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BUMPOMiHIOBaHHSM. — KBamidikaliiiHa HayKoBa Mpails Ha IpaBax PyKOIHCY.

Huceprariisi Ha 3100yTTS CTyneHsa AoKTopa (dimocodii B ramysi 3HaHb 10
[Tpupoanuyi Hayku 3a crienianbHicTIO 105 [pukitanna ¢izuka Ta HaHOMaTepiaiu.
— [pukapnaTchkuii HallioHaJIBLHUM yHIBepcuTeT iMeH1 Bacuns Credanuka, [Bano-
®paHkKiBChK, 2024.

Huceprariitna poOoTa TMpUCBSYEHA CHHTE3y Ta Mojaudikalii MosioaaTy
HIKEJ0, JOCIIPKEHHI0 MOTr0 KPHUCTAIYHOI CTPYKTYpH, MOp(Oorii MmoBepxHi,
ONTUYHUX, EJIEKTPUYHUX Ta EJNEKTPOXIMIYHMX BIJIACTUBOCTEH Ta BUBYECHHIO
MOXJIMBOCTI 3aCTOCYBaHHSI IIbOTO Marepiagy SK KaToay B TiOpUIHUX
CYIIEpKOH/IEHCATOpaXx.

VY BcTymi OOIPYHTOBAHO aKTyaJlbHICTh TEMH JIOCIHIKEHHS, BUOKPEMIIEHO
00’€KT 1 mpeaMeT IOCIIJKEHHS, C(POpMYyJIbOBAHO METY, 3aBJAHHS, HAYKOBY
HOBU3HY, PO3KPUTO MpakTUYHE 3HAYEHHS POOOTH, MOAAHO 1H(OpPMALI PO
nyOmikarii ¥ anpobarrito JOCiHKEHHS.

VY nepumiomy po3niii 3A1MCHEHO KPUTUYHUI OIJIAJl HAYKOBHUX JIXKEpEN Mpo
3arajJbHUN CTaH JOCTIPKYBAaHOI TEMH, MPOBEACHO TOPIBHSIHHS MEXaHi3MIB
HaKOMHWYEHHS 3apsiay CYNEepKOHACHCATOpaMu 3 IpoliecaMu 30epiraHHs 3apsiiy B
OaTtapedax 1 MPUCTPOSIX 3 IHTEPKAIALINHOIO TCEBAOEMHICHOIO MOBEIIHKOI, a
TaKOX PO3TIIIHYTO MOJedi (OopMyBaHHS TMOABIMHOTO EJIEKTPUYHOTO IIapy Ha
MEX1 pO3JUTYy €JIeKTpoa / enekTpodiT. [IpeacTaBieHo ocoOIMBOCTI BYTJIEHEBUX
MarepiaiiB Ta OIHAPHUX OKCHAIB MEPEXITHUX METANIB IPHU 3aCTOCYBAaHHI iX SIK
EIEKTPOJIIB CynepKoHAeHcaTopiB. IIpoaHanmizoBaHO KpHUCTATIYHY CTPYKTYPY,
¢izuko-ximiuHi Ta enekTpoxiMiuHi BiactuBocTi NiM0O,. 3nilicHeHo aHami3
METOJIIB OTpUMaHHSI MOJIOJaTy HIKEIIO, 30KpeMa TNepeiiueH0 YMOBH
IPOBE/ICHHS, OCHOBHI MepeBaru Ta HENOMIKM TIAPOTEPMAIBHOIO, XIMIYHOTO

OCaI’KCHHA, MiKpOXBI/IHBOBOFO Ta TEMIIJIIATHOTO MGTO)IiB.



