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Toonescoka M.A. EnexktponaHi marepiaau TIOpUIHUX CYNEPKOHACHCATOPIB Ha
ocHoBi HaHokommo3uTiB NiFe;0, / rGO. — Kpamidikariilina HaykoBa mpaiis Ha IpaBax
PYKOIHUCY.

Huceprartiss Ha 3100yTTs cTymneHs aokTtopa ¢imocodii 3a cmeminpHicTIO 105 —
[Ipuknanna ¢izuka Ta HaHoMaTepianu. — [IpukapnaTchbkuil HalllOHAIBHUN YHIBEPCUTET
imeni Bacuns Credanuka, [Bano-®pankisebk, 2023.

OCHOBHHMM pPe3yJdbTaTOM AUCEPTAI[IMHOTO JOCHIPKEHHS CTajl0 BCTAHOBJICHHS
3arajJibHUX 3aKOHOMIpHOCTENH (OPMYBAaHHS METOJIAMH CYMICHOTO TiIpOTEPMaTbHOIO
cUHTe3y (3 BCTAHOBJICHHSM BIUIMBY KaTiOHHOI TMOBEPXHEBO-aKTUBHOI PCUOBHHH) Ta
CYMICHOTO CHHTE3Y METOJOM 30JIb-T'ejib aBTOTOPIHHS KOMIO3UTHHUX HaHOMAaTepiaiiB
HiKeb-3aJli3Ha IIiHEeTh / BIIHOBJICHHHA OKCHJI TpadeHy Ta BIUIMBY MOP(HOJIOTTUHUX
(mMTOMa TIIOMIA TIOBEPXHI 1 MapaMeTpu MOPUCTOI CTPYKTYPH) Ta CICKTPOQPIZMIHUX
(mUTOMa  CNEKTPONPOBIAHICTh, CHEPris aKTUBAIlli TPAHCIOPTY HOCIIB 3apsmy)
BJIACTUBOCTEH IIUX MaTepiajiB Ha €IEKTPOXIMIYHI TapaMeTPU €JIEKTPO/IIB Ta iX OCHOBI B
JTYy>KHOMY BOJHOMY €JEKTPOJIITI 32 YMOBU BCTAHOBJICHHS BKJIAJIIB €JICKTPOCTATUYHOI Ta
(bapaneiBChKOi CKIIaJI0OBUX B 3arajbHy €MHICTh MaTepiaty.

[lepmmit  po3Ain NpUCBAYEHUN MOPIBHSUIBHOMY  aHanmizy  1Hdopmamii 3
JITEpaTypHUX JKEpenax THUIlB Ta OCOOJMBOCTEM pOOOTH CYINEPKOHJIEHCATOPIB,
OCOOJIUBOCTSIM €JIEKTPOCTATUIHOTO (3 (POPMyBaHHSIM IMOJABIHHOTO EJICKTPHYHOTO IIIaAPYy)
Ta TICEBJOEMHICHOTO (3 TepeOiroM MBHAKUX (apaleiBCbKUX peakIliii) MeXaHi3MiB
HaKOMUYEHHS 3apsay. B posnini 3po0sieHo akieHT Ha (POpMyBaHHS €IMHOTO OJIOKY
KpUTEpIaIbHUX BHUMOT, HEOOXITHUX i1 €(PEKTUBHOTO BUKOPUCTAHHS MaTeplajiB B
SAKOCTI €JIEKTPOAIB €IEKTPOXIMIYHUX KOHAEHCATOPiB. PO3KpUTO mepeBaru Ta HEIOMIKU
BUKOPUCTAHHS  YIbTPAJAUCHEPCHUX MATEpiaiiB B SKOCTI OCHOBH €IEKTPOJHOI
KoMMo3ullii. PO3risiHyTO mNOTEHIladl BUKOPUCTAHHS OCHOBHUX THIIB BYIJIEIIEBUX
HaHoOMatepiaiiB (MOPUCTUH BYIJICNb, BYIJVICIIEBI HAHOTPYOKH, BIIHOBJICHHHA OKCH]I
rpadeHy) B TexXHOJOTii cymepkoHAeHcaTtopiB. I[IpoaHalli3oBaHO TMEPCHEKTUBH
3aCTOCYBaHHSI ~ OKCHJIB  TMEPEXIAHUX  METaliB MpU  CTBOPEHHI  EJIEKTPOAIIB

CymnepKoOHAeHcaTOpiB OaTapeiHoro tumy. OKpecleHO OCHOBHI NUISIXH MOAuQiKaii
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€JEKTPOXIMIYHUX TMapaMeTpiB ENEKTPOJIB Ha OCHOBI OKCHJIB HIKEIIO Ta 3aji3a 3a
yMOBU (OPMYBaHHS 3a iX y4acTi KOMIIO3WUTIB 3 BYTJICLIEBUMU HaHOMAaTepialaMH.
[lircyMKOM KpPUTHYHOTO OrJsiAy craio (OpMyJIOBaHHS OCHOBHOI METH poOOoTH —
BCTAHOBJICHHSI 3aKOHOMIPHOCTEH BIUIMBY NHUTOMOi IUIONII MOBEPXHI 1 MapameTpiB
MOPUCTOI CTPYKTYPH, MUTOMOI €JIEKTPOMPOBITHOCTI 1 €HEPTil aKTUBAIlli MPOBIAHOCTI Ha
IIUTOMY €MHICTh €JIEKTPOJIB Ha OCHOBI KOMIIO3UTHHX HaHOMAaTepialliB HIKeNb-3aji3Ha
IITHETb / BIAHOBJICHUA OKCHJI TpadeHy Ta HEOOXUIHHMX I JOCATHCHHS IIi€l MeTH
3aBJIaHb.

