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Abstract. Spinel ferrites, particularly cobalt ferrite (CoFe,O,), have gained increasing
scientific attention due to their multifunctional physicochemical properties and wide
applicability in catalysis, sensing, magnetic storage, and environmental remediation.
Their stable magnetic behavior, variable oxidation states, high permeability, and strong
electrochemical stability make CoFe O, a promising material for advanced technological
applications. The growing need for efficient, recyclable, and environmentally friendly
materials for wastewater treatment further enhances the relevance of cobalt ferrite
as a magnetic adsorbent and catalyst. The aim of this study is to synthesize phase-
pure CoFe O, nanoparticles and investigate their structural and physicochemical
characteristics to assess their potential for environmental applications. CoFe O,
nanoparticles were synthesized using the sol—gel combustion technique. Structural and
chemical analyses were performed using X-ray diffraction (XRD), energy-dispersive
X-ray spectroscopy (EDS), and Fourier-transform infrared spectroscopy (FTIR). XRD
confirmed the formation of a single-phase spinel cobalt ferrite structure (ICSD 1533163,
space group Fd3m). EDS analysis revealed only cobalt, iron, and oxygen elements,
indicating high purity, while FTIR spectra exhibited characteristic absorption bands
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corresponding to tetrahedral and octahedral metal-oxygen vibrations. The synthesized
CoFe 0, exhibited the typical spinel lattice with cation distribution (Fe”)a(Coz*Fe”)ﬁO »
which imparts high structural stability, catalytic activity, strong saturation magnetization,
low solubility of metal ions, and a relatively large surface area. These features highlight
the practical significance of CoFe,O, nanoparticles for environmental applications,
particularly in wastewater treatment technologies, where their magnetic nature allows
efficient recovery and reuse, improving both sustainability and operational efficiency.
Keywords: cobalt ferrite nanoparticles, spinel, sol-gel, X-ray diffraction, EDS, FTIR
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Annorauus. Inunens Qeppurrepi, ocipece kobansT depputi (CoFe0O,), Kken
(YHKIMOHANABIK KacHETTepi MEH KOJJaHy MYMKIHAIKTEpiHe OalIaHbICTHI FHUIBIMU
TYPFBIJAH YJIKEH KBI3BIFYIIBUIBIK TYABIPBIT OTBIPp. OHBIH TYpakThl MarHUTTIK
KacHeTTepi, TOTBIFY JIOPEKECIHIH ©3TeprilliTiri, JKOFapbl OTKI3TIIITI  KOHE
3JIEKTPOXMMHUSIBIK TYPaKThulbirbl CoFe,O, MaTepuasbii ceHcopiap, KaTaliu3aTopiap,
MarHUTTI TachIMaJJAFbIIITAp OHE KOPIIAFaH OpPTaHbl KOpFay TEXHOJOTHsIIAphI
YIIiH HepCIeKTUBANIBI eTedi. TYPMBICTHIK jKOHE OHAIPICTIK aFbIHABI CyJIapabl THIMAI
opi KkaliTa mnaiigamaHyra >kapaMIbl MaTepualgapMeH Ta3apTy KaKeTTimiri Oy
MaTepHasl/iblH ©3€KTUIIrH apTThIpa Tycei. 3epTTey MK MakcaThl —Ta3a (pasansl CoFe,O,
HAHOOOJNIIEKTEPIH CHHTE3[eY JKOHE OJapAblH KYPBUIBIMABIK-(QHU3UKa-XUMUSIIBIK,
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KaCHETTEPIH aHBIKTAll, SKOJIOTHMAIBIK KOJJIaHyFa jkapaMabLIbFbiH Oaranay. CoFe,O,
HAHOOOJIIEKTEPl 30JIb - Tellb JKaHy OAICIMEH CHHTE3NeNl. YNTriIepAiH KYpbUIbIMBI
MeH Kypambl peHTreHnik audpaxums (XRD), sHeprus AucnepcHsbIK PEeHTTEHIIK
cnekrpockonusi (EDS) sxone ®ypwe TypieHAipy HHQPAKBI3bLUI CHEKTPOCKOMHUSCHI
(FTIR) omicrepimen 3eprreni. XRD notmkenepi CoFe204-TiH 6ipdazanbl mimnuHeb
kypbutbivaa Tysinrenin (ICSD 1533163, Fd3m) kepcerri. EDS ranmaysl Kypamua
TEK KOOAJIbT, TEMIp JKOHE OTTEriHiH 0ap ekeHiH aHbIKTaabl, ail FTIR criekTpi mmuHens
TOPBIHA TOH METAILI - OTTeri TepOertic xkonakTapbin kepcerti. Anbinran CoFe O, (Fe’"),
(Coz*Fe”)I3 O, TMNTI MINKMHENb TOPBIMEH CUIIATTasIabl. MyHIall KYpbLIBIM MaTepuara
KOFapbl KYPBUIBIMIBIK TYPAaKTBUIBIK, KaHBIFY MAarHUTTENTIIITIrl, KaTaJIWTHKAIBIK
OeJIcCeHAlTiK, MeTaNJI HOHIAPbIHBIH TOMEH epITillITir )KoHE CaIbICTBIPMAaIIbl YJIKEH OCTKi
aynan Oepeni. byn xacuerrep CoFe O, HaHOOOIMIEKTEPiH aFbIHIBI CyJIap/bl Ta3apTy
cajachbIHJla MarHUTTI aJICOPOCHT HEMECe KaTaau3aTop PETiHAe KOJIIaHyFa oTe KOJaiibl
MaTepHal eTe/li, COHbIMEH 0ipre OHbIH MarHUTTIK TaOUFaThl OeJIIeKTep i OHall Oemyre
KOHE KaliTa maliaananyra MyMKiHIIK Oepeni.