Y npyroMmy pos3aiii OMUCAHO METOJMKY OTPUMaHHS MOJIOAATy HIKEIO
TIAPOTEPMAIIBHAM Ta MIKPOXBHJIBOBUM CIIOCOOOM, YMOBH Ta PEKHMH
Moau(ikaii Ja3epHUM OINPOMIHEHHSM Ta YJIbTPa3BYKOM. 3acTOCOBAHO Taki
eKCIIEpPUMEHTAJIbHI METOI! JTOCITIIKEHHS MarepiaiB: X-nmpoMeHeBa
IU(ppPaKTOMETpis, iIka BUKOPUCTOBYBaJIach s ineHTUdiKamii (a3oBoro ckiamy
Ta pO3MIpiB 00JACTEel KOTepeHTHOTO PO3CIIOBaHHS; CKaHyl4a eJEeKTPOHHA
MIKPOCKOTIiS — JIJII OTPUMaHHS 300pa)k€Hb BHCOKOI PO3JUIBHOI 3JIaTHOCTI Ta
AeTanbHOI 1H(pOpMaIlii PO MOBEPXHIO 3pa3KiB; HU3bKOTEMIIEPATypHA MOPOMETPIs
— JUIs BU3HAUEHHS MHUTOMOI IUIOIIlI MOBEPXHIi, 3arajibHOr0 00’eMy Mop Ta iX
pO3MOJIIy 3a po3Mipamu; MeTroau iHppadepBoHOi Ta Paman crnektpockormii
3aCTOCOBYBAJIKMCH MPH JOCIIDKEHHI KONMBajdbHUX CHEKTpiB Mosiekyl NiM0Oy;
EJICKTPOXIMIYHI XapaKTEPUCTUKU MaTepiaiiB BUBYAIM 34 JOIMOMOTO0 IUKIIYHOI
BOJIBTAMIIEPOMETPIi, TAIbBAHOCTATUYHOTO 3apsAay / po3psiay Ta €IeKTPOXIMIYHOI
IMIIEJTAHCHOT CHEKTPOCKOMIi 3 BUKOPUCTAaHHSM TPHOX Ta JBOX EJIEKTPOIHUX
KOMIPOK; METOJ IMIIEJAHCHOI CIIEKTPOCKOIIi BUKOPHUCTOBYBABCS TAaKOX [
JOCJIIIKEHHS €JIEKTPOIIPOBITHUX BIACTUBOCTEN MOIIOIAaTy HIKEIIO.

Tpertiii po3ain NPUCBSIUCHUN JOCIIHKEHHIO BIUIMBY YIBTPa3BYKy Ta
JA3epHOTO ONPOMIHEHHS Ha KPHUCTAIIYHY CTPYKTYpPY, MOpP(OJIOTio MOBEpPXHI,
ontuyHi Ta enektpuuHi BiactuBocTi NiIMO0O,; oTpuMaHOro TiZpoTepMalIbHUM
croco0OM, a TaKoXX BHBYEHHIO (ha30BOro Cckjiaay Ta (PyHKIIOHATBHUX
BiiactuBocteit NiM0O,, oTpruMaHOT0 MIKPOXBHIILOBHM OTIPOMIHEHHSIM.,

Ha ocnoBi ganux  X-IPOMEHEBOTO  aHai3y BCTAHOBJEHO, IO
CHUHTE30BaHUM T1APOTEPMAIBLHUM CIOCOOOM MOJIOIAT HIKEIIO € TiapaToM 3
TPUKJIIHHOIO KPHUCTATIYHOIO CTPYKTYPOIO, 10 HAJEKHUTH O MPOCTOPOBOI TPYIH
P1. 3a dopmymnoro Jlebas-1lleppepa obuncaeHo po3Mipu 06aacTeil KOrepeHTHOTO
PO3CifOBaHHS, sKi JJs BHXiZHOTO Ta MoaudikoBaHoro yiprpazsykoM NiMoO,
cTaHOBWIH 17 HM, a JyIsl Ta3epHO-OMPOMIHEHOTO — 18 HM.

[IpeacraBneno 300pakeHHS MOBEPXHI BUXIAHOTO TipaTy Ta Ja3epHO-
ornpomineHoro NiMoO,, oTpumaHi 3a JOMOMOIOI0 CKaHYIOYOIro €JICKTPOHHOTO

Mikpockorna. Ha ocHOBI aHani3y pe3ynbTaTiB HU3bKOTEMIIEPATYypHOI MOPOMETPIi



BU3HAYEHO IMHUTOMY IUIONLY TIOBEPXHI BHUXIJHOTO MOJIOAATy HIKEI0, sKa
cramoBmia 31 MYr i DpaKkTHYHO HE 3MiHHIACh U MOAM(IKOBAHHX
yJIbTpa3ByKOM MaTepiaiiB. BusiBjeHo 30UIbIIEHHS 3arajibHOTO 00’ €My ME30II0p 3
0,135 em®/r 10 0,223 em®/r IIPU TPUBAJIOMY YJIbTPa3BYKOBOMY BILIMBI.