Jpyruii po3ain AUCEPTALIMHOTO AOCHIIKEHHS MPUCBSIUYECHO JE€TaJbHOMY OIHUCY
0COOJMBOCTEN 3aCTOCYBaHHSI €KCIIEPUMEHTAIBHUX METOJIB JOCHIIKEHHS OTPUMAaHUX
KOMIIO3UTHHX MAaTepialliB HiKeJb-3aJli3Ha IIIiHEeNb / BIIHOBJICHHWA OKCHI TpadeHy.
Jly’)ke CTHCIIO OMNUCAHO 3arajibHl MNpUHOMO Ali Ta (YHKIIOHAIbHI OCOOJMBOCTI
oOnaiHaHHsl, IKe BUKOPUCTOBYBAJIOCH. 30KpeMa, MeTo1 X-IpOMEHEBOi AU pakToMeTpii
(dbazoBuil cknaag Ta CTPYKTYpPHI OCOOJMBOCTI, MapaMeTpu €JIeMEHTapHOI KOMIipKH,
po3mip dacTMHOK (oOjacTeli KOTEpEHTHOTO pO3CilOBaHHS)), MecOayepiBChbKOT
criekTpockomii (omocepenkoBano (a3oBHU aHaI3, MapaMETPH CIICKTPOHHO-SICPHUX
B3a€EMOJIIH), aJcopOIiiHOT mopoMeTpii (3HAUYECHHS MUTOMOT IUIOIII MOBEPXHI, THITY iX
mop Ta IX PO3MOAUT 3a pPO3MipaMH), IMIEIAHCHOI CIEKTpOCKomii (J4acToTHO-
TEMIEPATPYHI 3aJ€KHOCTI MUTOMOI MPOBIAHOCTI, JOMIHYIOUI MEXAaHI3MU TPAHCIOPTY
3apsiy, BU3HAYCHHS BEJIMYUH CHEPrii aKkTHBallii MPOBITHOCTI), paMaHIBChKOI CIIEKT-
pockorii  (CTpYKTypHiI XapaKTepUCTHKH TpadeHOBUX MarepiailiB) Ta MHKIIYHOI
BOJIbTAMIIEPOMETPIi (maTomi €MHICHI XapaKTEPUCTHUKH, CIIBBIJHOIICHHS
CJICKTPOCTATUIHOI Ta PapaeiBChKOi KOMIOHEHT EMHOCTI).

VY TpeThoMy pO31ii ONMKUCAHO OTPUMAHHS KOJOIAHUX PO3UMHIB OKCHIY T'padeHy
3a mporokonamu Xamepca (GO-H) Tta Toypa (GO-T), mnpoBeieHO BiJTHOBJICHHS
OTPUMAHHUX OKCHIIB rpadeHy XiMidHUM MeToaoM (TiIpoTepMalibHUN METOJ, B SKOCTI
BiJHOBHMKA BHKOPUCTOBYBaBCs TimpasuH rigpar mpu Temmepatypi 120°C Bmpomoxk
12 rox) Ta TEPMIYHO-MIKPOXBHIBLOBHUM METOJOM (OMPOMIHEHHS MIKPOXBHISMHU IPH
crioxuBaHii moTyx)Hocti Maraerpona 950 Bt Bmpomosx cymapuo 100 c). 3mificHeHO

KOMILJICKCHHM TOPIBHSUIBHUI aHalli3 CTPYKTYpH BiJHOBJICHOro okcuay rpadeny (rGO),
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CHHTE30BaHOI0 Ha 0CcHOBI kosoignoro GO, orpumanoro 3a metogamu Xamepca (rGO-
H) ta Toypa (rGO-T). BcraHoBieHO, MO HE3AJICKHO BiJi BHUKOPHCTAHOTO IIPH
orpumanHi BuxinHoro GO mpoTokory Ta ciocoOy BigHOBIEHHS, YacTHHKH GO MaioTh
toBmmHy 1,3-1,4 HM, Ta ckimamatotbes 3 4-5 rpadeHOBUX IUIONIMH TPHU PO3MIpax B
HANpsAMKY MapaneabHoMy 10 Oa3zanmpHOI miomuuu 6,2-7,5 am. Bonnouac, 3pasku rGO
orpuMmani ximigauMm MetoaoM (rGO-H(Chem) Ta rGO-T(Chem)) BosoxitoTh
3HAYCHHSMHM [IUTOMOI oty moBepxHi (Sper) Menmumu (172 ta 196 M%/r, BinmosigHo)
MOPIBHSAHO 3 MaTepialaMH OTPUMAHHUMH TEPMIYHO-MIKPOXBHILOBUM MeTojoM (rGO-
H(MW) ta rGO-T(MW)) mnst skux sHaueHHs Sppr ckiagaors 214 ta 243 wmor,
BiamoBimHO. HesamexxHo Bim mporokony cuHTesy GO Ta cmocoOy BigHOBICHHS
OTpUMaH1 3pa3Ku BIJHOBJICHOTO OKCUIYy rpadeHy MarThb MeE30HOpUCTY OYI0BY 3
MPUCYTHICTIO IBOX HAWO LTI HMOBIPHUMH PO3MipiB 1op — Ou3bko 7 HM ("Mani" mopw,
dbopMyroThcs makeTamMu rpadeHoBux IwiomuH) Ta Omu3bko 20 M (“Benwki mopu'™,
(bopMyIOThCS IPOMIKKaMH Mixk arperaramu makeTiB rGO). BigHOCHHIT BMICT «MaJIlX»
Mme3onop MiHiMaaeHuR s rGO-H(Chem), npuyomy s marepiaiiB OTpUMaHHUX
XIMIYHUM METOJIOM IX BKJIaJ B 3arajbHHN 00’€M TOpP € MEHIIMM Yd OJU3BKUM 0
BKiIany «Bemukux» 1mop. Jug rGO, oTpuMaHMX ~TEPMIYHO-MIKPOXBHJIHOBHM
BiTHOBJICHHSIM JIOMIHYIOTH «Majli» Me30omopu. BusBneno, mo y 3pa3kiB GO,
OTPUMAHUX  XIMIYHMM  METOJOM, JIOMiIHy€  ecTapeTHUH  MOpPOTOHHUM  THUI
eJIEKTPOIPOBiTHOCTI (MeXaHi3M ['poTryca) mpu 3HAYCHHSIX CHEpril akTUBAIlii OJM3bKO
0,13-0,20 eB. s matepianiB rGO,0TpuMaHuX TEPMIYHO-MIKPOXBHIHOBHM CIIOCOOOM,
CIIOCTEpIraeThCsa  cjaabka YacTOTHA JHUCIEPCIS  TeMIEpaTypHUX  3aJeKHOCTEH
CJIEKTPOINPOBIIHOCTI, mpuuomy st martepiany rGO-H(MW) mnpoBinHicTe Tpu
T <125°C 3pocrae B 007aCTi BUCOKUX 4YacTOT (XapakTE€pPHO IS PO3MOPSIIKOBAHMX
HANIBIPOBIAHUKIB), Tomi sK JId  TeMmeparypHoro miamasony — 150-200°C
CIIOCTEPIralOThCsA MPOSBU  CcKiH-eekTy. [IpoBimHicTh Marepiary rGO-T(MW)
3MEHIIYeTbCs 3 pocToM  TemmepaTypu. CnocrepekyBaHi — BIAMIHHOCTI B
CIEKTPOPIBUYHUX  BJIACTUBOCTAX  MOSICHIOKOTHCA  CTPYKTYPHO-MOP(OIOTTUHUMU
0COOJIMBOCTSAMHM 3pa3KiB 32 YMOBH BIJTHOCHO BUIIOTO CTYIEHS BIJIHOBJICHHSI MaTepiaiB,