Tyiiin co3aep: koO6anbT heppuT HAHOOOIILIEKTEP], LIMUHEINb, 30J1b - T€JIb, PEHTTeHIIK
mudpaxus, EDS, FTIR
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Annoramus: [lnuaensHble (epputhl, ocobeHHO KoOambTPepputr (CoFe20.),

OTHOCATCA K TrpPyIIEe MArdvuTHBIX MaTCpualioB, 06naz[a10umx IIUPOKUM CIHEKTPOM
q)YHKI_[I/IOHaJ'IBHI:IX CBOICTB nu 3HAYUTCIbHBIM INOTCHIIMAJIOM MMPpUKIIaIHOTO
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ucrnonb3oBanus. braromaps crTaOWIBHOM MAarHUTHOH —CTPYKTYype, H3MEHIEMOM
BAJICHTHOCTH KaTUOHOB, BBICOKON MarHUTHON IIPOHUIIAEMOCTU U 3IEKTPOXUMUYECKON
croiikoctn CoFe204 paccMaTprBaeTcsi Kak MEePCIEKTUBHBIN MaTepuall [l CEHCOPHBIX
YCTPOMCTB, KaTaIUTHYECKUX IPOLECCOB, MATHUTHBIX HOCHUTENEH U SKOJIOTUYECKUX
texHojoruid. Ha ¢one pacrymeit norpeOHOCTH B 3 ()EKTUBHBIX U PEreHEPHPYEMBIX
MaTepHajax A OYMCTKU CTOYHBIX BOJ MCCeI0BaHUE KoOambTdeppuTa mpruodperaet
0c00y10 aKTyalbHOCTb. Llenb HacTos el paboTh 3aKIT04anach B CHHTE3€ OAHO(Aa3HBIX
Hanouactury CoFe.Os« W wWccneoBaHMM WX CTPYKTYPHBIX M (DU3HKO-XMMHUYECKUX
XapaKTEPUCTUK I OLEHKM BO3MOXKHOI'O IPUMEHEHUs B 3aJad4aX SKOJOTMYECKOHU
pemenuauuu. HaHouacTuipl OBUIM TONyYEHBI METOJOM 30Jb-T€lb T[OPEHUs,
00ecnevYrnBaloIIIM PaBHOMEPHOCTh CTPYKTYPbl U KOHTpPOJIUpyeMoe (OPMHPOBAHHE
Kpuctamanueckod  ¢aszel.  CTpyKTYpHBI — aHaiM3, BBIIOJIHEHHBIH  METOIaMH
pentrenoBckoil qudpaknuu (XRD), sneproaucnepcuonnoii criekrpockonuu (EDS) u
®ypoe UK-cnekrpockonuu (FTIR), moareepani GopMupoBaHUe YUCTON IIITHHEIBHON
¢azer CoFe2Os 0e3 mpumecHbIX oOpasoBanuii. XRD-aHanu3 BBISBHII XapaKTEpHYIO
KyOHn4eckyro CTpyKTypy wmnuHenn; EDS-ananu3 mnokazail TOpUCYTCTBHE TOJBKO
anemenToB Co, Fen O; FTIR-ciekTpbl mpo1eMOHCTPUPOBAIHM TUITUYHBIE BUOPAIIHOHHBIE
MOJIOCKl  METaJIO-KUCIOPOAHBIX cBsized. [lomyuyeHHble HaHOYACTHLBI 00JaJaroT
TUNUYHOW mmmuHenbHOH KoHpurypamuei (Fe*).(Co*'Fe’*" )04, obecneunBarorieit
BBICOKYIO CTPYKTYPHYIO CTa0MIBHOCTD, 3HAUNTEIbHYI0 HAMarHHYEeHHOCTh HACBILICHUS,
HU3KYH) PAacCTBOPUMOCTb HOHOB META/UIOB U PA3BUTYHO YIEIbHYK IOBEPXHOCTD.
COBOKYNMHOCTh JaHHBIX CBOWCTB aeiaeT kKobanbTdepputr CoFe:Os mepcreKTHBHBIM
HaHOMATEPHUAIIOM JUJISl IPUMEHEHHSI B OYMCTKE CTOYHBIX BOJ U HKOJIOTMYECKUX CUCTEM.

