AHOTALIIA

Moxnax M. I'. Cunte3, CTpYKTypa, KaTaliTUYHI Ta TEPMOMArHITHI BIACTUBOCTI
HaHOKOMITO3UTIB Ha ocHOBI Nd-BMicHOTO MigHOTO hepuTy. — KBamidikariitHa HayKkoBa
mparis Ha IpaBax PyKOIMHCY.

Huceprariiss Ha 3100yTTs CTymeHsi Joktopa ¢uiocodii B ramy3i 3Hadb 10
[Tpuponunui Hayku 3a cnerianbHicTio 105 Ilpuknanna ¢isuka Ta HaHOMAaTepiaid. —
Kapnarcekuii HanionanbHuil yHiBepcutTeT iMeHi Bacuns Credanuka, MiHicTepcTBO
OCBITH 1 HaykH YKpainu, IBano-®pankiBCchk, 2026.

Hucepramniitna poOoTa NPUCBSIYEHA AOCTIIHKEHHIO 3aKOHOMIpHOCTEH (opmy-
BaHHS IIIMHEIBHOI CTPYKTYpH MimHUX ¢epuTiB i NJ-BMICHUX HAaHOKOMIIO3MTIB Ha iX
OCHOBI 32 YMOB OJHOCTAJIMHOIO CHHTE3y MOJIU(PIKOBAHUMH METOJIAMH 30Jb-T€JIb
aBTOCMAIIOBAHHA Ta BCTAHOBJICHHIO B3a€EMO3B’S3KIB MIK yMOBaMHU iX OTpHUMAaHHS,
CTPYKTYPHO-MOP(OJIOTIYHUMH T1apaMeTpamu, (GI3UKO-XIMIYHUMH BJIACTHBOCTSIMHU Ta
(YHKLIOHATPHUMHU XapaKTEPUCTUKAMHU B KATAIITUYHUX CHUCTEMax OYMIIECHHS BOIM 1
KOJIOTTHUX CUCTEeMax 1HIYKI[IHHOTO HArpiBY.

OOrpyHTYBaHHS aKTyaJIbHOCTI OOpaHOl TeMHU AUCEPTALIAHOrO JTOCITIIKEHHS,
MeTa JTOCJIIJKEHHS, OCHOBHI 3aBJJaHHsI, HAYKOBAa HOBHU3HA 1 MPAKTUYHA I[IHHICTH POOOTH
BUCBITJICHI Y BCTYTII.

[lepunii po3mia MICTUTh KPUTHUYHHUN aHaMI3 JITEpaTypHUX JKEped 00
Cy4aCHOTO CTaHy Ta OCHOBHOI MPOOJIEMAaTUKH HAYKOBUX JOCII/DKEHb y HaIPSMKY
CUHTE3Y 1 MOTEHLIATy 3aCTOCYBaHHA ()EpUTIB Miji 1 KOMIIO3UTIB Ha iX OCHOBI B c(pepax
KaTtajgizy 1 Mar”iTHoi rineprepmii. PO3INIsHYyTO TMOIIMpPEHI METOAUM CHHTE3y —
CIIBOCAKEHHSI, T1[POTEPMaTILHUN/CONBBOTEPMAIILHUI METOU Ta 30J1b-T€Ib CUHTE3 — 3
TOYKM 30py KOHTpOJIO (Da30BOi UMCTOTH, BIUIMBY Ha KPUCTAIIYHICTb, PO3MIp,
MOpPQOJIOTiI0 1 XIMit0 JAedEeKTIB YaCTUHOK. BCTaHOBIEHO B3a€MO3B’SI30K «CTPYKTypa-
BJIACTUBICTHY I TOTEHIIITHOTO 3aCTOCYBaHHS y (OTOKATATITUYHUX CHUCTEMax
OUMILICHHS BOJAM 1 KOJIOIMHUX CHCTeMax I1HAYKIIHHOro HarpiBy. IlimcymoBaHo
NpaKTU4YHI ~ OOMEeXeHHs, Taki sK ¢a3oBa  CTAOUIBHICTh, BIATBOPIOBAHICTH

KaTIOHHUX/Ae(EeKTHUX CTaHIB, Jerpajallis Ta pereHepailis matepiaii. Lle miakpecitoe
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HEOOX1IHICTh PO3POOKH PaIllOHATIBHOTO AU3aliHy MaTepialliB €KOJOTIYHOTO 1 MEIUKO-
O10JIOTIYHOTO TIPU3HAYEHHS Ta CTAHJAPTHU30BAHUX TPOTOKOJIB 1X OIHKA IS
CTBOpPEHHs MaciTaboBaHux TexHoJorii Ha ocHoBl CuFe,O4 13 MOXIHUBICTIO
0araTopa3zoBOro BUKOPUCTAHHS.