OTPUMAHUX TEPMIYHO-MIKPOXBWIIBOBHM CmocoOoM. AmpoOariss wmatepianiB  rGO,
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HE3aJIe)KHO BiJ Croco0y BiTHOBJICHHS Ta TUIY NMPOTOKONy oTpuMmaHHs GO, B sKOCTI
OCHOBH €JICKTPOJIHOT KOMIIO3HIIIT B JIy)KHOMY eiekTpoititi (6M Bomuuii pozunn KOH)
MpU JTOCHIHPKEHHS METOJOM LMKJIIYHOT BOJIBTAMIIEPOMETPIi BUSIBUJIA €KCIIOHEHIIHHUN
craji MUTOMOI EMHOCTI 3 POCTOM IIBUJIKOCTI CKaHYBaHHS OTEHI[IATy 3 JIOCSATHEHHSIM B
HAOIKEHHI S—00 PIBHOBWXKHUX 3HA4eHb muToMoi emHoCcTi 18,6 1 23,2 O/t ms rGO-
H (Chem) i rGO-H(MW) (3nauenns npu S=5 MB/c piBai 32 ta 38 ®/r) ta 20,2 Ta
25,9 ®/r mna rGO-T (Chem) ta rGO-T(MW) (3nauenuss npu S=5 MB/c piBHi 34 Ta
46 @/r) npu BigHOBHOMY BKJani BigHocHui Bkiaa [IEII emMHOCTI B 3araibHy €MHICTH
27,6 1 31,9 % Ta 27,9 1 34,0 %, BianoBinHo. [IceBmoemuicHuit Binryk rGOB mykHOMY
€JIEKTPOJIITI MOKE 3yMOBJIIOBATHUCS NIEPEOITOM HACTYMMHUX OKHCHO-BIJHOBHUX PEAKIIIN:
C-OH&C=0+H"™+e; -COOH&-COO-+H™+e; -C=0+e-<>-C-O. Crocrepiraerscs
CUIbHUU TO3UTUBHUM KOPENSIIAHUM 3B SI30K MK PIBHOBAXHUX 3HAYEHb MUTOMOI
€MHOCTI Ta BEJMYMHOIO TUTOMOI TUTOMII MOBepxHiI 3paskiB GO, He3aleKHO BiX
MPOTOKOJIy OTpuMaHHsA. BomHouac, TEpMIYHO-MIKPOXBUIBOBHM METOMA BIJHOBJICHHS
JI03BOJISIE JJOCSITHYTH BITHOCHO BUIIUX PIBHOBAXKHHUX 3HAYEHb MUTOMOI EMHOCTI.
YeTBepTuil po3nul nucepraiiitHoi poOOTH MPUCBAYEHUN BCTAHOBIICHHIO BIUIUBY
YMOB OTpUMaHHs (THI CHHTE3Y - TiIpPOTEPMAIbHUN YH 30J1b-TeJIb aBTOTOPIHHS,
HasBHICTh JOAATKOBHX (AKTOPIB BIUIMBY - NpUCYTHICTH [IAP, komoigHuii po3uuH
okcuny rpadeHy, TepMooOpoOKa) Ha CTPYKTYPHO-MOP(OJIOTIUHI (BETUYMHA MHTOMOT
IUTONII TIOBEPXHI Ta pO3MOJALT TOp 3a po3Mipamu) Ta enekTpodizuuHi (muToma
CJICKTPOIIPOBIIHICTh, CHEPTisS aKTUBAIil MPOBIIHOCTI) BIACTUBOCTI KOMIIO3UTHHX HAHO-
MaTepiagiB HiKelb-3ajJi3Ha WImiHeNb/ BIAHOBICHWA OKcHI TpadeHy, a TakKox
BCTAHOBJICHHIO KOPEJAIIA MK CTPYKTYpPHO-MOPQHOTTUYHUMHU, €IEeKTPOPI3UUHUMHU Ta
CJIEKTPOXIMIYHUMHU TapaMeTpaMu €JIEKTPOJHUX MaTrepiajiB mOpu iX ampobamii B
JTYy>)KHOMY BOJHOMY €JEKTPOJITI 3 PO3PaXyHKOM BKIAJIB €JIEKTPOCTATUYHOrO Ta
(dbapaneiBChKOro MeXaHI3MIB HAKOMHMYEHHS 3aps/ly B 3arajibHy €MHICTh €JIEKTPONY.
OnucaHo OTpPUMaHHS KOMITO3UTIB (EepUT HiKeNro / BIIHOBJICHHA OKCHJI TrpadeHy
(NiFe;04/rGO) MeromoM CYMICHOTO TiIPOTEPMAILHOTO CHUHTE3y (HACTYITHOIO

