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Abstract. Introduction. Nickel ferrite (NiFe20a4) spinel nanoparticles have attracted great interest in
recent years due to their unique physicochemical properties and wide range of applications in various
fields. Methodology. In this work, the synthesis of NiFe2O4 nanoparticles by the sol-gel method was
studied. The synthesized NiFe204 nanoparticles were characterized using methods such as X-ray
diffraction analysis and energy-dispersive X-ray microanalysis. Results and discussion. The results of X-
ray diffraction analysis showed that the main phase in the analyzed samples is iron-containing oxide of
cubic structure NiFe204, and the position and relative intensity of the peaks correspond to the standard
JCPDS No. 54-0964. Also, EDS analysis of the studied samples showed that the nanopowders consist of
the elements Ni, Fe and O, which indicates the purity of the synthesized sample and the absence of any
impurities. FTIR spectrum of NiFe204 nanoparticles showed two main peaks at 458 cm™' and 548 cm!
corresponding to the metal-oxygen band. Conclusion. The results of the study of the magnetic properties
of the obtained NiFe204 nanoparticles show that the magnetic properties change depending on the alloy
components and phase composition, i.e. FeNiO (77% FesO4 - magnetite 23% Feo.ssNio6) is a particle of
about 25 nm size, a multicomponent ferromagnetic powder with a predominant magnetite phase, low
coercivity and relatively large saturation magnetization values. This means that they are a soft magnetic
material with high magnetic properties.
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1. Introduction

One of the most problems troubling the scientific community in recent years
is environmental pollution. Organic pollutants, especially dyes from the textile,
leather and petroleum industries, discharged into surface and groundwater,
annually cause serious damage to the environment [1]. The high structural
stability of these pollutants and their nonbiodegradability make the removal of
these molecules difficult. Therefore, treatment methods such as adsorption,
advanced oxidation processes, coagulation, biological and membrane treatment
have recently been widely used for wastewater treatment [2]. Additionally, the
most widely used method is catalytic reduction as it is predominantly efficient,
fast, environmentally friendly and cheap, unlike other methods which are usually
expensive, slow and difficult to use. Thus, it is important to find and develop a
good, inexpensive, efficient, easily recoverable and recyclable catalyst. Among
the many existing catalysts, magnetic materials are of particular interest because
they have a large specific surface area, low cost, and ease of preparation and reuse
[3]. Nickel ferrite (NiFe,O4) spinel nanoparticles have attracted great interest in
recent years due to their unique physicochemical properties and wide range of
applications in various fields [4]. Being nanomaterials, they exhibit unique
behavior and functionality compared to their bulk counterparts, making them very
attractive for advanced technological applications. NiFe.O4 is a ferrimagnetic
material with high electrochemical stability, low conductivity, low saturation
magnetization (Ms), low coercivity (Hc). Ni** as well as Fe** are capable of
exchanging electrons in the octahedral site, this demonstrates excellent electrical
and magnetic properties and distinguishes them as unique materials. Also, nickel
ferrite nanoparticles, depending on their size, can exhibit both superparamagnetic
and ferrimagnetic properties. NiFe;O4 nanoparticles smaller than 15 nm can act as
superparamagnetic, and those larger than 15 nm can act as a ferrimagnetic
material [5].

Understanding the synthesis, characterization and applications of NiFe;O4
spinels is essential to fully exploit their potential in various fields such as
electronics, medicine, energy and environmental engineering. In recent years,
significant research has been carried out to study the synthesis methods, structural
characterization and functional properties of NiFe;O4 spinel nanoparticles [6].
Various synthesis methods, including sol-gel, co-precipitation, hydrothermal and
combustion methods, have been explored to tailor the size, morphology and
magnetic properties of nanoparticles. In this work, the structural properties and
elemental analysis of nanoparticles synthesized by the sol-gel method were
investigated.

In this work, the authors studied the synthesis of NiFe;O. nanoparticles by
the sol-gel method, and also carried out X-ray structural and energy-dispersive X-
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ray analyses, and investigated the magnetic properties of the obtained
nanomaterials.
2. Conditions and methods of research

Materials: iron (lll) nitrate nonahydrate, purity >99.95%, nickel (II)
acetylacetonate, purity >95% were obtained from Sigma-Aldrich. All chemicals were
of analytical grade and used without pretreatment.