Y npyroMmy po3aiuni OmucaHi 3acTOCOBaHI METOAM CHHTE3y, Bapiamii Ta
Mou(diKallii TeXHOJIOTIYHUX YMOB JUIsl OTPUMAaHHS HAHOKOMITO3UTIB Ha OCHOBI (hepuUTy
MiIi 3 MOKITUBICTIO pi3HOTO cTyneHs 3aminierns karionamu Nd. [IpencraBieHo Metoau
XapakTepu3allli Ta aHajl3y mMaTepiajiB 3 BIAMOBIIHUM OMKUCOM JTOCTIAHUX YCTAaHOBOK 1
MIPIJIAJIIB Ta KOHKPETHUX YMOB IIPOBEICHHS E€KCIIEPUMEHTAIBHUX JAOCTIIKeHb. OKpeMy
yBary MPUAUIEHO ONUCY METOJIMK MPOBEAEHHS (DOTOKATATITUYHUX TOCHIKEHb Ta
JOCIIJIKEHb €(EKTUBHOCTI MOTEHIIWHOTO 3aCTOCYBaHHS OTPUMAaHUX MarepiaiiB B
MarHiTHIA TinepTepMii, 30KpeMa MNPUAATHOCTI [0 IHAYKIIHHOTO HarpiBaHHS B
MarHiTHOMY TIOJII.

VY TpeThoMy po31uTi 3AIMCHEHO aHaI3 BIUIMBY PsIy TEXHOJIOTTYHUX (PAKTOPIB Ha
eTari CHHTE3y METOJIOM 30JIb-Tellb aBTOCMAIIOBaHHS TaKuX K piBeHb pH peakiiiiHoro
Cepe/IOBUINA, CTEXIOMETpis MPEKypcop/XeaT, BKIOUEHHS Jieryrodoi gomimku Nd Ta
TeMIlepaTypa 1 Tl aTMOC(epH MOCTCUHTE3HOTO BIANAITY Ha CTPYKTYPHO-MOP(OJIOTIUHI
1 (I3UKO-XIMIYHI XapaKTepUCTUKH (PEepUTiB Midl 1 HAHOKOMIIO3HMTIB Ha iX OCHOBI.
BcranoBneHo, 110 KHCJIOTHICTh CEpEJIOBHINNA CYTTEBO BIUIMBAE Ha TMPOIECH
CTPYKTYpYBaHHSI BXK€ Ha cTajii opMyBaHHS Teiio, 1[0 BU3HAYa€ KiHIEBUHN (a3oBuit
CKJaJ MaTepiasly sSK MeTacTaOiuIbHy BHCOKOTeMIepatypHy Qopmy deputy Mimi 3
HasBHUMH JOMIIIKaMu Jenadocuty Ta Moro (yHKIIOHAIBHI XapaKTEPUCTHUKHU.
3acTocyBaHHS ~ IMOCTCHHTE3HOTO Bigmaxy B miamaszoni  400-800°C  poskpwuiio
TeTparoHajIbHO-KyOIUYHY €BOJIIOIII0 IIMIHEIHOI CTPYKTYpH HAHOPO3MIPHOTO (epury
MIl B PpI3HUX aTtMocdepax TEpMIYHOrO BiAmaidy Ta 1i 3B'A30K 3 (DI3UYHUMU
XapaKTEePUCTHKAMU IMX MarepiaiiB. BcTaHOBIIEHO, MO BiAMad IHIMIIOE TOMAIBIIE
MOBHE MEPETBOPEHHS 10AAaTKOBOI (ha3u JenadocuTy Ha BUCOKOTEMIIEPATYpHY KyOiuHy
bopmy eputy Miji 13 BKIOUCHHSIMHU a3y reMaTUTy Ha Mi3HIX eTanax Bianaiy, a npu
MOMAJIBIIIOMY  OXOJIOJKEHHI 3apikcoBaHO TOBHY TpaHChOpMaIliio B CTaOUIbHY

TeTparoHajabHy (opMy 3 HapoCTaHHsAM (a3 reMaTUTy NpPU BHUILKUX TEMIIEpaTypax



4
Bignany. CTpyKTypHa €BOJIOLIS 3yMOBIIOE 3MIHYy MEXaHI3My [MpPOBIIHOCTI 13
CTpUOKOBOTO [JIsi KyOIYHOI CTPYKTypH Ha 3MIIIAHUN AN TeTparoHaiabHOi (opMu
beputy Mil.