BuTpuMKOO pu Temmeparypi 180°C mporsrom 5 rogun). OTpuMaHO TpH CUCTEMH 3



PI3HUMH MacCOBHMH CITIBITHOIICHHSIMH BMICTIB OKCHIHOI Ta Tpad)eHOBOI KOMMOHEHT
(NO — matepian 6e3 Bmicty rpadenoBoi komnonentd, Matepiamu N1 ta N2 — macoBi
CHIBBITHOIIIEHHS OKCHIHOI Ta TpadeHoBoi kommoHeHT 3:1 Ta 3:2, BiANOBIIHO).
BinmoBimHo 10 pe3ynbTartiB pazoBoro aHamizy, orpumanuii matepian NO — moHodazHui
kyOiunuii okcun NiFe,O, 3 po3mipamu dactuHOK 15 HM. BHKOpHCTaHHS KOJOiTHOTO
GO, orpumanoro metomoM Toypa, K KOMIIOHEHTH TPHU TiApOTEPMaTIbHOMY CHHTE31
KOMIIO3HUTY MPU3BOJUTD 10 (OPMYBaHHS JOMINIKOBOI KOMIIOHEHTH — (a3u a-Fe,03 (mo
15 mon. %), pocty Hectexiomerpii NiFe,O, Ta 3MeHIIEHHS CepeIHLOTO PO3MIpY
gyacTUHOK (eputy. OTpumaHi MaTepiaii HE3aJeKHO Bil BMICTY TIpadeHOBOL
KOMITOHEHTH Ta Temmeparypu TepmooopoOku cucteM N1 Tta N2 maroTe me3omopucty
MOPQOJIOTiI0 3 HENEPEPBHUM PO3IOALIOM MOp 3a po3Mipamu B aiama3oHi 3-30 HM.
Binnan y cepenosumii inepraoro rasy (apron) mpu temmeparypax 200 °C, 400 °C Ta
600°C BHKJIMKAaE HEMOHOTOHHI 3MiHM BEJWYMHU Spger BHACHIAOK 30UIBIIEHHS cCe-
PEAHBOTO POMIPY ME30TOp 3 HaOYTTSIM MakCMMainbHUX 3HadeHb 111 Ta 162 M2/T st
matepianiB N1-200 ta N2-200 (m1s mux MartepialliB CIIOCTEPITraeThCsl MaKCUMaTbHHMA
BMICT JpiOHHX Me30mop 3 po3MmipoM 4 HM). YacTOTHO-TeMIepaTypHi 3aJIeKHOCTI
npoBimHOCTI MaTepiamy NO BkazyroTh Ha TPAHCHOPT HOCIIB 3apsay NMUITXOM CTPUOKIB
HOCIiB MDK KOHTaKTyIOUMMHU YacTUHKamu. JJi1 KOMMO3UTIB CHEKTPH MPOBITHOCTI
JEMOHCTPYIOTh TMOBEAIHKY, XapakTepHY JUIsi CUCTEM J00pe NPOBIAHUX YACTHHOK
(HM3bKOYACTOTHE IUIATO 1 pi3Kuil cmax 3i 36inbmenHsM uwactotd Bume 10°Tm) B
pEe3yNbTaTi MPOSBIB CKiH-e(DEKTy 3 EHEpTisIMU aKTUBaIlii TpoBimHOCTI B miama3oHi 0,04-
0,10 eB. Cnocrepiraerbcsi mo3uTuBHA Kopelsis Mix Sger koMro3utiB NiFe,O4/ rGO
Ta 3HAYCHHSIMHM SHEpPTii akTUBAIlil TEPKOJAIHHOT enekTporpoBinHocTi (E,).
TectyBanns enekTponiB Ha ocHOBI Mmatepiamy NO B 6M Bomnomy KOH
CJIIEKTPOJIITI BHUSBUWIHM, IO MHATOMA €MHICTHh €KCHOHEHIIHHO cmamae Big 33 ®/r (mpu
s=5 mB/c) no 6mu3pko 15 ®/r npu S—oc. [ eNeKTpoIiB HA OCHOBI MaTepiajiB cepiid
N1 ta N2 B8 6M KOH enexTpomniTi MakCMMallbHiI 3HA4YEHHS TMHTOMOI €MHOCTI
cTaHOBJIATh 67-97 ®/r (npu S=5 MB/c), B Toif Yac sk piBHOBa)KHI 3HAYCHHSI MTUTOMOIT

€MHOCTI (Ipu S—>oc ) CTaHOBJATH 26-38 D/T, mpruuoMy MaKCHMaJIbHI €MHOCTI 3HAUCHHS



JOCATAIOTBCS JUIA  MaTepialliB 3 MaKCUMaJIbHUMH 3HAaueHHsAMU Sger (Marepianm
signaneni npu 200°C). dapaneiBchbka KOMIIOHEHTA €MHOCTI JIOMIHY€E Ul €IEKTPOIIB Ha
ocHoBi MatepianiB cepiit N1 ta N2 — 86 -94 Ta 94-99 %, BignoBigHO, IPUUOMY IS
MarepialliB 3 BIJHOCHO BHIIHUM BMICTOM TpadeHOBOI KOMIOHEHTHU CIOCTEPIraeThCs
JiHIAHA KOpENSIiss MDK PIBHOBOXHUMH 3HAYCHHSIMH €MHOCTI TPH S—>C Ta Sper.
BonHowac cnoctepiraetbcsi CHIBHUI KOPENAIIMHUNA 3B’SI30K MK BEJIUYMHAMH TPU
C(s—oc)Ta Sger, a TaK0XK SHEPricr0 akTUBallii npoBigHocTI E; (MHOKMHHUI KoedilieHT
kopensii pisauid 0,989).