Methods: X-ray diffraction analysis was carried out on an automated
diffractometer DRON-3 with CuKa radiation, pB-filter. Conditions for taking
diffraction patterns: U=35 kV; 1=20 mA,; shooting 6-26; detector 2 deg/min. EDS
analysis was carried out on a scanning electron microscope Zeiss Crossbeam 540 —
FE — SEM. The Crossbeam 540 is a dual-beam FIB-SEM microscope for
nanotomography and nanofabrication that enables EDS studies. The FTIR analysis of
nanopowders was carried out on Nicolet iS10 FT-IR Spectrometer

Preparation of NiFe,O4 nanoparticles

The molar ratio of metal salts (8:4), iron (I11) nitrate nonahydrate (3.308 g),
nickel (1) acetylacetonate (0.996 g) was used as a precursor of metal powders.
The original precursor salts were dissolved in ethanol in a three-neck flask
equipped with a heated magnetic stirrer and a reflux condenser. 1 mL of acetic
acid was used as a catalyst to increase the rate of hydrolysis. After 20 minutes, 2-
methoxyethanol is added as a solvent, and H,O, ethylene glycol and ethanol are
added to form a gel while heating and stirring. The synthesized gel solutions were
dried at a temperature of 100°C for approximately 24 hours in an oven. A well-
dried sample was calcined at a temperature (600°C) for 8 hours in a muffle
furnace.

3. Discussion of research results

X-ray diffraction patterns of the studied NiFe,O4 sample are presented in
Figure 1. X-ray diffraction analysis of the synthesized NiFe,O, sample showed all
peaks corresponding to metallic ferrites. Also, the identified phases are consistent
with the experimental results. From the X-ray diffraction analysis data it is clear
that the studied NiFe;O4 sample has nano-sized polycrystalline structures, this is
evidenced by the broadening and low intensity of the diffraction peaks. The main
phase in the analyzed samples is iron-containing oxide for NiFe,Os cubic
structure. It can be noted that the position and relative intensity of the peaks are
consistent with the standard NiFe.O4 according to JCPDS No. 54-0964, which
confirms the structure [7].
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Figure 1 - X-ray diffraction analysis of NiFe2O4 nanoparticles

Figure 2 shows the results of EDS analysis of the synthesized NiFe,Oa
nanopowders. According to the results of EDS analysis, the nanopowder samples
consist of the elements Ni, Fe and O. In addition, signals corresponding to N and
C were not detected in the EDS spectrum, which indicates the purity of the
synthesized sample and does not contain any impurities [8].

Figure 2 - EDS spectrum of NiFe204 nanoparticles

The formation of nickel ferrite nanoparticles was further identified by FTIR
spectrum. Figure 3 shows the FTIR spectrum of NiFe,O4 nanoparticles is in the
wavenumber range of 400-1250 cm™'. Two main peaks at 458 cm™' and 548 cm™'
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correspond to the metal-oxygen band. The band appearing at 458 cm™' is
attributed to the octahedral stretching vibrations of the metal (Fe**— O and
Ni**— 0), and the strong absorption band at 548 cm™' corresponds to the
stretching vibrations of the metal in the tetrahedral position of Fe <> O.
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Figure 3 - FTIR spectrum of NiFe.O4 nanoparticles

Figure 4 shows the results of measuring the magnetic characteristics of the
samples under study using vibration magnetometry. The measurements were
carried out by the induction method, by measuring the induced electromotive
force of induction in signal coils by a magnetized sample oscillating at a certain
frequency, while recording the temperature and external magnetic field at the time
of measurement. This method ensures an error in the magnetization measurement
result of no worse than 1.5% when the measured magnetization value is not lower
than +£1-10-6 A-m? (£1:10-3 A-m?).
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Figure 4 - Hysteresis loops of the NiFe204 nanoparticles
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Based on the presented graph of field dependencies, the main magnetic
characteristics were determined (Hc - coercivity, Mr - remanent magnetization,
Ms - saturation magnetization, Mr / Ms - hysteresis loop squareness coefficient),
which are given in Table 1.

Table 1 - Main magnetic characteristics

Compound Hc. Oe M:. emu/g Ms. emu/g M: / My
FeNiO 15.60 7.20 38.30 0.19

When analyzing the course of the hysteresis loop, a change in the magnetic
properties is obvious, depending on the components of the alloys and the phase
composition of the samples under consideration. The FeNiO sample (77% Fe304
— Magnetite 23% Fege4Nio36) is @ multicomponent ferromagnetic powder with a
predominance of the magnetite phase with a particle size of about 25 nm and with
low coercivity and relatively large saturation magnetization values, corresponding
to the characteristics of magnetite particles with similar sizes [9]. The magnetic
contribution of FeNi particles, which is a soft magnetic material, is significant
[10].