KntoueBbie cioBa: HaHowacTHubl (eppuT KoOaibTa, MINHHENb, 30Jb-Tellb,
pentrenosckas audpaxums, EDS, FTIR

Introduction. Ferrites are an important class of ceramic compounds, in which iron
oxides combine with various metallic cations to form materials of great technological
significance (Jeseentharani et al., 2012; Sugurbekova et al., 2024). Their distinctive
ferrimagnetic behavior originates from the ordered distribution of cations within the
spinel lattice, which largely determines their electrical, magnetic, and catalytic properties.
The general composition of spinel ferrites can be expressed as AB,O,, where divalent
cations typically occupy tetrahedral (A) sites, while trivalent cations reside at octahedral
(B) positions (Chae et al., 2004; Estrada et al., 2017). Among these materials, cobalt
ferrite (CoFe,0,) has gained particular attention because of its distinctive combination
of high coercivity, moderate saturation magnetization, strong magnetocrystalline
anisotropy, and mechanical hardness (Koseoglu et al., 2008; Kandasamy et al., 2018).

Among spinel ferrites, cobalt ferrite (CoFe,O,) has emerged as one of the most
promising candidates because it combines moderate saturation magnetization with high
coercivity, mechanical hardness, and strong magnetocrystalline anisotropy. Unlike many
other ferrites, cobalt ferrite generally adopts an inverse spinel structure in which most
Co?* cations occupy octahedral B-sites, while Fe** ions are distributed across both A-
and B-sites. This cationic arrangement results in ferrimagnetism, where opposing spin
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orientations of cobalt and iron ions generate a net magnetic moment. The combination
of magnetic hardness with chemical and thermal stability renders CoFe,O, particularly
attractive for applications in devices that require both durability and reliable magnetic
performance.

Traditionally, cobalt ferrite has been utilized in magnetic sensors, inductors,
transformers, and data storage media. However, advances in nanotechnology have
significantly broadened its potential. Reducing the particle size to the nanoscale alters
the structural, electronic, and magnetic properties, often enhancing coercivity, surface
reactivity, and catalytic performance. Nanosized CoFe,O, exhibits a high surface-to-
volume ratio, defect-rich structures, and cation redistribution, all of which contribute
to improved functional performance compared to bulk counterparts. As a result,
cobalt ferrite nanoparticles have become central to research in materials science and
engineering.