HactynmHuMm KpokoM cTajla TepeBipka MPUCYTHOCTI KAaTIOHHOT MOBEPXHEBO-
akTuBHOT peuyoBuHHM (Opomimy uetwi-tpuMermiamonito (CTAB)) B peakniiHomy
CepeIoBHINI Ha CTpYKTypHO-Mopduioriuni xapakrepuctuku NiFe,O4 ta NiFe,04/rGO.
byno orpumano Tpu cepii 3pa3kiB — cuctema LO (npucytniit CTAB), cucrema L1
(mpucytHiii GO +rigpasun) ta cucrema L2 (mpucyrtHiii CTAB Tta rGO + rimpa3suh).
[IporHo3oBaHne MacoBe CHiBBIHOIICHHS OKCUIHOI Ta rpadeHoBoi ¢a3 3pa3kiB L1 ta L2
cknagano 2:1. Marepian LO nepebyBae B Onm3bKOoMy 10 peHTTeHOaMOp(HOTO CTaHi 3
HapaMardiTHUM BIOPAAKYBaHHsM, Bimaman B aprodi npu 300°C BUKIMKAE IIBHIKY
kpuctanizaniro ¢asu NiFe,O4 3 cepeaniM po3mipom dactuHOK 17 HM. Y TOH ke Yac
pICT YacTHHOK 11 MatepiamiB, mo MicTiaTh GO, BinOyBa€eThcsl 3HAYHO TOBUIBHIIIE,
CepelHil po3Mip YaCTHHOK OKCHAY y Ckiami kommosutTiB L1 i L2, BigmameHux mpu
300°C, cranosuts 8,0 i 8,5 HM, BinnosigHo. Bei oTpuMaHi MaTepiany € ME30IOPUCTUMU
3 TMIPUCYTHICTIO MIKPOIIOPUCTOI KOMITOHEHTH, ipudomy matepian LO xapakrepusyerbes
HETMEPEPBHUM PO3MOAUIOM ME30IOP 3a pO3MIpaMu 3 MAKCUMYMOM IpU OJIU3bKO S5 HM,
npuyomy Bimman mpu 300°C (3pasox L0-300) BukmMKae picT BiIHOCHOTO BMICTy
BEJIMKUX ME30MOp MpHU iX PIBHOMIPHOMY pO3MOAUIL 3a po3Mipamu. Jlnsi BHUXITHHX
koMno3uTiB cepii L1 Ta L2 posmomin mop 3a po3MipaMH XapaKTepHU3YEThCS
NPHUCYTHICTIO JIBOX MAaKCHMYMIB — B 00JacTi Mikporop (O0JU3bKO 2 HM) Ta Me30Iop
(6mm3pko 3,5-4 HM) mpuuomy Bimnan npu 300°C He 3MIHIOE TOJIOKCHHS IEPIIOTO
MaKCUMyMYy, MPOTE CIIOCTEPIra€ThCsl 3CYB JIPYroro Makcumymy (o OJm3pko 5 HM).

Bigman npu 300°C Bene 10 He3HayHOro 3meHmeHnHs Sger 3paska L1-300 (133 MZ/F)



nopiBHsHO 3 Marepianom L1 (145 M%/r), BoaHOUYac 3HAUeHHS Sger st 3paskis L2 i L2-
300 cknamatots 113 10 221 M/r, 1m0, IMOBIPHO, 3YMOBIIOETBCS JECTPYKIIEIO 3aIMIIKIB
[TAP. YacToTHO-3a/1€:KHIN TOJSAPOHHUN TPAHCIIOPT € OCHOBHUM MEXAHI3MOM €JIEKTPO-
MPOBITHOCTI 111 CHHTEe30BaHoro 3a gponomoroio CTAB «uuctoro» NiFe,O4 (E, = 0,26-
0,37 eB). Ilpucytricte kommonentu GO, Bu3Havae mosiey B kommo3uti NiFe,O,/rGO
e JBOX MEXaHI3MIB TMEPEeHOCY 3apsily — MNPOTOHHUM TPaHCHOPT Ta MIrpaiis
eNeKTpoHiB Mk yactuHkamu GO mpwu 3HWKEHHI 3HaYeHb eHeprii aktusaiii 10 0,10 i
0,04 eB ansa matepianis L1-300 i L2-300, BiamoBigHo. Ilpu 3acToCyBaHHI KOMITO3UTIB
L11iL1-300 ta L2 i L2-300 B SKOCTi OCHOBH €JIEKTPOJTHOTO MaTepiany B 6 M BogHui
po3unni KOH orpumano mikoBi 3HadueHHs mutoMoi emHocTi 200 1 158 ®/r ta 200 i
290 ®/r (mpu s=5 mB/c) ; piBHOBaXkHi 3HAYEHHS NMUTOMOI €MHOCTI CKJIaIarmTh 65 i
62 ®/r Ta 77 1 109 ®/r (mpu S—oc). i BUMAIKY EISKTPOIIB HA OCHOBI KOMITO3HTIB L1
i L2 cmoctepiraeTbcss abCONMIOTHE MTOMIHYBAaHHS TICEBJOEMHICHOI CKJIAJOBOI MHUTOMOI
eMHOCTi. VIMOBipHi peakuii 3a y4acTi OKCHIHOI KOMIOHEHTH, IO 3YMOBIIOIOThH
CIIOCTEPEKYBaHY  CHTYaIIilo: NiFe,0,+H,0+OH <  2FeOOH+NIOOH+e’;
NiOOH+OH-<>NiO+H,0+e”; FeOOH+ H,0<>Fe(OH); + (FeO,)*+3e". Jlnst maTepiaiis
L1 ta L2 cnoctepiraerbcs picT PIBHOBXXHUX 3HAYCHb MUTOMOT €MHOCTI (S—»00)IpH
30UTBIICHH] SgeT Ta 3MEHIIICHHSIM €HEPTii aKTUBAIlii eIeKTPOTIPOBITHOCTI.

Hactynna wactuHa poOOTH MPUCBSYEHA BHUCBITICHHIO PE3YyJbTATIB JOCHIIIXKEHb
xomno3uTiB NiFe,O4 / rGO, oTpuMaHHX METOJOM CYMICHOTO 30JIb-T€JIb aBTOTOPIHHS
P 3aCTOCYBAaHHI B IKOCT1 KOMIUIEKCOYTBOPIOBAUa ITIIUHY 3 MPUCYTHICTIO KOJIOITHOTO
GO B peakmiitHoMy cepenoBuiii. Otpumano Tpu cepii matepiamiB: TO — 6e3 BmicTy
rpadgeHoBoi koMroHeHTH, T1 Ta T2 — MacoBe CIIIBBITHOIICHHSIMH BMICTIB OKCHIHOI Ta
rpadperoBoi 3:1 ta 3:2, BignmoBigHO. BusBieHo, mo mpuUCyTHICTH KodoimHoro GO B
peakIliiiHiil CyMillll BUKIHUKAE 3MEHIIEHHSI CEPEIHbOTO PO3MIPY YACTHHOK OKCHUJIHOI
¢aszm 3 16 (cucrema TO, "unctuit" dpeput Hikenro 6e3 rpadeHoBOT KoMITOHeHTH) 10 10-
11 am s marepiamie T1 ta T2 3 mepexomom iX y cymeprnapaMarHiTHUH CTaH 3
OJTHOYACHHWM 3MEHIIICHHS CTYTCHS iHBepCii 3Mimanoi mminesni. 3HadeHHs Sget s T1 1