4. Conclusion

NiFe,O4 nanoparticles were successfully synthesized by sol-gel method. The
synthesized NiFe,O4 nanoparticles were characterized using techniques such as
X-ray diffraction, energy-dispersive X-ray microanalysis. The results of X-ray
diffraction analysis showed that the main phase in the analyzed samples is the
iron-containing oxide of cubic structure NiFe,O4. Also, EDS analysis of the
studied samples showed that nanopowders consist of the elements Ni, Fe and O,
which indicates the purity of the synthesized sample and the absence of any
impurities. FTIR spectrum of NiFe,O4 nanoparticles showed two main peaks at
458 cm—1 and 548 cm—1 corresponding to the metal-oxygen band.The results of
the study of the magnetic properties of the obtained NiFe,O4 nanoparticles show
that the magnetic properties change depending on the alloy components and phase
composition, i.e. FeNiO (77% FesO4 - magnetite 23% FeossNioss) is a particle of
about 25 nm size, a multicomponent ferromagnetic powder with a predominant
magnetite phase, low coercivity and relatively large saturation magnetization
values. This means that they are a soft magnetic material with high magnetic
properties.
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NiFe,O, INIMMAHEJBAIK HAHOBOJIIWEKTEPAIH CUHTE3I )KOHE CUIIATTAMACBI
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Tyiiinaeme. Kipicne. Huxens deppuri (NiFe204) mmunensbi HaHOOOMIIEKTePi COHFBI XKbLIAAPbI Oipereit
(u3NKa-XUMUSIIBIK KACHETTEPIHE JKOHE JPTYpJi cajajapja KOJJaHy[AbIH KEH ayKbIMbIHAa OailjIaHBICTHI
YJIKCH KBI3BIFYLIBUIBIK TyAbIpyAa. byi skymbicta NiFe2Os4 HaHOGOINIIEKTEPiHIH 30/1b-Teb JMICIMEH
cunresi 3eprrenni. CunresnenreH NiFe2Os HaHOOOMIIEKTEP] PEHTICHAIK JUPAKIMSIBIK KOHE SHEPIHs-
JMCTIEPCHSIIBIK PEHTIeHAIK Tajjnay oiictepi OOHMbIHIIA CHNATTANABL Homuoicenep odicone mankwiiay.
Pentrenaix audpakuusuIblK Tangay HOTHOXKENEpl TanJaHaThiH yirinepaeri Herisri ¢asa NiFe2Os Tekie
KYPBUIBIMJIBI TeMipi 0ap OKCHI OOJbIN TaObLIATHIHBIH, Al IBIHAAPIBIH OPHATACYbl MEH CaJIbICTHIPMAIIBI
KapkbiHAbUIbIFE JCPDS No 54-0964 crangaprtbiHa caiikec keseTiHiH kepceTti. CoHpaii-ak, 3epTTenrexn
YJTUIEpAiH dHEPIUs-AUCIIEPCUSIIBIK PEHTICHIK Taljay HOTHKelepi HaHoyHTakrapiasiH Ni, Fe sxone O
JJIEMEHTTEPIHEH TYPAThIHBIH KOPCETTi, O/l CHHTE3JENIeH YITiHIH Ta3albIFblH JKOHE CLIKAHAal
KocnanapablH KOKTeIFbIH Kepcereni. NiFe:04 nanoGemmekrepiniy MK-®ypbe crnekTpi Merami-orreri
JKOJIAFbIHA Ccoiikec eki Herisri 458 cm! sxome 548 cm ! mbIHAapbiH KopceTTi. KopbimuvinObl. AIbIHFaH
NiFe204 HaHOGOMIIEKTEPiHIH MArHUTTIK KAaCHETTEPIiH 3€PTTCY HOTIDKENECPi KOPHITIA KOMIIOHEHTTEpiHE
xoHe (azanbIK KypamblHa OaiIaHBICTBI MarHUTTIK KacuerTepiiH e3repyiH, srHu FeNiO (77% FesOs —
Maruetut 23% FeoesNioss) — Oemmiexrepinin emmremi maMaMeH 25 HM OOJaTHIHBIH, 6aChIM MarHeTHT
(a3zacel Oap KONKOMIOHEHTTI (JEpPOMATHUTTIK YHTAK JKOHE TOMEH KOJIPLHBTUIITI JKOHE CalIBICTBIPMAJIbI
TYpA€ YJIKEH KaHbIFY MarHUTTeNly MOHJEpiH ue OOJaThIHABIFBIH KepceTedi. by omapiplH MarHHUTTIK
KacHeTTepi KOFaphl )KYMCAK MAarHUTTIK MaTepuall eKeHiH alKbIHaMIbI.