KonTtponboBani Bapiamii cTexiomMeTpii mOpeKypcop/XenaT 13 BKJIIOYECHHSAM
aeryrouoi gomimku N, 3a yMOBH iHIIAI(i HAIIUIIKY YU AeILHUTY XeIaTyiHouoro
areHTa B peaKIiiHIA CcyMiln, JO3BOJISIIOTH (opMyBaTH BIJMOBIIHO JBO- Ta
TpukoMmnoHeHTHI — rerepornepexonn  (Tum—II) 3  kackagHuM  po3TamryBaHHSIM
ereprernunux 30H Ty CuFeO,/CuFe,04 ta CuO/CuFeO,/CuNd,Fe; O,4. 1le Bupimye
TOJIOBHY MPOOJIeMy MIBUAKOI €IeKTPOH-AIPKOBOi pekoMOiHallii qisi 6a3oBoro ¢gepury
MIJIl B pe3yJbTaTl MPOCTOPOBOTO PO3AUICHHS 3apsiiB Ha MDLK(pa3zHOMY iHTepdeicl B
pe3yJbTaTi Pi3HOTO THUIY MPOBIIHOCTI JOMIHYIOYOI IIMiHEIbHO1 (Da3u Ta 1HIIIHOBAHUX
noaaTKOBUX (a3s.

B po6oti 3anponoHoBaHo MexaHi3M (HOpMYBaHHS KOMIIO3UTHOTO MaTepially Mmpu
samimieHHi iomamu Nd, 1mo nependadae iHiiOBaHMI KaTIOHHUN MIKIO3HMIIIHHHM
NEepepo3NOALT B IIMIHEIbHIA CTPYKTYpl BHACIIAOK PO3MIPHOrO €(EeKTy 3 BUMYIIEHOIO
mirparieto ioniB Fe®* B Terpaeapmumi mosmiii i wacTkoBuMM BHTiCHeHHAM CU®’ i3
CTpYKTypu deputy. 3a yMOBHU JIePIUTY XEIaTyI0UOTO areHTy 1€ CTBOPIOE MEePEyMOBU
70 TIapaliensHOTO (hOopMyBaHHS Ha €Tarl JEHIPUTHOTO POCTY TMOPS 13 JTOAATKOBOIO
dazoro gemadocury geskoi kumbkocTi okcumy wmimi  (II). 30imbmmeHHs cTymeHs
3aminieHHs ionamu Nd iHTeHCH(IKYE 11l TPOIECH 1 MPU3BOIUTH 10 3MEHIIICHHS PO3MIPY
KPHUCTAJITIB IOMiHYI0401 (a3u GhepuTy, a TaKoXK 10 MEPEPO3NOALTY BMICTY TOJATKOBUX
da3 3 mepeBakaHHSIM CKJIAJO0BOi OAMHAPHOIO OKCHUIY. 3acTOCYBaHHS MoOAMQIKalii
METOMY 30JIb-T€h aBTOCMAIOBAHHSA 3 €TallOM POCTY JEHIPUTHOI CTPYKTYpPH
3abe3reuye PO3BUTOK MAaKPOMOPUCTOi rydodacToi Mopdosorii HaHOKOMIIO3UTIB,
OCHOBHUM €JIEMEHTOM SIKUX € chepruyHi HaHOYaCTUHKH (~20-30 HM) noMiHyr040i (a3u
dbeputTy Mini JEKOpOBaHI MOBEPXHEBUMH HaHOOCTpiBIsIMU ¢a3 okcuay wmimi (I1) Ta
nenadocury.