3nificHeno aHani3 iHppadepBonux ta Paman criektpiB NiIM0O,. Buznaueno
YaCTOTHE TMOJIOKEHHS CHEKTPAJIbHUX CMYT Ta 3ICTaBJICHO iX 3 HOPMaJIbHUMHU
MOJIaMH KOJIUBaHb TeTpaeapiB MoQOy, K1 € aKTUBHUMH B PaMaHIBChKUX CIEKTpaXx
riipaTy MonioaaTy HiKemro.

[IpoanainizoBaHO BIUIMB YJBTPa3ByKy Ta JA3€pHOTO BUIIPOMIHIOBAHHS Ha
enektpuyHi BracTuBOCTi NiIM0QO,. VYV chekTpi ysSBHOI CKIQIOBOI iMITEIAaHCY
BuxigHoro rimpary NiMoO, nHasBHi miku mnpu Temmeparypax 175 i 200 °C,
nazepHo-onpomideHoro — mnpu 200 °C, mo BKa3dye Ha ICHYBaHHS IIPOIECIB
€JIEKTPUYHOI penakcarlii. BICYyTHICTh YITKUX MIKIB HA CIEKTPl YSIBHOI CKJIaJI0BOI
IMIEIaHCY MOJU(IKOBAHOTO YJIBTPa3BYKOM Marepialy MOK€ BKa3zyBaTh Ha
YCepEeOHEHHSI BIATYKIB 4Yepe3 HEOJHOPIAHOCTI B  CTPYKTYpl, CHPUYUHEH]
yIbTpa3ByKOM. BHU3HAUEHO €NIeKTPONpPOBIAHICTh HA MOCTIMHOMY CTPyMI, fKa IS
Buxigaoro NiMoO, cranosmia 410 Cwm/M, TOi SIK [T Ta3ePHO-OIPOMIHEHOTO
—3,7-10° Cm/M. YIbTpa3ByKOBHii BIUIUB MPOTATOM 15 XB IPH3BOIUTH IO POCTY
Gae 210 1,6:10 Cm/m.

[TpencraBieHo mepeBard MIKPOXBHJIBOBOTO CHHTE3Y HAHOKPHUCTATIUHUX
MarepiaiiB, a came. B Pe3yJbTari 2,5-XBWJIMHHOTO MIKPOXBUIBOBOTO
ornpomineHus otpuManmun NiIMoO, y dopmi rigpary. [ng mocmimkeHHs
BJIACTUBOCTEH HeriAparoBaHoi (opmMu MoniOnaTy HIKEN0 BUXITHUM Tiapat
miJgaBagyd TepMiuHi o0poOIi. B pesynbrari otpumanu NiMo0O,, skuii €
cyminmito o Ta B ¢gasu.

Y derBepTOMYy PO3ILII JAMCEPTAIIHHOI POOOTH OIHKCaHI pe3yJIbTaTH
EJEKTPOXIMIYHUX JIOCHIPKEHb OTPUMAHHMX MOJIONATIB HIKEII Ta TiOpUIHUX
KOHJIEHCATOp1B, C(POPMOBAHUX HA iX OCHOBI.

[IpoananizoBaHo TMOSIBY JBOX KaTOAHUX MIKIB HAa  IUKJIIYHUX

BOJIbTAMIIEPOTpAaMax Ta MPEACTABIICHO 3apsia / pO3PSAIHUN MEXaHI3M eNeKTpoa



Ha ocHoBI rigpary NiMoO,. O6unciaeHo mutoMi emMHocTi BuxigHoro NiMoQOy Ta
Moau(iKOBAaHOTO YIbTpa3BykoM mpoTsaroM 15, 60 Ta 90 xB marepiany. Ha ocHoBi
piBasiHHS Penica-llleBunka Bu3sHaueHo koedimieHTH nudys3ii IpOTOHIB TiapaTy
MOJII01aTy HIKEJIO.

BcranoBneni onTumanbHi mapamerpu momudikanii NiMoO, mazepHuM
OTNPOMIHEHHSM Ta 1X BIJIMB HAa €MHICHI XapaKTEPUCTUKHU Matepiainy. JlocmimkeHo
€JICKTPOXIMIYHI MPOIIECH Ha MOBEPXHI PO3JLTY €JIEKTPOJl / €JIEKTPOJIT JIa3epHO-
MOH(PIKOBAHUX MaTepiaiB METOOM IMIIEJAHCHOI CIIEKTPOCKOITI].

