
as well as the personal contribution of the author to the published works is outlined.
A general description of the research is presented.

The first chapter contains a critical review of literary sources. It highlights the
general state of research on the topic, examines the main types of electrochemical
charge storage systems, and describes the principle of their operation. The main
characteristics of electrochemical capacitors operating on the principle of double-
layer charge/discharge are described and analyzed. The basic mechanisms of double
electric layer formation at the porous carbon electrode/electrolyte interface and the
models that describe their functioning are presented. Various types of carbon
materials with high surface area are considered, and the advantages of their use in
forming the electrodes of electrochemical capacitors are provided. The mechanisms
of charge accumulation in nanoporous carbon electrodes are analyzed.

The second chapter of the dissertation presents generalized information on the
synthesis, activation, and study of porous carbon materials. Their classification is
highlighted depending on the method of production, morphological characteristics,
and surface functional groups, which determine adsorption and electrochemical
properties. It is shown that the choice of raw material and activation method
significantly influences the formation of specific surface area, porous structure, and
electrical conductivity of carbon materials. Physical activation methods based on
heat treatment in an activating gas atmosphere and chemical activation methods
using reagents (in particular, potassium hydroxide), which allow achieving high
values of specific surface area and well-developed micro- and mesoporosity, are
analyzed in detail.

A description is provided of modern experimental methods applied to study

the structure, surface state, and electrochemical properties of carbon materials. The
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purpose and relevance of using each method are substantiated, their operating
principles are outlined, and data on laboratory equipment ensuring their
implementation are summarized. In particular, the low-temperature adsorption
porometry method was applied to determine the specific surface area, pore
distribution, and pore volume; scanning electron microscopy — to visualize surface
morphology with high resolution; Raman spectroscopy — to establish structural
modifications and defects of the carbon framework; small-angle X-ray scattering —
to assess parameters at the nano- and mesoscale; and X-ray fluorescence analysis —
to determine the elemental composition and impurity phases. To determine
electrochemical characteristics, methods of impedance spectroscopy, galvanostatic,
and potentiodynamic cycling were employed. Impedance spectroscopy made it
possible to establish internal resistance values, electrical conductivity, and charge
transfer rate, while charge—discharge and voltammetric analysis methods enabled
the assessment of energy storage processes and the determination of the specific
capacitance characteristics of the studied materials. The obtained results form the
basis for drawing conclusions about the optimal conditions for the synthesis and
activation of carbon materials and the feasibility of their use as electrodes for
supercapacitors.

In the third chapter, a comprehensive analysis of the porous structure of
carbon materials is carried out, and the efficiency of using thermochemical
activation to form a hierarchical pore system is demonstrated. The obtained carbon
materials are characterized by a high surface area of 700 m?*/g and a total pore
volume of 0.7 cm?/g. In the obtained materials, micropores sized 0.65—1.25 nm make
the main contribution to the specific surface area and pore volume, while mesopores
with diameters of 2—5 nm provide effective access to them. As a result of changing
the temperature and duration of thermal activation, three series of carbon materials
were obtained. It was determined that all thermally activated carbon materials have
a mesoporous structure with pore sizes of about 2—3 nm. For the materials activated
at 400 °C, a gradual increase in specific surface area and pore volume is observed

up to a certain critical activation time of about 120 minutes. The increase in surface
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area up to 940 m?/g occurs mainly due to the development of micropores, while
mesopores form gradually and account for about 70-95% of the total pore volume,
indicating a moderately mesoporous structure while retaining a significant fraction
of micropores. Materials activated at 450 °C are characterized by a more active
redistribution of pores in the range of 0.65-2.25 nm. Initially, micropores (0.65—-1.25
nm) dominate, but with increasing activation time, micropores expand and merge,
contributing to a rise in the share of mesopores. At the same time, the surface area
remains high (over 800 m?/g), and the specific fraction of mesopores in the total
volume reaches 70—85%. In the series activated at 500 °C, with increasing activation
time, an active development of ultramicropores and micropores (0.65—1.25 nm) is
observed, reflected in a sharp increase in surface area, while further extension of
activation time is accompanied by the formation of a developed mesopore system (>
2 nm).

It was established that the fractal dimensionality of the initial sample is D =
2.19, indicating moderate surface roughness. At the initial stages of activation (time
up to 90 min), the value of D increases to 2.466, which indicates the development of
a microporous structure and increased surface irregularity due to the formation of
new pores. With further activation (120-240 min), D decreases to 1.812, pointing to
structure consolidation, pore merging, and surface smoothing. Based on the analysis
of curves obtained by the SAXS method, the radii of gyration of carbon materials
were determined, ranging from ~2.7 to ~3.5 nm. It was shown that the maximum
gyration radius (Rg = 3.53 nm) corresponds to a thermal treatment time of 150 min
and indicates the formation of a maximally developed mesoporous structure.

In the fourth chapter, it is shown that thermal activation affects the degree of
graphitization, defectiveness, and the size of graphite domains in activated carbon
materials. For all temperature regimes, with an increase in activation time up to 120
min, graphitization increases. Further activation time of the carbon materials leads
to increased defectiveness due to structural degradation.

It was established that the type of conductive additive significantly affects the

efficiency of electrochemical capacitors and the absolute value of the electrode
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material’s specific capacitance. Acetylene black stands out as the best choice for a
composite with carbon material, providing the highest specific capacitance (~100—
120 F/g) and high discharge power.

The study of the influence of temperature and thermal activation time on the
capacitive characteristics of capacitor systems showed that controlled adjustment of
these parameters allows for targeted modification of the electrochemical properties
of materials. The maximum specific capacitance values of 135-145 F/g at low
operating currents are characteristic of all materials thermally activated for 30—60
minutes. Materials with a mesopore volume of 85-95% are characterized by the
highest specific capacitance at high discharge currents. In these materials, the
specific capacitance is mainly provided by the double electric layer capacitance, and
the change in capacitance across the studied range of operating currents decreases
by no more than 15%. Optimal heat treatment conditions ensure the formation of a
hierarchical structure with high specific surface area and accessible pores, which
contributes to an increase in specific capacitance and improvement of the
charge/discharge kinetics of supercapacitors.

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

galvanostatic analysis, voltammetry, specific capacity.
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