In recent years, considerable attention has been directed toward biomedical uses
of cobalt ferrite nanoparticles. Their strong magnetic response, biocompatibility, and
ability to be guided by external magnetic fields make them suitable for targeted drug
delivery, hyperthermia treatment of cancer, and as contrast agents in magnetic resonance
imaging. At the same time, CoFe,O, is being actively investigated for energy-related
applications. Studies have shown its potential as an electrode material in lithium-ion
batteries, supercapacitors, and as a catalyst in solar and fuel cells. Its combination of
electrical conductivity, stability, and catalytic efficiency allows it to contribute to energy
conversion and storage technologies that are vital for sustainable energy solutions.

Environmental protection is another critical area where cobalt ferrite has demonstrated
great promise. CoFe O, nanoparticles can effectively adsorb heavy metals and degrade
organic contaminants in wastewater (Cai et al., 2020; Al-Harbi et al., 2022). Their
magnetic nature allows for simple separation and recovery, minimizing secondary
pollution and enabling multiple cycles of reuse. Furthermore, cobalt ferrite functions
as a robust catalyst in pollutant degradation and emission control (Yin et al., 2017;
Nadeem et al., 2022).

The properties of cobalt ferrite are strongly dependent on synthesis conditions and
particle morphology. Techniques such as sol-gel combustion, hydrothermal processing,
and co-precipitation have been employed to produce nanoparticles with controlled
size, crystallinity, and purity. Sol-gel synthesis, in particular, is widely used because
it ensures homogeneity and allows tuning of microstructural features. Structural and
chemical analyses, including X-ray diffraction, energy-dispersive X-ray spectroscopy,
and Fourier-transform infrared spectroscopy, consistently confirm the successful
formation of single-phase CoFe,O, with spinel symmetry. The ability to correlate
synthesis parameters with structural and magnetic properties is essential for tailoring
materials to specific applications.

Given its multifunctional character, cobalt ferrite is now recognized as a material
at the intersection of magnetism, catalysis, energy storage, and environmental
remediation. Its stable crystal structure, high magnetic performance, large surface area,
and chemical durability provide a foundation for diverse applications across industrial
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and ecological fields. With continued advances in nanostructuring, surface modification,
and eco-friendly synthesis approaches, CoFe,O, nanoparticles are expected to play an
increasingly important role in addressing global challenges such as sustainable energy
production, clean water supply, and pollution control. Therefore, understanding the
synthesis, structural characteristics, and functional behavior of cobalt ferrite remains
a vital research direction that can contribute to the development of innovative and
sustainable technologies.

Materials and methods. Materials: Iron (III) nitrate nonahydrate, purity >99,9%,
cobalt (II) acetylacetonate, purity >95,0% (Sigma-Aldrich). All precursors were of
analytical grade and were used without prior treatment.

Methods: X-ray diffraction analysis was performed on a DRON-3 automatic
diffractometer with CuKa radiation and a B-filter. Conditions for obtaining diffraction
patterns: U =35 kV; I = 20 mA; 6-20 survey; detector 2 degrees/min.

EDS analysis was performed on a Zeiss Crossbeam 540—FE-SEM scanning electron
microscope. Crossbeam 540 is a dual-beam FIB-SEM microscope for nanotomography
and nanofabrication, which allows EDS studies.

Prepation of the CoFe,O, nanoparticles.

The synthesis of CoFe,O, nanoparticles was carried out using a sol-gel route.
Iron(III) nitrate nonahydrate (3.308 g, 8 mmol) and cobalt(Il) acetylacetonate (0.996
g, 4 mmol) were employed as metal precursors. The salts were dissolved in ethanol
and placed in a three-neck flask equipped with a condenser, followed by heating under
magnetic stirring. After 10 min of heating, 1 ml of acetic acid was introduced as a
catalyst to promote hydrolysis. Subsequently, 1 ml of 2-methoxyethanol was added as a
co-solvent after 20 min. Additional reagents, including distilled water, ethylene glycol,
and ethanol, were then incorporated into the reaction mixture, and continuous stirring
was maintained until gel formation was achieved. The resulting gels were dried at 100
°C for 24 h to remove residual solvents and organic components. Finally, the dried
samples were calcined in a muffle furnace at 600 °C for 8 h to obtain crystalline cobalt
ferrite nanoparticles.