JlocmimkeHo enekTpoxiMiudy moBemiHky rigpary NiMoO, Ta marepiany,
BiananeHoro npu 400 °C, oTpuMaHuX MIKPOXBHJIBOBUM CcriocoOOM. Bu3HaueHo,
mo otpuMmanuii rigpar NiMoO, mae muromy eMHicTh 866 ®/r, Toni sik NiM0oO,
TepMidHO 00poOeHuit — 549 ®/r ipu crpymi po3psaay 0.2 A/r. IlokazaHo, 1o 3i
30UIBIICHHSIM CTPYMY PO3pSIy MUTOMA €MHICTH TiJpaTy CHaJa€e IIBHUJIIE, HIX
NiM00;-400, 1m0 moB’s3aHO 3 MEHIIMM OIIOPOM IICPEHECCHHS 3apsaay duepes
Mexy enekTpo / enektpomt NiIMoOy, sikuii € cymimio o Ta 3 moxiMopd.

OOuHnciIeHO eHepreTUyH1 napaMeTpy TOpUAHUX E€JIEKTPOXIMIYHUX CHCTEM
Ha  ocHoBi  enmektpoaie  NiMoO,,  rigporepmanbHO-OTPUMAHOTO  Ta
MOAU(IKOBAHOTO YJIBTPA3BYKOM 1 JIA3€PHUM OINPOMIHEHHSIM $K KaToAiB Ta
MIOPUCTOTO BYTJICIIEBOTO MaTepiay K aHOTY.

KuarouoBi ciaoBa: momiOaT HIKENO, MOPUCTHI BYTJEIEBUA MaTepial,
Moaudikailisi, yJIbTpa3BYK, Jia3epHE OMPOMIHEHHS, CYNEepKOHAEHcaTop, X-
IPOMEHEBUI  aHami3, KpHUCTaJli4Ha CTPYKTypa, Paman cmnexkTpockoris,
€JIEKTPOIPOBIAHICTh, CTPUOKOBHI MEXaHI3M MPOBIJHOCTI, IMIEIAHCHUI aHal3,

MMTOMA EMHICTb, Alarpama HalikBicTa.

SUMMARY
Khemii M.M. Structure and electrochemical properties of binary transition
metal oxides modified by ultrasound and electromagnetic waves. — Qualifying
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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,
IvanoFrankivsk, 2024,

The dissertation is focused on the synthesis and modification of nickel
molybdate, the study of its crystal structure, surface morphology, optical,
electrical and electrochemical properties, and the possibility of using this material
as a cathode in hybrid supercapacitors.

The introduction gives a substantiation of the actuality of the research
topic, identifies the object and subject of the study, formulates the goal,
objectives, scientific novelty, reveals the practical significance of the work, and
provides information on publications and approbation of the study.

In the first chapter, a critical review of scientific publications on the current
status of the issue is carried out, a comparison of the mechanisms of charge
storage by supercapacitors with the processes of charge storage in batteries and
devices with intercalation pseudo-capacitive behavior is made, and models of the
formation of a double electric layer at the electrodes / electrolyte interface are
considered. The characteristics of carbon materials and binary transition metal
oxides when used as supercapacitor electrodes are presented. The crystal
structure, physicochemical and electrochemical properties of NiMoO, are
analyzed. The methods of obtaining nickel molybdate are analyzed, in particular,
the conditions of preparation, the main advantages and disadvantages of
hydrothermal, chemical deposition, microwave and templating methods are
described.

The second chapter describes the procedure for obtaining nickel molybdate
by hydrothermal and microwave methods, the parameters of modification by laser
irradiation and ultrasound. The following experimental methods of materials
research are discussed: X-ray analysis, which was used to identify the phase
composition and size of coherent scattering regions; scanning electron

microscopy - to obtain high-resolution images and detailed information about the



surface of samples; low-temperature porometry - to determine the specific surface
area, total pore volume and their size distribution; infrared and Raman
spectroscopy methods were used to study the vibrational spectra of NiMoO,
molecules; the electrochemical properties of the materials were investigated by
cyclic voltammetry, galvanostatic charge / discharge, and electrochemical
Impedance spectroscopy using three and two electrode cells; the impedance
spectroscopy method was also used to study the electrical conductive properties
of nickel molybdate.

