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In this investigation, we delve into the precise synthesis of magnetic nano-
particles with a particular emphasis on the NiFe:04 and CoFe204 ferrites, and
the FeFe:0: magnetite, employing a meticulously controlled chemical-
synthesis methodology to ensure reproducibility and optimal material prop-
erties. To verify the chemical makeup and purity of these synthesized nano-
particles, we conduct the detailed characterization through energy-
dispersive x-ray spectroscopy (EDX), which provides quantitative insights
into their elemental composition. Leveraging these well-characterized nano-
particles as the foundational components, we formulate a series of magnetic
fluids at diverse concentration levels, tailoring their rheological and magnet-
ic behaviours for potential applications in fields such as biomedicine, elec-
tronics, and environmental remediation. Additionally, to assess comprehen-
sively the thermoelectrical performance of these magnetic fluids, we perform
systematic measurements of their electrical conductivity over an extensive
temperature spectrum, thereby, elucidating how thermal variations influ-
ence their conductive characteristics and overall functionality under varying
operational environments.

Key words: magnetic nanoparticles, spinel ferrite nanoparticles, electrical
conductivity, thermoelectrical properties, concentration effects, magnetic
fluid, nanoparticles’ dispersion.

Corresponding author: Umidjon Elmuradovich Nurimov
E-mail: nurimovumid1@gmail.com

Citation: U. E. Nurimov and O. Q. Quvondiqov, Synthesis and Electrical Characteriza-
tion of Spinel MFe:04 (M = Ni, Co, Fe) Magnetic Nanoparticles, Metallofiz. Noveishie
Tekhnol., 48, No. 4: 341-350 (2026), DOI: 10.15407/mfint.48.04.0341

© Publisher PH “Akademperiodyka” of the NAS of Ukraine, 2026. This is an open access
article under the CC BY-ND license (https://creativecommons.org/licenses/by-nd/4.0)

341


https://doi.org/10.15407/mfint.48.04.0341
https://creativecommons.org/licenses/by-nd/4.0
https://doi.org/10.15407/mfint.48.04.0341

342 U.E.NURIMOV and O. Q. QUVONDIQOV

Y npomMy mOCHimiKeHHI MU POSTIATAEMO MPEIU3iiHy CUHTe3y MarHeTHUuX Ha-
HOYAaCTUHOK i3 ocobauBuM akiieHToM Ha (epuTtax NizFe2:0, CoFe:04 Ta marHe-
TuTi FeFe204, BHKOPHCTOBYIOUM PETEIBLHO KOHTPOJBOBAHY METOIOJIOTiI0 XeMi-
YHOI CHHTEe3U [JIs1 3a0e3IeUeH A BiITBOPIOBAHOCTH ¥ ONITUMAJNBHUX BJIACTUBO-
cTelt marepiany. [aa nigTBepAKeHHA XeMiUYHOTO CKJIAy Ta YMCTOTU CUHTE30-
BaHUX HAHOYACTUHOK OYJIO IPOBEAEHO MeTalbHY XapaKTepusaalliio 3a JOImoMO-
T'OI0 eHeproauvciepciiinol peHTreniBesKol cnekTpockomnii (EDX), mo 3abesme-
YMJIO KiNBKiCHY OIiHKY IXHBOTO €JIeMEeHTHOrO CKJany. BMKOpHCTOByMOUHM ITi
IoOpe oxapaKTepr30BaHi HAHOYACTUHKY B AKOCTi 62a30BUX KOMIIOHEHTIB, 0yJI0
CTBOPEHO CEePil0 MarHETHUX DPiAWH i3 PiBHMMUM KOHIEHTPAIiHUMU PiBHAMU,
110 YMOYKJIMBUJIO IlijiecIpsAMOBaHO MoamGiKyBaTy iXHi peoJioriuni Ta maruer-
Hi BJIACTMBOCTI AJIS MMOTEHIIiITHOTO 3aCTOCYBAaHHSA B TAKUX Tally3sax, AK Oiome-
IUIIHA, eJIEKTPOHIKA ¥ mociabiaeHHsa BIIMBY Ha A0oBKiwaa. Kpim Toro, 3 me-
TOI0 KOMILJIEKCHOI OIiHKYM TEePMOEJEKTPUUHUX XaPAKTEPUCTUK IIUX MarHeT-
HUX pigwH 0yJI0 IPOBEEHO CUCTEeMATHNYHI MipAHHA IXHBOI €JIEKTPOIIPOBiHOC-
TH B IIIUPOKOMY TeMIIePaTypPHOMY HifANas30Hi, 1[0 AaJi0 3MOT'y 3’ CyBaTH BILIUB
TeMIIepaTypHUX 3MiH Ha ixHi mpoBigHI BiacTuBOCTi Ta 3aranbHy (QyHKITiOHA-
JIbHICTB y PIBHMX YMOBaX €KCILIyaTaIrii.