VY derBepTOoMy poO3AUTI OmMUCaHI pe3ynbTaTd (HOTOKATATITUYHUX JIOCITIIHKEHb
CUHTE30BaHMX MarepiamiB. JloCHipkeHHST 30HHOT CTPYKTYpPH  MIATBEPIKYIOThH

dbopmyBanns rereponepexoiB (Tun—II) 3 kackagHUM po3TalTlyBaHHSIM €HEPTreTUUHUX
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30H CuO/CuFeO,/CuNdFe; 4O, s kommosuty CuFeO,/CuFe,O, orpmmanoro 3a
ymoBu pH=1 3 MiHIManpHUMH poO3MipaMu KpuCTamiTiB (eputy (=12 HM) Ta
MakcUMaJIbHUM BMicToM Jnenadocury (11%), nocsarayro mBuiakocTti aerpagaiii 0,0206
xB". BCTaHOBNEHO, IO TETPATOHATBHO-KYOiUHA EBOIIOIIS IITIHENBHOI CTPYKTYpH
3abe3reuye BHUCOKY €(EKTHUBHICTh (OTOKaTami3zy sl 000X KpHUCTaTidHUX (QopM
mopsimky ~0,021 xB' IS MalaxiTy 3e€ICHOTO 3a YMOBH OOMEXKCHHS pO3MipiB
KkpucTainitiB < 24 um. 3'scoBaHo, 1m0 npu 3poctanHi Bmicty H,O, cTyminp nerpagaiii
METHJICHOBOTO CHHBOT'O 3POCTa€ HENHINHO 3 BUXOJOM Ha Iuiato B gianaszoxi 0,1-0,35
Moib%, a kucie cepenosumie (pH=2) cmpuse Qorokaranizy i1 3adesmeuye 100%
JeCTpyKIito 6apBHUKa 3a 160 XB.

Jns kommo3utie CuFeO,/CuFe,0y i3 3HmKkeHnM BMicToM aenadocuty (8%), siki
OTpUMaH1 3a yMOBU HauMIIKy (25%) XemaTyrodoro areHry, aHaii3 (oTokaTami3y
TaKOX 3aCBIIUy€ €PEKTUBHY JETPAAAIII0 YCIX TPHOX 3aCTOCOBAHMX THUITIB OAPBHUKIB 13
30UTBIIICHHSIM IIBUJAKOCTI peakilli B psay pojaamMiH b — MeTuieHOBUHM cuHi —
MazaxiToBui 3eneHui Big k = 0,0155 xB87! 10 0,0184 xB7'.

VY Bumaaky kommo3uTiB CuO/CuFeO,/CuNdFe,.O,4 3MiHK mupuHA 3a00pOHEHOT
30HH (peputy mpu 3amimieHHi ionamu Nd GopMyroThes B pe3yibTaTi KOHKYpPYHOUOTO
BIUTMBY pO3MIpHOTO e(eKTy il HaHOKpUCTAiTiB, BHecky 4f craHiB jomaHTa Ta
HApOCTAYOro CTPYKTYpHOTO Oe3iany, 1o MPU3BOAUTH 0 (POPMyBaHHS JOKAIHHOTO
miHimymy 2,82 eB mms ckmamy CuNdggsFe;es04. PorokaTanmiz B mux cucreMax
30CepEeKCHU Ha TMOJBIMHHMX TeTeporepexoqax, ski 3a0e3nmedyloTh MnapajieIbHui
0araToLEHTPOBHUI TPOLEC 13 TEHEpallield KOMIUIEKCY paJuKaliB Ha MEXOBOMY
iHTepdeiici. CuHepretnuHe miACWICHHS (QoTokaranizy (QIKCYeTbes [UIsl CTYIEHIB
samimienHs Nd x=0,05 ta 0,09 sk mposiB TaKuX KOHKYPYIHOUUX BIUIMBIB SIK MiHIMi3allis
HIUPUHHA 3a00poHEHO0i 30HU (eputy (x=0,05), miHIMI3Zalis po3Mipy HAHOKPHUCTAITIB
(x=0,09), makcumansuuii BMICT ¢dazu okcumay Mmini (7,6% nns x=0,09) Ta BenmuumHa 1
3HaK TOTEHIaly moBepxHi Katamizatopa (+34,24 MB mna x=0,05). MakcumanbHi
IIBUJIKOCTI peakilii cranoBisiTh 0,0186 xB™ U1t MeTuiieHoBoro cuaboro ta 0,0116 xB™
JUIS KOHTO 4epBOHOTO y Bumnaaky 3amimenHs Nd x=0,09. J{is METUICHOBOTO CHHBOTO

3adikcoBaHO MexaHI3M (OoToKaTami3zy 13 3MIHOKO MOPSAKY peakiii 3 HYJIbOBOIO Ha
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MIEPINA, a JJIsi KOHTO Y€PBOHOTO BUSBJICHHH MEpexXia B 30HY YAaCTKOBOTO OJOKYBaHHS
peaxiii B pe3yJbTaTi MacuBallii MoBEpXHi IHTEpMe IlaTaMu.