The third chapter is about the influence of ultrasound and laser irradiation
on the crystal structure, surface morphology, optical and electrical properties of
NiMoO, obtained by the hydrothermal method, as well as the study of the phase
composition and functional properties of NiMoO, obtained by microwave
irradiation.

The data of X-ray analysis established that the nickel molybdate obtained
by the hydrothermal method is a hydrate with a triclinic crystal structure
corresponding to the P1 space group. The sizes of the coherent scattering regions
were calculated using the Debye-Scherrer equation, which were 17 nm for the
initial and ultrasound-modified NiMoQO,, and 18 nm for the laser-irradiated one.

The surface images of the initial hydrate and laser-irradiated NiMoO, taken
with a scanning electron microscope are presented. Based on the low-temperature
porometry results, the specific surface area of the initial nickel molybdate was
31 m’/g, which was practically unchanged for the materials modified by
ultrasound. An increase in the total volume of mesopores from 0.135 cm®/g to
0.223 cm®/g under prolonged ultrasonic treatment was observed.

The infrared and Raman spectra of NiMoO, have been analyzed. The
spectral bands have been determined and correlated with the normal vibration
modes of MoO, tetrahedra, which are active in the Raman spectra of nickel
molybdate hydrate.

The effect of ultrasound and laser radiation on the electrical properties of

NiMoO, was studied. The spectrum of the imaginary part of impedance of the



initial NiMoO, hydrate has observed peaks at 175 and 200 °C, laser-irradiated at
200 °C, indicating the existence of electrical relaxation processes. The absence of
strong peaks in the imaginary part of the impedance of the ultrasonically modified
material may indicate an averaging of the responses due to inhomogeneities in the
structure caused by ultrasound. The electrical conductivity at direct current was
determined, which for the initial NiMoO, was 4-10> S/m, while for the laser-
irradiated one it was 3.7-10” S/m. Ultrasonic treatment for 15 minutes leads to an
increase in o4 Up t0 1.6 10™* S/m.

The advantages of microwave synthesis of nanocrystalline materials are
presented, namely, NiMoO, in the form of hydrate was obtained as a result of 2.5
minutes of microwave irradiation. To investigate the properties of the unhydrated
form of NiMoQy,, the initial hydrate was subjected to heat treatment. The result is
NiMoO,, which is a mixture of o and 3 phases.

Chapter four of the dissertation describes the results of electrochemical
studies of the obtained nickel molybdates and hybrid capacitors formed on their
basis.

The appearance of two cathodic peaks on cyclic voltammograms is
analyzed, and the charge / discharge mechanism of the electrode based on
NiMoO, hydrate is presented. The specific capacitance of the initial NiMoO,4 and
the material modified by ultrasound for 15, 60, and 90 min was determined. On
the basis of the Randles-Shevchik equation, the diffusion coefficients of nickel
molybdate protons were determined.

The optimal parameters of NiMoO, modification by laser irradiation and
their influence on the capacitance behavior of the material have been determined.
The electrochemical processes at the electrodes / electrolyte interface of laser-
modified materials were studied by impedance spectroscopy.

The electrochemical behavior of the NiMoO, hydrate and the material
calcined at 400 °C, obtained by the microwave technique, was investigated. It was
defined that the prepared NiMoO, hydrate has a specific capacitance of 866 F/g,
while the thermally treated NiMoQO, has a specific capacitance of 549 F/g at a



discharge current of 0.2 A/g. It is found that with increasing discharge current, the
specific capacitance of hydrate decreases faster than that of NiMo0O,4-400, which
Is due to the lower resistance to charge transfer across the electrodes / electrolyte
interface of NiMoQO,, which is a mixture of a and  polymorphs.

The parameters of hybrid electrochemical systems based on NiMoO,
cathodes, obtained by hydrothermal synthesis and modified by ultrasound and
laser irradiation, and porous carbon material as anode, were evaluated.

Key words: nickel molybdate, porous carbon material, modification,
ultrasound, laser irradiation, supercapacitor, X-ray analysis, crystal structure,
Raman spectroscopy, electrical conductivity, hopping mechanism of conduction,

impedance analysis, specific capacitance, Nyquist diagram.
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