KarouoBi ciioBa: MarHeTHi HAHOYACTWHKY, HAHOUYACTUHKY INMIIiHEJIBLHOTO (Qe-
PUTY, €JEeKTPOIPOBiTHICTH, TEPMOEIEKTPUYHI BJIACTUBOCTI, KOHIIEHTPAIiiiHi
edeKTH, MarHeTHA PiinHA, AUCIEePCid HAHOYACTUHOK.

(Received 31 August, 2025; in final version, 13 March, 2026 )

1. INTRODUCTION

The rapid advancement of science and technology in the 215t century
has posed significant environmental challenges, necessitating innova-
tive solutions from materials science and physics. Magnetic fluids, or
ferrofluids, have emerged as versatile nanomaterials with promising
potential to address these issues through their unique magneto-
responsive properties [1, 7]. These colloidal suspensions, comprising
magnetic nanoparticles dispersed in a carrier liquid with stabilizing
surfactants, exhibit tuneable magnetic, electrical, and rheological be-
haviours, enabling applications in aerospace engineering, electronics,
mechanical systems, biomedicine, and environmental remediation
such as water and oil purification [5, 6]. This broad applicability has
garnered substantial interest from the scientific community, driving
research into their synthesis, characterization, and property optimiza-
tion.

Magnetic fluids typically consist of magnetic nanoparticles dis-
persed in a liquid carrier medium and stabilized by surface-active
agents. Among these components, magnetic nanoparticles are the pri-
mary determinants of the materials’ performance [4, 9]. While the
chemical composition governs the general quality of the fluid, the size,
morphology, and crystal structure of the nanoparticles critically in-
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fluence their fundamental physical, chemical, and functional proper-
ties. In particular, nanoparticles with the general formula MFe;0,
(M =Ni, Co, Fe) belong to the family of spinel ferrites, which are
known for their remarkable magnetic and electrical characteristics [1,
2, 6]. However, the microstructural features and the mechanisms un-
derlying the variations in magnetization and electrical behaviour in
fluids containing mixed-metal ferrite nanoparticles remain insuffi-
ciently understood [5].

Despite extensive experimental and theoretical investigations, no
unified framework describing the internal structure—property rela-
tionships of MFe:04-based magnetic fluids has been established. Fur-
thermore, the origins of variability in their electrical properties, espe-
cially as a function of composition, concentration, and temperature,
have not been comprehensively explored. In this study, magnetic na-
noparticles of MFe;04 (M =Ni, Co, Fe) were synthesized via a chemical
condensation method [11, 12]. The chemical composition of the nano-
particles was characterized using Energy-Dispersive X-Ray Spectros-
copy (EDX). Magnetic fluids with varying nanoparticle concentra-
tions, prepared using water as the base medium, were evaluated for
their electrical conductivity across a range of temperatures. The find-
ings of this work aim to contribute to the understanding of composi-
tion—structure—property relationships in spinel ferrite-based magnet-
ic fluids, thereby, facilitating their targeted design for advanced engi-
neering and environmental applications [4, 7].