JIns MozieNIbHOT KaTIOH-aHIOHHOI cyMilli (hOPMYBaHHS HEHTpaIbHUX KOMILJIEKCIB
Ha eTamll TEeMHOBOTO pEeXHMy cTabimizamii 13 BBEACHHM KaTali3aTopoM 3abe3mneuye
YHUKHEHHSI €(eKTy eJEKTPOCTAaTUYHOrO BIJIITOBXYBAaHHSA 1 3YMOBIIOE MPOCTOPOBE
30JIMDKEHHST MOJICKYJT 3a0py/JHIOBaYiB Ha AaKTHUBHIA IOBEpXHI HAHOKOMITO3WTIB. Lle
CIPUYHMHSIE BUCOKOCUHXPOHHUN XapakTep iX (HOTOAECTPYKIlii HE SK JABOX 130JIbOBAHUX
OapBHMKIB, a SK OJUH IUIICHUM CympamoJieKyJasipHUN komriuiekc. CiiJl BIAMITHTH
HENIHIMHY TUHAMIKY MPOIeCy NECTPYKIii Cymilli 3 HaSBHUMHU 30HAMH CIOBUIbHEHHS
peaxiiii, o CUJIbHIIIE TPOSBISETHCS ISl METUICHOBOTO CUHBOTO B CHITy HOTO JIETTIOL
JECTPYKIIl TOPIBHAHO 13 KOHIO YEPBOHUM. 3HIKEHHS MAaKCUMAJIbHOTO CTYIEHS
nerpajanii o0uaBoxX OApBHUKIB MOPIBHSIHO 13 (POTOKATAII3OM iX OJMHAPHUX PO3UHMHIB
CTaHOBUTH MOPsAKY ~20%, mpruuoMy HaWBUIY (HOTOKATATITUYHY AKTHUBHICTH TaKOXK
JEMOHCTPYIOTh 3pasku i3 3amimenusM Nd x=0,09 ta 0,05. 3okpema, mis 3paska i3
x=0,09 3adikcoBaHo 3HaueHHS IBUJKOCTEN peakiiii BianmosigHo 00,0041 xB? s
MeTwIeH 6makutHoro ta 0,0030 xB™ JUI KOHIO YepPBOHOTO i3 JOCATHEHHSIM IPHOIN3HO
OJIHAaKOBOT'O CTYIEHS iX MAaKCUMAJIbHOI1 Jerpaaarii nopsaaky <~73%.

Y n'sTomy po3auii  OMUCAaHO PE3YJNbTaTH JIOCHIDKEHHS MAarHiTHUX Ta
TEPMOMATHITHUX BJIACTUBOCTEH OKPEMHUX CHHTE30BAHUX CHCTEM I BHSBJICHHS
NOTEHI[laly IX 3acTOCyBaHHA B MarHiTHId rineprepmii. BcTtaHoBieHo, 110
TeTparoHajabHO-KyOIlYHA €BOJIOIIA IIMIHETBLHOT CTPYKTYPH CHPUYMHEHA TEPMIYHUM
BIJIIAJIOM CYTTE€BO BIUIMBA€ HAa HAMArHIYeHICTh HACHUYEHHS Ta KOCPIUTHBHY CHITY,
0e3mocepelHbO BU3HAUAIOUM TAapaMEeTpU HarpiBaHHA B 3MIHHOMY MAarHiTHOMY IIOJi.
Buavends SAR ~30-32 Br/r ta ILP ~1,5-1,6 ulu-m%/xr, OTpUMaH1 3a MOJICISIMH
bokca—Jlykaca ta oxonmomxeHHss HproToHa, moka3anu, 110 HAHOYACTUHKU BUSBIISIOTH
eheKTUBHUN IHAYKIIMHUN HarpiB, MNPUYOMY BIiJNAJCHI 3pa3Kd  30epirarTh
TEPMOMATHITHI XapaKTEPUCTHUKHU.