T2 cranosimsts 180 i 315 M%/r BinmosigHo, 3MEHIyoUYnch 10 78 i 169 MY/ micis
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Bimmany B pmiamazoni temmepatyp 200-800°C. Jlns 3paskiB T2 cmocTepiraroThCs sK
MIKpOIIOpH, Tak i «Maji» me3omnopu (po3mipom 2,0-4,5 um), Toxai sik 3pasku TO i T1 €
nepeBaxHo Meszonopuctumu. s «guctoi» mmmiHenmi 6e3  kommoHeHTH GO
CIIOCTEPITA€ThCSl TOJISIPOHHUM MEXaHI3M EJIEKTPOMPOBIIHOCTI, a JUIsi KOMIIO3UTIB
NiFe,0,/rGO mnepeBakae CcTpHOKOBHI TpaHCIOPT eJIeKTpoHiB. [Ipu 3acTocyBaHHI
kommo3uTiB T1 i T1-200 B sIKOCTI OCHOBH €JIEKTPOIIB CYINIEPKOHACHCATOPIB (€ICKTPOIIT
— 6 M Boanuii po3und KOH) orpumaHo MakcHMaibHI 3Ha4YeHHs TUTOMOT eMHOCTI 108
ta 95 O/r (mpu $=5 MB/c) Ta piBHoBaxHi73 1 63 D/t (mpu S—>oc), BignosiaHo. s T2 1
T2-200 oTpumaHO MakcHMaibHI 3Ha4YeHHS mHTOMOi emHOcTi 153 Ta 208 ®/r (npm
s=5 MB/c) Ta piBHOBaxHi 3HayeHHs Ta 111 i1 117 ®d/r (mpum S—oc). Jlnsg 3paskis,
OTPUMAHUX  METOJOM  30Jb-T€h  aBTOCIATIOBAHHS  CIIOCTEPITa€TbCcsl  BMICT
CJIIEKTPOCTATUIHOT KOMMOHEHTH eMHOCTI 44,7 1 44,3 s marepianie T1 1 T1-200 Ta
52,7 i 24,0% nns wmatepianie T2 1 T2-200. CnoctepiraerbCsi CHIbHA TMO3UTHBHA
kopersist Mk Sger MatepiamiB TO, T1 ta T2 mo 1 micns Bigmandy Ta piBHOBOKHUMHU
3HaueHHIMH C(S—>00) MpH OTHOYACHIHN CHITBHIN HETaTUBHIN KOPEJIAIil MiXK BETMIHHAMHM
Sggr Ta eHeprii akTHBAIlii eIeKTponpoBiaHOCTI E,.

KirouoBi cioBa: BinHoBienuil oxcuj rpadeHy, TiApOTEpMalbHUM CHHTES,
METOJI 30Jb-T€Jb AaBTOTOPIHHS, MUTOMA €EMHICTh, EJICKTPOXIMIYHUM KOHJACHCATOP,

NiFe,O4, KopensiiiHi 3B'I3KH.

Abstract

Hodlevska M.A. Electrode Materials of Hybrid Supercapacitors on the Base of
Nanocomposite Materials NiFe,O, / rGO. — Qualifying Scientific Work on the Rights of
Manuscript.

Dissertation for Obtaining the Degree of Doctor of Philosophy, Specialization
105 — Applied Physics and Nanomaterials. — VVasyl Stephanyk Precarpathian National
University, Ivano-Frankivsk, 2023.

The main result of the dissertation research is establishing of the general
principles of development of simultaneous hydrothermal synthesis (with the

determination of the effect of cationic surface acting agent) and simultaneous sol-gel
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autocombustion synthesis of nanocomposite materials of spinel nickel ferrite/reduced
graphene oxide and the effect of morphological (specific surface area and porosity
parameters) and electrophysical (specific electrical conductivity and activation energy
of charged carriers transport) properties of these materials on electrochemical
parameters of electrodes and their base in an aqueous alkaline electrolyte under the
condition of the development of contribution of electrostatic and Faraday components to
the total capacitance of the material.

Chapter 1 is dedicated to the comparative analysis of data, obtained from
scientific literature, about types and performance characteristics of supercapacitors,
characteristics of electrostatic (with the development of a double electrical layer) and a
pseudocapacitive (accompanied by fast Faraday reactions) mechanism of the carrier
storage. The chapter emphasizes the development of the sole block of criteria required
for the effective use of the materials as electrodes of electrochemical capacitators. The
Dissertation reveals advantages and disadvantages of the use of ultradispersive
materials as a base for electrode composition. The Dissertation reviews the potential use
of basic types of carbon nanomaterials (porous carbon, carbon nanotubes, and reduced
graphene oxide) in supercapacitors technology. The author analyses possibilities of
transition metal oxides use for the development of battery-type supercapacitors
electrodes. Further, the author outlines the main ways of modification of
electrochemical parameters of electrodes based on nickel and iron oxides under the
condition of their participation in the development of composites of carbon
nanomaterials. The conclusion of the critical overview is the formulation of the main
goal of the Dissertation — establishing of the general principles of the effect of specific
surface area and parameters of porous structure, specific electrical conductivity, and
activation energy of conductivity on specific capacity of electrodes based on composite
nanomaterials of spinel nickel ferrite/reduced graphene oxide and tasks required for
achieving the goal.

The second chapter of the dissertation research is devoted to a detailed description
of the features of the application of experimental methods for studying the obtained

nickel-iron spinel / reduced graphene oxide composite materials. The general principles
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of operation and functional features of the equipment used are described very briefly. In
particular, X-ray diffractometry (phase composition and structural features, unit cell
parameters, particle size (coherent scattering regions)), Madssbauer spectroscopy
(indirect phase analysis, parameters of electron-nuclear interactions), adsorption
porosimetry (the value of the specific surface area, type of their pores and their size
distribution), impedance spectroscopy (frequency-temperature dependences of
conductivity, dominant charge transport mechanisms, determination of conduction
activation energies), Raman spectroscopy (structural characteristics of graphene
materials) and cyclic voltammetry (specific capacitance characteristics, ratio of
electrostatic and Faraday components of capacitance).