2. EXPERIMENTAL DETAILS
2.1. Materials

Ferric chloride hexahydrate (FeCls-6H20, >99%), ferrous chloride tet-
rahydrate (FeCl:-4H:0, >99%), aqueous ammonia (NHs(aq), 25%), oleic
acid (CisH3402, 299%), citric acid (CeHsO7, 299.5%), and acetone
(CsHgO, >99.5%) were used as received. Deionized water (resistivity
>18.2 MQ-cm) was used in all preparations.

2.2 Synthesis of magnetite (FeFe2:0,4) nanoparticles

FeFe:0, nanoparticles were prepared by chemical co-precipitation.
Briefly, 2.0 g FeCly-4H20 and 5.6 g FeCls-6H20 (molar ratio Fel":Fel =
=1:2) were dissolved in 100 mL deionized water and heated to 96°C
under vigorous stirring. A total of 20 mL NH,OH was added dropwise
via syringe; the suspension was maintained at 96°C for 55 min. Then,
4.0 g citric acid (in 20 mL water) and 20 mL oleic acid were added se-
quentially. The mixture was heated to 100°C and stirred for an addi-
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tional 90 min.

A small aliquot was diluted twofold and exposed to a constant mag-
netic field (0.35 T) to confirm magnetic response; the colloid remained
stable in zero field. Excess unbound acids were removed by standing
for 24 h followed by filtration. The precipitate was dried at room tem-
perature for 48 h to yield FeFe:O, nanopowder.

2.3 Synthesis of NiFe;0, and CoFe;04 nanoparticles

NiFe20, and CoFe:04 nanoparticles were synthesised analogously by
substituting the corresponding divalent metal salts for Fel* while
maintaining the overall FelI":MI" stoichiometry (M = Ni or Co). Post-
addition, the suspensions were aged at 100°C for 90 min, purified, and
dried as above to obtain the respective ferrite nanopowders.

2.4 Reaction chemistry and stoichiometry

The co-precipitation proceeds via hydroxide formation, followed by in-
situ dehydration/condensation to the spinel ferrite under hydrother-
mal-like ageing (= 100°C). The stepwise and net reactions are:

(a) nickel ferrite (NiFe204):

Ni?"+ 2Fe®*+ 80H™ — Ni(OH),- 2Fe(OH)s — (100°C) — NiFe;O4;
(b) cobalt ferrite (CoFez0.):

Co?" + 2Fe?*" + 80H™ — Co(OH)z-2Fe(OH)s — (100°C) — CoFez0s;
(c) magnetite (FeFe20,):

Fe?* + 2Fe® + 8OH — Fe(OH),-2Fe(OH); — (100°C) — FesO,.

3. RESULTS AND DISCUSSIONS

Samples of FeFe;0,, CoFe:04, and NiFe;O4 were analysed for their ele-
mental composition using Energy Dispersive X-Ray (EDX) Spectros-
copy. The EDX spectra of these samples are presented in Figs. 1-3.

The elemental composition of NiFe:Os magnetic nanoparticles was
determined using EDX Spectroscopy and studied in a dispersed state.
The EDX spectrum obtained for NiFe;O, magnetic nanoparticles is pre-
sented in Fig. 1. According to this figure, the sample contains Fe at
65.3% by mass, Niat 34.5%, and Coat 0.22%.

The elemental composition of CoFe:0, magnetic nanoparticles was
determined using EDX Spectroscopy and studied in a dispersed state.
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Fig. 1. EDX spectrum of powdered NiFe:04 magnetic nanoparticles.
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Fig. 2. EDX spectrum of powdered CoFe:O4 magnetic nanoparticles.
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Fig. 3. EDX spectrum of powdered FeFe:04 magnetic nanoparticles.

The EDX spectrum obtained for CoFe;O, magnetic nanoparticles is pre-
sented in Fig. 2. According to this figure, the sample contains Fe at
61.5% by mass, Niat0.1%, and Co at 38.4%.