Hns cuctem CuNdyFe, O, yci 3pa3ku JEMOHCTPYIOTH YITKO BHPaKEHI T
ricTepe3ucy, sKi € XapaKTepHUMH [Jis (epuMarHiTHUX MaTepianiB. MakcumaiabHa

Hamarfigenicts 62,1 A-M%/kr i Bucoka amizotpomis (K; = 0,37 x 105 epr/cm)
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3apikcoBana s 3paska 3 x=0,05, sSKui TakoXX NEMOHCTpPYE HAWBUILY KOJOiTHY
CTaOUIbHICTh 13 MaKCUMaJbHUM 3HA4YeHHSM m3eTa-moreHmiany (+34,24 mB) Ta
nomipHuil yac penakcaiii Ty (14,00 ue). CuHeprisa nux mapaMmerpiB 3yMOBIIIOE HAWBUIIT
sHaueHHa SAR (monanx 33 Bt/r) ta ILP nonan 0,163 HI'H-M%/KT 1715 1IHOTO MaTepiaiy,
0 BKa3y€ Ha BUCOKY 3[IaTHICTb JI0 HArpiBaHHS y KIIIHIYHO PEJICBAaHTHUX YMOBax
MPUKIIAJICHOT0 3MIHHOTO MarHiTHoro moisa (23,8 kA/M, 357 kl'm). Onnak, 14
3aJIEXKHICTh HE € JIHIMHOI, OCKIIBKH 3pa3ok 13 X = 0,11 mokazaB Bucokmii SAR (33,43
B1/r) mONmpH HIDKYy HAMArHideHicT HacuueHHs 46,91 A-M%/Kkr, o BKasye Ha
M1CUITIOIOUMH BIUTUB 1HIINX (DAKTOPIB, TAKUX SIK aHI30TPOMis Ta penakcaiis. OTpumai
pe3yJbTaTH CBiAYaTh HpO Te, mo moMipHe 3amimieHHs Nd g03Bojse mpenu3iiHO
KOHTPOJIOBaTH pexkuM  penakcaiii Heemns 1 Bka3yloTh Ha  cTpaTeriio IS
KOHCTPYIOBaHHS HAHOYACTUHOK HIMIHEIBbHUX (PEPUTIB 3 ONTHUMI30BAHUM TEPMIYHUM
BIJITYKOM JIJIs1 O10MEIMYHUX 3aCTOCYBaHb.

KuarwuoBi ciioBa: ¢eput, KOMIO3UT, MiJib, 331130, HEOJIUM, OIITUYHI BJIACTUBOCTI,
€JIEKTPOHHA CTPYKTYpa, MPOBIJHICTh, MArHITHAa CTPYKTYpa, KaTaii3atop, poTokaTais,
KaTaJIiTUYHA aKTHUBHICTB, TiMepTepMis, MeccOayepiBChbka CIEKTPOCKOINS, IMIEAaHCHA

CIIEKTPOCKOTIIS.

SUMMARY

Mokliak M.G. Synthesis, Structure, Catalytic and Thermomagnetic Properties of
Neodymium-Doped Copper Ferrite-Based Nanocomposites. — A qualifying scientific
work submitted as a manuscript.

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 Carpathian National University, Ministry of Education and Science of
Ukraine, Ivano-Frankivsk, 2026.

This dissertation is dedicated to investigating the patterns of spinel structure
formation in copper ferrites and neodymium-modified nanocomposites based on them,

synthesized in a single stage by modified sol-gel autocombustion method. The work
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also aims to establish relationships between synthesis conditions, structural and
morphological parameters, physicochemical properties, and functional performance in
catalytic water purification systems and colloidal systems for induction heating.

The justification of the relevance of the chosen topic, the aim of the research, the
main tasks, scientific novelty, and practical value of the work are highlighted in the
Introduction.

The first chapter presents a critical analysis of literature sources concerning the
current state and key research issues related to the synthesis of copper ferrites and
copper ferrite-based composites, as well as their potential applications in catalysis and
magnetic hyperthermia. Common synthesis methods, including coprecipitation,
hydrothermal/solvothermal approaches, and sol-gel synthesis, are considered in terms
of phase-purity control and their influence on the crystallinity, size, morphology, and
defect chemistry of the particles. Structure—property relationships are analyzed with
regard to potential applications in photocatalytic water purification systems and
colloidal induction-heating systems. Practical limitations, including phase stability,
reproducibility of cationic and defect states, material degradation, and regeneration, are
summarized. This highlights the need to develop rational design strategies for materials
intended for environmental and biomedical applications, as well as standardized
evaluation protocols for creating scalable CuFe,O4-based technologies suitable for
repeated use.