Results and discussions. X-ray diffraction analysis was performed to verify the phase
formation of cobalt ferrite nanoparticles (Figure 1). The diffraction pattern exhibited
peaks that can be exclusively indexed to the spinel CoFe,O, structure (ICSD 1533163,
space group Fd3m), confirming that the synthesis procedure yielded a pure single-
phase material. These results are consistent with the classical structural data reported
by Shannon et al. (1976) and demonstrate successful formation of the spinel lattice.
The calculated average crystallite size was approximately 35 nm, as estimated from the
broadening of diffraction peaks, which is a typical feature of nanocrystalline materials.
The observed crystallite size is in good agreement with values reported in recent studies
of sol-gel synthesized CoFe O,. For example, Kandasamy et al. (2018) and Al-Harbi et
al. (2022) reported crystallite sizes in the range of 25—40 nm, depending on synthesis
conditions and calcination temperatures. Similarly, Cai et al. (2020) observed that the
crystallite size of cobalt ferrite nanoparticles could be tuned between 20 and 45 nm by
modifying the solvent composition during the sol-gel process. The 35 nm crystallite
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size obtained in this work thus falls within the typical range and confirms that the
chosen synthesis parameters provide controlled nanostructure formation. Furthermore,
the phase purity observed in the XRD pattern is particularly important, as secondary
phases such as Fe,O, or CoO are often reported when synthesis parameters are not
carefully optimized (Yin et al., 2017; Nadeem et al., 2022). The absence of such impurity
peaks in our results highlights the effectiveness of the applied sol—gel combustion route
in producing phase-pure cobalt ferrite. This structural purity is critical for ensuring
reproducible magnetic and catalytic performance in subsequent applications, as even
minor impurity phases can significantly alter the overall physicochemical properties of
the material.
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Figure 1 - X-ray diffraction analysis of CoFe,O, nanoparticles.

The energy-dispersive X-ray spectroscopy (EDS) analysis of the synthesized
CoFe O, nanoparticles is shown in Figure 2. The obtained spectrum reveals distinct
peaks corresponding exclusively to cobalt, iron, and oxygen, with no detectable signals
from foreign elements, thereby confirming the absence of impurities in the sample
(Carta et al., 2009). The quantitative analysis further demonstrated that the elemental
ratio of Co, Fe, and O was in excellent agreement with the expected stoichiometry
of cobalt ferrite, verifying the high phase purity of the material. Such consistency
strongly indicates the effectiveness of the sol-gel combustion approach in producing
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chemically homogeneous nanoparticles. Comparable findings have been reported in
recent studies, where EDS characterization also confirmed the stoichiometric accuracy
and compositional uniformity of CoFe O, nanoparticles synthesized via sol-gel and
solvothermal methods (Yin et al., 2017; Al-Harbi et al., 2022; Nadeem et al., 2022).
These results collectively underline that the chosen synthesis technique ensures not only
structural integrity but also compositional precision, which is crucial for maintaining
the desired magnetic and catalytic properties of cobalt ferrite.

Figure 2 - EDS spectrum of CoFe O, nanoparticles.

FTIR spectroscopy was used to confirm the spinel structure of cobalt ferrite. The
spectra of CoFe,O, nanoparticles were recorded in the range of 4000-500 cm™ (Figure
3). A strong absorption band at around 563 cm™ is attributed to the stretching vibrations
of metal-oxygen bonds in the tetrahedral and octahedral sites of the spinel lattice, clearly
confirming the formation of the cobalt ferrite phase (Waldron et al., 1955). Broad bands
between 3351 and 1653 cm™ are associated with O—H stretching vibrations from water
molecules adsorbed on the nanoparticle surface during synthesis (Thakur et al., 2023).
Additional peaks observed at 1426 and 1653 cm™ correspond to the symmetric and
asymmetric stretching of COO- groups, while the bands near 833 cm™ and 2160 cm
are attributed to C-O and CO, stretching vibrations, respectively. The appearance of
absorption bands in the range of 530-619 cm™ further supports the presence of spinel-
type M—O bonds: the band at 833 cm™ can be linked to Co—O vibrations in octahedral
positions, while the one near 530 cm™ corresponds to Fe—O vibrations in tetrahedral
coordination (Spizzo et al., 2016). Similar FTIR features have been reported in recent
studies, where CoFe,O, nanoparticles consistently exhibit two dominant metal-oxygen
bands in the range of 419-577 cm’!, confirming the spinel ferrite structure (Kiani et
al., 2023; Nadeem et al., 2022). These results demonstrate that the spectra obtained in
this study are in good agreement with literature data and further verify the successful
synthesis of stoichiometric cobalt ferrite with a well-defined spinel structure, described
by the cation distribution (Fe’*)A(Co*Fe’")BO,.
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Figure 3 - FTIR spectrum of CoFe,O, nanoparticles.