The elemental composition of FeFe:Os magnetic nanoparticles was
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determined using EDX Spectroscopy and studied in a dispersed state.
The EDX spectrum obtained for FeFe;0, magnetic nanoparticles is pre-
sented in Fig. 3. According to this figure, the sample contains Fe at
99.7% by mass, Niat 0.1%, and Co at 0.2% . These results are present-
ed in Tables 1-3 below.

Based on the results from Tables 1-3, it can be concluded that
NiFez04, CoFe;04, and FeFe.0, magnetic nanoparticles were success-
fully synthesized.

The crystal structures of NiFe;04, CoFe;04, and FeFe;Os magnetic
nanoparticles were studied using x-ray diffraction (XRD) spectra. The
NiFe204, CoFe:04, and FeFe,O, magnetic nanoparticles were dried,
converted into powder form, and placed in a special container. X-ray
beams with a uniform wavelength were directed onto their surfaces at
angles ranging from 10° to 75° degrees. These reflected beams dif-
fracted in the magnetic nanoparticles when positioned at an angle sat-
isfying the Bragg condition. The dependence of the intensity of these
diffracted x-ray beams on the angle of incidence on the nanoparticle
surface is shown in Fig. 4[5, 6, 9].

The structure of the magnetic nanoparticles was studied based on
the relationship between the obtained intensity and the angle of inci-
dence. As seen in Figure 4, the x-ray diffraction spectra of the synthe-
sized magnetic nanoparticles show intensity peaks corresponding to

TABLE 1. Analysis results of the composition of NiFe:04 magnetic nanoparticles.

No.|Element| Content | Statistical Error |Spectral Line[Intensity [cps-nA™]

1 Fe 65.3 wt.% +0.0443% M: FeK. 285.91789
2 Ni 34.5 wt.% +0.0263% M: NiKq 105.82723
3 Co  0.22 wt.% +0.0061% M: CoK« 1.47739

TABLE 2. Analysis results of the composition of CoFe:04 magnetic nanoparticles.

No.|Element| Content | Statistical Error |Spectral Line[Intensity [cps nA™]

1 Fe 61.5 wt.% +0.0372% M: FeKq 312.63410
2 Ni 0.1 wt.% +0.0052% M: NiK. 0.40497
3 Co 38.4 wt.% +0.0260% M: CoKa 279.11786

TABLE 3. Analysis results of the composition of FeFe:01 magnetic nanoparticles.

No.|Element| Content | Statistical Error |Spectral Line[Intensity [cps nA™]
1 Fe  99.7 wt.% +0.0478% M:FeK. 425.83336
2 Ni 0.1 wt.% +0.0038% M: NiK. 0.31522
3 Co 0.2 wt. % +0.0071% M: CoK« 1.71781
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Fig. 4. X-ray diffraction of powdered NiFe:04, CoFez04, and FeFe:04 magnetic
nanoparticles.

(220), (311), (400), (422), (511), and (400). The spectra of the diffract-
ed x-rays indicate that all diffraction peaks for NiFe;04, CoFe204, and
FeFe:0, magnetic nanoparticles correspond to a single-phase inverse
cubic spinel structure, which is consistent with the results reported in
scientific articles [3—7] (Fig. 4).

The average crystallite size of the NiFe:O4, CoFe:0, and FeFe204
magnetic nanoparticles was estimated using the Debye—Scherrer equa-
tion from the most intense (311) diffraction peak in the x-ray diffrac-
tion (XRD) patterns:

Do 0.89L .
BcosO

Here, A is the wavelength of the x-ray radiation, j is the full width at
half maximum (FWHDM) of the spectral peak, and 6 is the angle formed
at the peak.

The lattice constants of NiFe20,, CoFe204 and FeFe;O, magnetic na-
noparticles were determined using the following formula:

a=\(h+E +1%)d? .

Here, d is the distance between parallel planes, and £, k&, [ are the Mil-
ler’s indices.
Additionally, the density of the nanoparticles was determined using
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the following formula:

Here, M represents the molecular weight of the magnetic nanoparti-
cles, Nais Avogadro’s constant, and a is the crystal lattice parameter.