The second chapter describes the synthesis methods employed, including
variations and modifications of the technological conditions used to obtain copper
ferrite-based nanocomposites with different degrees of Nd cation substitution. It
presents the methods of material characterization and analysis, along with descriptions
of the experimental setups, instruments, and specific conditions used in the
experimental studies. Special attention is given to the methodologies for photocatalytic
investigations and for assessing the potential applicability of the obtained materials in
magnetic hyperthermia, particularly their suitability for induction heating in a magnetic
field.
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The third chapter analyzes the influence of a number of technological factors at
the stage of sol-gel autocombustion synthesis on the structural, morphological, and
physicochemical characteristics of copper ferrites and nanocomposites based on them.
These factors include the pH level of the reaction medium, the precursor-to-chelating-
agent stoichiometry, the incorporation of the Nd dopant, and the temperature and
atmosphere of post-synthesis annealing. It was established that the acidity of the
medium significantly affects the structuring processes already at the gel-formation
stage, thereby determining both the final phase composition of the material, represented
by a metastable high-temperature form of copper ferrite with delafossite impurities, and
its functional characteristics. The application of post-synthesis annealing in the range of
400-800 °C revealed the tetragonal-to-cubic evolution of the spinel structure of
nanosized copper ferrite under different thermal annealing atmospheres and its
relationship with the physical characteristics of these materials. It was found that
annealing initiates the subsequent complete transformation of the additional delafossite
phase into the high-temperature cubic form of copper ferrite, with the appearance of
hematite-phase inclusions at later stages of annealing. During subsequent cooling, a
complete transformation into the stable tetragonal form was recorded, accompanied by
an increase in the hematite phase content at higher annealing temperatures. The
structural evolution causes a change in the conduction mechanism from hopping
conduction, characteristic of the cubic structure, to a mixed mechanism characteristic of
the tetragonal form of copper ferrite.
Controlled variations in the precursor-to-chelating-agent stoichiometry, combined
with the incorporation of the Nd dopant and the introduction of either an excess or a
deficiency of the chelating agent into the reaction mixture, make it possible to form
two- and three-component type-Il heterojunctions with cascade band alignment, namely
CuFeO,/CuFe,04 and CuO/CuFeO,/CuNd,Fe,O,., respectively. This addresses the key
problem of rapid electron—hole recombination in pristine copper ferrite through spatial
charge separation at the phase interfaces, due to the different conductivity types of the

dominant spinel phase and the induced secondary phases.
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The work proposes a mechanism for the formation of the composite material
upon substitution with Nd ions. This mechanism involves induced cation redistribution
between crystallographic sites in the spinel structure due to the size effect, with the
driven migration of Fe** ions to tetrahedral sites and partial displacement of Cu®* ions
from the ferrite structure. Under conditions of chelating-agent deficiency, this favors the
parallel formation of a fraction of copper(ll) oxide during the dendritic growth stage,
along with the additional delafossite phase.

An increase in the degree of Nd-ion substitution intensifies these processes and
leads to a decrease in the crystallite size of the dominant ferrite phase, as well as to a
redistribution of the secondary-phase content, with the copper(ll) oxide component
becoming predominant. The modification of the sol-gel autocombustion method by
introducing a dendritic-structure growth stage promotes the development of a
macroporous sponge-like morphology of the nanocomposites. The main structural
elements of this morphology are spherical nanoparticles (~20-30 nm) of the dominant
copper ferrite phase decorated with surface nanoislands of copper(ll) oxide and
delafossite phases.

The fourth chapter presents the results of photocatalytic studies of synthesized
materials. Band-structure analysis confirms the formation of type-Il heterojunctions
with cascade band alignment in the CuO/CuFeO,/CuNd,Fe, O, system. For the
CuFeO,/CuFe,O4 composite obtained at pH = 1, characterized by the minimum ferrite
crystallite size of approximately 12 nm and the maximum delafossite content of 11%, a
degradation rate of 0.0206 min' was achieved. It was established that the tetragonal—
cubic evolution of the spinel structure provides high photocatalytic efficiency for both
crystalline forms, with a rate of approximately 0.021 min™ for malachite green,
provided that the crystallite size is limited to less than 24 nm. It was found that, with
increasing H,O, content, the degree of methylene blue degradation increases
nonlinearly and reaches a plateau in the range of 0.1-0.35 mol%, while an acidic
medium (pH = 2) promotes photocatalysis and results in complete dye degradation

within 160 min.
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For CuFeO,/CuFe,O, composites with a reduced delafossite content of 8%,
obtained under conditions of a 25% excess of the chelating agent, photocatalytic
analysis also demonstrates efficient degradation of all three types of dyes used, with an
increase in the reaction rate in the series rhodamine B — methylene blue — malachite
green, from k = 0.0155 min™ to 0.0184 min™.