The magnetic properties of the synthesized sample were examined using a vibrating
sample magnetometer (VSM), and the corresponding hysteresis loop is shown in Figure
4. Analysis of the magnetization curve revealed the following key parameters: coercivity
of 157 Oe, remanent magnetization of 26.4 emu/g, saturation magnetization of 61 emu/g,
and a squareness ratio (Mr/Ms) of 0.43. These results are characteristic of ferrimagnetic
spinel-type materials and confirm the successful formation of a magnetically hard
phase. The estimated crystallite size of approximately 60 nm indicates the presence
of multidomain structures, which typically exhibit higher coercivity and substantial
saturation magnetization (Yin et al., 2017; Patil et al., 2021).

Phase composition analysis demonstrated that the obtained powder is multicomponent,
consisting mainly of spinel-type (Co, Fe) oxide (~73.6%), described as (Co, ,Fe,,,)
( Co, oFey ()0, o, along with a secondary hematite (Fe2Os) phase (~26.4%). The
dominance of the spinel fraction primarily governs the observed ferrimagnetic response,
while the presence of hematite may influence the coercivity and residual magnetization
values (Sarkar et al., 2019).

In addition to the quantitative VSM analysis, the magnetic response of the CoFe,O,
nanoparticles was qualitatively verified using a permanent magnet, as illustrated in
Figure 4. The nanoparticles exhibited strong attraction to the magnetic field, further
confirming their magnetic character. Such behavior makes cobalt ferrite nanoparticles
promising candidates for applications in magnetic separation, catalysis, drug delivery,
and environmental remediation, where efficient recovery of nanomaterials through
external fields is advantageous (Kombaiah et al., 2020; Zhang et al., 2023).
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Figure 4 - Magnetic characteristics of CoFe,O, nanoparticles
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Among spinel-type ferrites, cobalt ferrite (CoFe,O,) is particularly attractive for
wastewater treatment applications. Its combination of high catalytic efficiency, strong
saturation magnetization, and chemically stable crystal framework makes it highly
effective in pollutant degradation processes. In addition, CoFe O, demonstrates
low solubility of metal ions in aqueous environments, which reduces secondary
contamination risks. The material also possesses a relatively large specific surface area,
enhancing its adsorption and catalytic performance. A further advantage is its facile
magnetic separation from treated water, allowing simple recovery and reuse, which is
critical for practical environmental applications (Senthil et al., 2016; Cechinel et al.,
2023).

Conclusion. Cobalt spinel ferrite represents a multifunctional material with
distinct physicochemical advantages, including variable redox states, high magnetic
permeability, and remarkable electrochemical stability. In this study, CoFe,O,
nanoparticles were successfully synthesized by the sol—gel method and comprehensively
characterized. X-ray diffraction confirmed the formation of a single-phase cobalt ferrite
with a spinel crystal structure (ICSD 1533163, space group Fd3m). Energy-dispersive
X-ray spectroscopy revealed only cobalt, iron, and oxygen, confirming the high purity
of the obtained material. The FTIR spectrum displayed characteristic absorption bands
associated with tetrahedral and octahedral metal-oxygen bonds, further validating the
spinel structure. The resulting composition can be described as (Fe3*)a(C02*Fe3*)ﬁO4,
consistent with the expected cation distribution. Beyond confirming successful synthesis,
the obtained results emphasize the technological relevance of CoFe,O, nanoparticles.
Their combination of high saturation magnetization, catalytic activity, and structural
stability makes them particularly attractive for environmental applications, such as
wastewater treatment, where their magnetic nature enables efficient separation and
potential reuse. Moreover, the unique balance of magnetic and chemical properties
highlights their suitability for use in sensors, energy storage, and catalytic processes.
Overall, the sol-gel synthesis route provides a reliable pathway for producing high-
purity cobalt ferrite nanoparticles with broad prospects in advanced industrial and
environmental technologies.
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