The particle size, lattice constant, and average density of the mag-
netic fluid particles, calculated using semi-empirical methods, are pre-
sented in Table 4 [4, 6, 9].

In this study, the composition of the magnetic fluids was formulated
as follows:

1) NiFe;04, CoFe:04, and FeFe;0, magnetic nanoparticles were used
as the primary magnetic particles;

2) oleic acid (C1sH3402) was employed as the surface-active agent;

3) distilled water was utilized as the liquid medium. Using these
components, magnetic fluids with volumetric concentrations ranging
from 0.5% to 5%, based on NiFe;04, CoFe204, and FeFe,O, magnetic
nanoparticles, were prepared. Their electrical conductivity at room
temperature was measured using the Karlaush method.

The magnetic fluids based on NiFe:0,, CoFe:04, and FeFe:O, mag-
netic nanoparticles investigated experimentally exhibit low electrical
conductivity due to their predominantly dielectric nature. However, as
the concentration of magnetic nanoparticles in these magnetic fluids
increases, their electrical conductivity shows a significant rise. As
observed from Fig. 5, the electrical conductivity of the prepared mag-
netic fluids at room temperature is as follows:

o for FeFe:0s-based magnetic fluid, with magnetic nanoparticle
concentrations ranging from 0.5% to 5%, the electrical conduc-
tivity increased linearly from 15.6 uS/cm to 147.8 uS/cm;

o for CoFez0s-based magnetic fluid, with magnetic nanoparticle
concentrations ranging from 0.5% to 5%, the electrical conduc-
tivity increased linearly from 2.1 uS/cm to 20.2 uS/cm;

e for NiFe:Os-based magnetic fluid, with magnetic nanoparticle
concentrations ranging from 0.5% to 5%, the electrical conduc-
tivity increased linearly from 0.23 uS/cm to 10.4 uS/cm.

The electrical conductivity of magnetic fluids is explained through

TABLE 4. Results of x-ray phase analysis of NiFe204, CoFe204, and FeFe:Os mag-
netic nanoparticles.

Sample | Dxrp [nm] | a[A] | Qave [A] | VA% | pxrp [g-sm ]
NiFe204 16.9+0.1 8.30 571.8 5.45
CoFez204 10.3+0.1 8.37 8.47+0.03 587.0 5.31

FeFe204 9.7+£0.1 8.73 598.0 5.28
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Fig. 5. Dependence of the electrical conductivity of magnetic fluids on concen-
tration at room temperature.

an equation based on the Maxwell’s model. However, for low-
concentration magnetic fluids based on NiFe2:04, CoFe204, and FeFe204
magnetic nanoparticles, the enhanced Shen’s model provides a more
suitable explanation. According to this model, the following equation
is formulated for low-concentration magnetic fluids: 6 =0,, +o, +0;.
Here, o represents the electrical conductivity calculated based on the
Maxwell’s model, or denotes the electrical conductivity arising due to
electrophoretic mobility, and oz indicates the electrical conductivity
resulting from Brownian motion[11, 12].

4. CONCLUSIONS

NiFez04, CoFe:04, and FeFe:0O, magnetic nanoparticles were synthe-
sized via the chemical co-precipitation (chemical condensation) meth-
od. X-ray diffraction analysis confirmed that all diffraction peaks cor-
responded to a single-phase inverse cubic spinel structure for each
composition, in agreement with previously reported literature data.
Particle size estimation, based on transmission electron microscopy
and the Debye—Scherrer equation, indicated average diameters of 25—
38 nm for NiFe;04, 10-30 nm for CoFe;04, and 7-30 nm for FeFe;O,.
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Electrical conductivity measurements at room temperature revealed
the lowest value of 0.23 pS:cm™ for the NiFe;O,-based magnetic fluid
at 0.5% nanoparticles’ concentration, and the highest value of 147.8
cm ! for the FeFe;04-based magnetic fluid at 5% concentration. These
findings are consistent with predictions of the Shen’s model.
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