The third chapter describes the preparation of colloidal solutions of graphene oxide
according to the Hamers (GO-H) and Tour (GO-T) methods, the reduction of the
obtained graphene oxides by chemical method (hydrothermal method, hydrazine
hydrate was used as a reducing agent, at a temperature of 120°C for 12 hours) and
thermal microwave method (microwave irradiation at a magnetron power consumption
of 950 W for a total of 100 s). A comprehensive comparative analysis of the structure of
reduced graphene oxide (rGO) synthesized on the basis of colloidal GO obtained by the
Hamers (rGO-H) and Tour (rGO-T) methods was carried out. It has been found that,
regardless of the protocol used to obtain the initial GO and the reduction method, rGO
particles have a thickness of 1.3-1.4 nm, and consist of 4-5 graphene planes with
dimensions in the direction parallel to the basal plane of 6.2-7.5 nm. At the same time,
rGO samples obtained by the chemical method (rGO-H(Chem) and rGO-T(Chem))
have lower specific surface area (Sger) (172 and 196 m?/g, respectively) compared to
materials obtained by thermal microwave method (rGO-H(MW) and rGO-T(MW)), for
which the Sgprvalues are 214 and 243 m?/g, respectively. Regardless of the GO
synthesis protocol and the reduction method, the obtained samples of reduced graphene
oxide have a mesoporous structure with the presence of two most probable pore sizes:
about 7 nm (“small” pores, formed by packets of graphene planes) and about 20 nm
(“large” pores, formed by the gaps between aggregates of rGO packages). The relative

content of “small” mesopores is minimal for rGO-H(Chem), and for materials obtained
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by the chemical method, their contribution to the total pore volume is smaller or close to
the contribution of “large” pores. For rGO obtained by thermal microwave reduction,
“small” mesopores dominate. It has been found that for rGO samples obtained by the
chemical method, the proton jumping mechanism of electrical conductivity (the
Grotthuss mechanism) dominates at activation energies of about 0.13-0.20 eV. For rGO
materials obtained by the thermal microwave method, a weak frequency dispersion of
the temperature dependences of the electrical conductivity is observed; moreover, for
the rGO-H(MW) material, the conductivity at T <125°C increases in the high-
frequency region (typical for disordered semiconductors), while manifestations of the
skin effect are observed for the temperature range of 150-200°C. The conductivity of
the rGO-T(MW) material decreases with increasing temperature. The observed
differences in the electrophysical properties are explained by the structural and
morphological features of the samples at a relatively high degree of reduction of
materials obtained by the thermal microwave method. Regardless of the reduction
method and the type of protocol for obtaining GO, as the basis of the electrode
composition in an alkaline electrolyte (6M aqueous KOH solution) in the study by
cyclic voltammetry, approbation of rGO materials has revealed an exponential decrease
in specific capacitance with increasing scanning speed of the potential with the
achievement, in the s—ocapproximation, of equilibrium values of the specific
capacitance of 18.6 and 23.2 F/g for rGO-H(Chem) and rGO-H(MW) (32 and 38 F/g at
s=5 mV/s) and 20.2 and 25.9 F/g for rGO-T(Chem) and rGO-T(MW) (34 and 46 F/g at
s=5 mV/s) with a relative contribution of EDL capacitance in the total capacitance of
27.6 and 31.9%, and 27.9 and 34.0%, respectively. The pseudocapacitive response of
rGO in an alkaline electrolyte can be caused by the following redox reactions: C-
OH&C=0+H"+e; -COOH«-COO-+H™+e; -C=0O+e-<> -C-O. There is a strong
positive correlation between the equilibrium values of the specific capacitance and the
specific surface area of the rGO samples, regardless of the preparation protocol. At the
same time, the thermal microwave reduction method makes it possible to achieve

relatively higher equilibrium values of the specific capacitance.
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The fourth chapter of the dissertation work is devoted to establishing the influence
of production conditions (type of synthesis — hydrothermal or sol-gel auto-combustion,
the presence of additional factors of influence — the presence of surfactants, a colloidal
solution of graphene oxide, heat treatment) on structural and morphological (the value
of the specific surface area and the pore-size distribution) and electrophysical (electrical
conductivity, activation energy of conduction) properties of nickel-iron spinel/reduced
graphene oxide composite nanomaterials, as well as establishing correlations between
the structural-morphological, electrophysical and electrochemical parameters of
electrode materials during their testing in an alkaline aqueous electrolyte with the
calculation of the contributions of the electrostatic and Faraday mechanisms of charge
accumulation to the total capacitance of the electrode. The preparation of nickel
ferrite/reduced graphene oxide (NiFe,O4,/rGO) composites by the method of joint
hydrothermal synthesis (followed by exposure at a temperature of 180°C for 5 hours) is
described. Three systems were obtained with different mass ratios of the content of the
oxide and graphene components (NO — material without the graphene component,
materials N1 and N2 — mass ratios of the oxide and graphene components are 3:1 and
3:2, respectively). According to the results of the phase analysis, the resulting NO
material is monophase cubic NiFe,O4with a particle size of 15 nm. The use of colloidal
GO obtained by the Tour method as a component in the hydrothermal synthesis of the
composite leads to the formation of an impurity component — the a-Fe,Osphase (up to
15 mol%), an increase in the nonstoichiometry of NiFe,O4, and a decrease in the
average size of ferrite particles. Regardless of the content of the graphene component
and the heat treatment temperature, the materials of the N1 and N2 systems have a
mesoporous morphology with a continuous pore size distribution in the range of 3-
30 nm. Annealing in an inert-gas medium (argon) at temperatures of 200, 400 and
600°C causes nonmonotonic changes in the Sger value due to an increase in the average
mesopore size with maximum values of 111 and 162 m%/g for materials N1-200 and N2-
200 (for these materials, the maximum content of small mesopores with a size of 4 nm

Is observed). The frequency-temperature dependences of the conductivity of the
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material NO indicate the transport of charge carriers by means of carrier jumps between
the contacting particles. For composites, the conduction spectra exhibit behavior
characteristic of a system of well-conducting particles (a low-frequency plateau and a
sharp decline with increasing frequency above 10° Hz) as a result of manifestations of
the skin effect with activation energies of conduction in the range of 0.04-0.10 eV. A
positive correlation is observed between the Sger of the NiFe,O4/rGO composites and
the values of the activation energy of percolation electrical conductivity (E,).