In the case of CuO/CuFeO,/CuNd,Fe, O, composites, changes in the ferrite band
gap upon substitution with Nd ions result from the competing effects of the size effect
for nanocrystallites, the contribution of the dopant 4f states, and increasing structural
disorder, leading to the formation of a local minimum of 2.82 eV for the
CuNdy osFe; 9504 composition. Photocatalysis in these systems is concentrated at double
heterojunctions, which provide a parallel multicenter process involving the generation
of a complex of radicals at the interfacial boundary.

Synergistic enhancement of photocatalysis is observed for Nd substitution
degrees of x = 0.05 and 0.09 as a manifestation of competing effects, including
minimization of the ferrite band gap at x = 0.05, minimization of the nanocrystallite size
at x = 0.09, the maximum content of the copper oxide phase of 7.6% at x = 0.09, and the
magnitude and sign of the catalyst surface potential of +34.24 mV at x = 0.05. The
maximum reaction rates are 0.0186 min™ for methylene blue and 0.0116 min™ for
Congo red in the case of Nd substitution at x = 0.09. For methylene blue, a
photocatalytic mechanism involving a change in the reaction order from zero to first
order was recorded, whereas for Congo red, a transition into a region of partial reaction
blocking due to surface passivation by intermediates was revealed.

For the model cation—anion mixture, the formation of neutral complexes during
the dark stabilization stage in the presence of the catalyst prevents electrostatic
repulsion and brings pollutant molecules into closer proximity on the active surface of
the nanocomposites. This results in highly synchronized photodegradation behavior, in
which the dyes are degraded not as two isolated species but as a single supramolecular
complex. The degradation of the mixture exhibits nonlinear dynamics, with regions of
reaction slowdown that are more pronounced for methylene blue due to its easier

degradation compared with Congo red. The decrease in the maximum degree of
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degradation of both dyes, compared with photocatalysis in their single-dye solutions, is
approximately 20%, while the highest photocatalytic activity is again demonstrated by
the samples with Nd substitution degrees of x = 0.09 and 0.05. In particular, for the
sample with x = 0.09, reaction rate constants of 0.0041 min™ for methylene blue and
0.0030 min™ for Congo red were recorded, with both dyes reaching approximately the
same maximum degree of degradation of about 73%.

The fifth chapter presents the results of the investigation of the magnetic and
thermomagnetic properties of selected synthesized systems in order to assess their
potential for application in magnetic hyperthermia. It was established that the
tetragonal—cubic evolution of the spinel structure induced by thermal annealing
significantly affects the saturation magnetization and coercivity, thereby directly
determining the heating parameters in an alternating magnetic field. SAR values of
approximately 30-32 W/g and ILP values of approximately 1.5-1.6 nH-m?/kg, obtained
using the Box—Lucas and Newton’s cooling models, indicate efficient induction-heating
performance of the nanoparticles, while the annealed samples retain their
thermomagnetic characteristics.

For the CuNd,Fe,O, systems, all samples exhibit well-defined hysteresis loops
characteristic of ferrimagnetic materials. The maximum magnetization of 62.1 A-m?/kg
and high anisotropy (K; = 0.37 x 10° erg/cm®) were recorded for the sample with x =
0.05, which also demonstrates the highest colloidal stability, with a maximum zeta
potential of +34.24 mV, and a moderate Néel relaxation time ty Of 14.00 ns. The
synergy of these parameters results in the highest SAR values, exceeding 33 W/g, and
ILP values above 0.163 nH-m%kg for this material, indicating high induction-heating
efficiency under applied alternating magnetic-field conditions relevant to magnetic
hyperthermia (23.8 kA/m, 357 kHz).

However, this dependence is not linear, since the sample with x = 0.11 shows a
high SAR value of 33.43 WI/g despite a lower saturation magnetization of 46.91
A-m’/kg, indicating the enhancing influence of other factors, such as anisotropy and
relaxation. The obtained results demonstrate that moderate Nd substitution enables

precise control over the Néel relaxation regime and indicate a strategy for designing
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spinel ferrite nanoparticles with an optimized thermal response for biomedical
applications.

Keywords: ferrite, composite, copper, iron, neodymium, optical properties,
electronic structure, conductivity, magnetic structure, catalyst, photocatalysis, catalytic

activity, hyperthermia, mossbauer spectroscopy, impedance spectroscopy.
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