Tyiiin ce3nep: HUKeNb (EpPPUTi, MINMKUHETb, HAHOOOIIEKTED, 30JIb-TElIb CHHTE31, MATHUTTIK KaCHETTEPI,
pentrenaik audpakuus, EDS, FTIR, ructepesuc inmekTepi, GeppuMarHuTTik MaTepuan
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CHUHTE3 U XAPAKTEPUCTUKA HAHOYACTHUL IHNITKMHEJIN NiFe;O4
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Pe3tome. Bseoenue. Hanouactuusl mmunenu gepputa Hukenst (NiFe204) B mocneanue roasl NpUBIeKaoT
OoibIION WHTepec Oylaromaps CBOMM YHUKAIBHBIM (DH3UKO-XMMHYECKAM CBOHCTBAM U IIMPOKOMY
CHEKTPY INMpPUMEHEHMS] B DPa3IMyYHbIX 00JacTsAX. B naHHOW paboTe ucClenoBaH CHHTE3 HAHOYACTHIL
NiFe204 3omb-rens Merogom. CuHTe3upoBaHHbIe HaHo4yacThIbl NiFe2Os ObUTH O0XapaKTepu30BaHbI C
HCIOJIb30BAaHUEM TAaKUX METOJIOB, KaK PEHTTCHOCTPYKTYPHBIH M SHEPrOAUCIEPCHOHHBIA PEHTTCHOBCKUH
aHau3bl. Pezynomamol u obcydcoenue. Pe3ynbraThl PEeHTTCHOCTPYKTYPHOTO aHalW3a MOKAa3ald, 4TO
OCHOBHOW (ha30il B aHANIM3UPyEeMBIX 0Opa3slax sBISIETCS HKEJIE30COACPKALIMNA OKCHI KyOW4ecKon
ctpyktypsl NiFe204, a MOJOKEHHE U OTHOCHTEIbHAS HHTCHCHBHOCTH ITMKOB COOTBETCTBYIOT CTAHIAPTY
JCPDS Ne 54-0964. Takxxe HEproJUCIICPCHOHHBI PEHTICHOBCKUM aHAIN3 HCCICIOBAaHHBIX 00pasIoB
MOKa3aj, 4TO HAHOIOPOIIKH COCTOAT M3 31eMeHTOB Ni, Fe m O, 4To CBHIETEIBCTBYET O YHCTOTE
CHHTE3UPOBAHHOTO O0pasiia M OTCYTCTBMM Kakux-mnbo mpumeceit. Crnektp MK-®ypre HanouacTHIl
NiFe20s mokasan aBa OCHOBHBIX NuKa npu 458 cM ™' u 548 cM !, COOTBETCTBYIONIMX II0JIOCE METaLI-
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kucnopoy. 3axntouenue. Pe3ynbTaThl HMCCIEIOBaHHS MAarHUTHBIX CBOMCTB IOJNYYEHHBIX HAaHOYACTHIL
NiFe204 1oKa3bIBAIOT, YTO MATHUTHBIE CBOMCTBA U3MEHSIOTCS B 3aBUCHMOCTH OT KOMIIOHEHTOB CILJIaBa U
¢azosoro cocrasa, To ecth FeNiO (77% FesO4 - marunerut 23% Feo64Nio36) - actuma Pasmep oxoino 25
HM, MHOTOKOMITOHCHTHBIH (peppOMarHUTHBIA MOPOIIOK C mpeobanaroiieil (a3oil MarHeTuTa, HHU3KON
KODPIUTHBHOW CHJIOH M OTHOCHUTENHHO OOJBIIMMH 3HAYEHHSIMH HAMAarHWYEHHOCTH HACBHIICHUS. JTO
03HAYaeT, YTO OHM IPEJCTABIAIOT COOONW MATHUTOMSATKHH MarepHan C BBICOKUMH MAarHUTHBIMH
CBOMCTBaMH.

KmoueBbie cioBa: GeppuT HUKETIA, IINIUHEIb, HAHOYACTHULIBI, 30/Ib-T€/Ib CUHTE3. MarHUTHBIC CBOMCTBA,
mudpakuus peHrreHoBekux syueit, EDS, FTIR, nernu rucrepesuca, heppuMarHuTHbIN MaTepua

Kyoanobepeenosa Pabuza Mycanaposna PhD

Baibazapoea Inveupa Aounvoexosna Mazucmp xumuu
Xamsuna Kynoys bazapanuesna PhD
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