Testing electrodes based on NO material in 6M aqueous KOH electrolyte revealed
that the specific capacitance drops exponentially from 33 F/g (at s=5 mV/s) to about 15
F/g at s—oo.For electrodes based on materials of the N1 and N2 series in 6M KOH
electrolyte, the maximum specific capacitance values are 67-97 F/g (at s=5 mV/s),
while the equilibrium values of specific capacitance (at s—) are 26-38 F/g, and the
maximum capacitance values are achieved for materials with maximum Sgervalues
(materials annealed at 200°C). The Faraday capacitance component dominates for
electrodes based on materials of the N1 and N2 series — 86-94 and 94-99%,
respectively, and for materials with a relatively higher content of the graphene
component, a linear correlation is observed between the equilibrium values of
capacitance at s—oo and Sger. At the same time, there is a strong correlation between
the values of C (at s—») and Sget, as well as the conduction activation energy E,(the
multiple correlation coefficient is 0.989).

The next step was to check the presence of a cationic surfactant
(cetriltrimethylammonium bromide, CTAB) in the reaction medium for the structural
and morphological characteristics of NiFe,O4and NiFe,O,/rGO. Three series of samples
were obtained — the LO system (CTAB present), the L1 system (rGO + hydrazine
present), and the L2 system (CTAB and rGO + hydrazine present). The predicted mass
ratio of the oxide and graphene phases of samples L1 and L2 was 2:1. The LO material
IS in a state close to X-ray amorphous with paramagnetic ordering; annealing in argon at
300°C causes rapid crystallization of the NiFe,O4phase with an average particle size of

17 nm. At the same time, the growth of particles for materials containing rGO is much
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slower; the average size of oxide particles in L1 and L2 composites annealed at 300°C
Is 8.0 and 8.5 nm, respectively. All obtained materials are mesoporous with the presence
of a microporous component, and the material LO is characterized by a continuous
mesopore size distribution with a maximum at about 5 nm, and annealing at 300°C
(sample L0-300) causes an increase in the relative content of large mesopores with their
uniform size distribution. For the initial composites of the L1 and L2 series, the pore
size distribution is characterized by the presence of two maxima — in the region of
micropores (about 2 nm) and mesopores (about 3.5-4 nm), and annealing at 300°C does
not change the position of the first maximum, however, a shift of the second maximum
Is observed (up to about 5 nm). Annealing at 300°C leads to a slight decrease in the Sger
of sample L1-300 (133 m%g) compared to material L1 (145 m%g), while the Sgervalue
for samples L2 and L2-300 is 113 to 221 m?/g, which is probably due to the destruction
of surfactant residues. Frequency-dependent polaron transport is the main mechanism of
electrical conductivity for the "pure" NiFe,O4synthesized using CTAB (E,=0.26-
0.37eV). The presence of the rGO component determines the appearance in the
NiFe,O4/rGO composite of two more charge transfer mechanisms — proton transport
and electron migration between rGO particles with a decrease in activation energies to
0.10 and 0.04 eV for materials L1-300 and L2-300, respectively. When using
composites L1 and L1-300, and L2 and L2-300 as the basis of the electrode material in
a 6M aqueous KOH solution, peak values of specific capacitance of 200 and 158 F/g,
and 200 and 290 F/g (at s=5 mV/s) were obtained; the equilibrium values of specific
capacitance are 65 and 62 F/g, and 77 and 109 F/g (at s—). For the electrodes based
on composites L1 and L2, the absolute dominance of the pseudocapacitive component
of the specific capacitance is observed. Probable reactions involving the oxide
component, which determine the observed situation: NiFe,O;+H,0+OH <«
2FeOOH+NIOOH+e; NiOOH+OH-<->NiO+H,0+e; FeOOH+ H,0<>Fe(OH); +
(FeO4)*+3e". For materials L1 and L2, an increase in the equilibrium values of specific
capacitance (s—) is observed with an increase in Sgerand a decrease in the activation

energy of electrical conductivity.
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The next part of the work is devoted to highlighting the results of studies of
NiFe,O4/rGO composites obtained by the method of joint sol-gel auto-combustion using
glycine as a complexing agent with the presence of colloidal GO in the reaction
medium. Three series of materials were obtained: TO - without the graphene
component, T1 and T2 — mass ratio of oxide and graphene components of 3:1 and 3:2,
respectively. It has been found that the presence of colloidal GO in the reaction mixture
causes a decrease in the average particle size of the oxide phase from 16 (system TO,
“pure” nickel ferrite without a graphene component) to 10-11 nm for materials T1 and
T2 with its transition to the superparamagnetic state with a simultaneous decrease in
degree of inversion of mixed spinel. The Sggrvalues for T1 and T2 are 180 and
315 m/g, respectively, decreasing to 78 and 169 m*/g after annealing in the temperature
range of 200-800°C. For samples T2, both micropores and “small” mesopores (2.0-
4.5 nm in size) are observed, while samples TO and T1 are predominantly mesoporous.
For “pure” spinel without the rGO component, the polaron mechanism of electrical
conductivity is observed, while for the NiFe,O,/rGO composites, hopping electron
transport predominates. When using composites T1 and T1-200 as the basis of
supercapacitor electrodes (electrolyte — 6M aqueous KOH solution), the maximum
values of specific capacitance of 108 and 95 F/g (at s=5 mV/s) and equilibrium values
of 73 and 63 F/g (at s—wx), respectively, were obtained. For T2 and T2-200, the
maximum specific capacitance of 153 and 208 F/g (at s=5 mV/s) and equilibrium values
of 111 and 117 F/g (at s—) were obtained. For the samples obtained by the sol-gel
auto-combustion method, the content of the electrostatic capacitance component is 44.7
and 44.3% for materials T1 and T1-200, and 52.7 and 24.0% for materials T2 and T2-
200. There is a strong positive correlation between the Sgerof the TO, T1, and T2
materials before and after annealing and the equilibrium values of C (s—x) with a
simultaneous strong negative correlation between the values of Sggrand the activation
energy of electrical conductivity E..

Keywords: Reduced graphene oxide, Hydrothermal synthesis, Sol-gel

autocombustion, Specific capacity, Electrochemical capacitor, NiFe,O,4, Correlation.
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