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Green synthesis and magnetothermal performance
of Zn,_xONiy nanocomposites for magnetic

hyperthermia applications
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Turki Altoub,® Ali Z. Alanzi,® O. M. Lemine® and Mohamed Said Mohamed Sidya®

Nickel-doped zinc oxide (Zn;_xONiyx, X = 0.05-0.20) nanocomposites were synthesized via a simple and
eco-friendly co-precipitation route and systematically investigated for their structural, thermal, magnetic,
and magnetothermal properties. X-ray diffraction confirmed the hexagonal wurtzite phase at low Ni

concentrations (=5%), while weak NiO reflections emerged above 10%, revealing a solubility limit for Ni

incorporation. Thermal analysis (TGA/DSC) indicated high stability above 450 °C with distinct exothermic
crystallization associated with Ni incorporation. FTIR spectra confirmed Zn-O stretching vibrations along
with hydroxyl and carbon-related groups. Magnetic measurements revealed weak room-temperature
ferromagnetism, with the highest saturation magnetization of 0.117 emu g’1 for Zng.gsONig 15, indicating

optimal Ni substitution and defect-mediated exchange interactions. Under an alternating magnetic field

(160 Oe, 468 kHz), Zng g5s0ONig 15 dispersions achieved a therapeutic hyperthermia threshold of 42 °C,
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with a specific absorption rate (SAR) of 9.2 W g~! These results demonstrate that Zn; xONix

nanocomposites exhibit a relatively good magnetothermal response under an AMF, which needs to be

DOI: 10.1039/d5ra07531a

rsc.li/rsc-advances field amplitudes.

1. Introduction

Metal and metal oxide nanoparticles (NPs) have emerged as
versatile platforms in electronics, catalysis, energy storage, and
biomedical sciences."> Among them, zinc oxide (ZnO) has been
extensively investigated due to its unique combination of
physical, chemical, and biological properties.®

As a II-VI semiconductor, ZnO exhibits exceptional electrical
and optical characteristics, including high transparency, a wide
direct band gap of 3.37 eV, and a large exciton binding energy of
60 meV, making it highly suitable for optoelectronic and
photonic applications.*® The morphology of ZnO is a critical
factor influencing its surface area, surface energy, and crystal-
lographic orientation, thereby modulating its performance in
various technological applications. ZnONPs can be engineered
in multiple morphologies—such as nanowires, nanorods,
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optimized through polymeric surface functionalization and measurement under different frequency and

nanobelts, nanosheets, nanoparticles, and hierarchical archi-
tectures—each conferring distinct physicochemical
properties.” ™

Tailoring ZnO properties through doping has proven to be an
effective strategy to enhance its structural and optical proper-
ties, and induce ferromagnetism. For instance, transition metal
dopants such as manganese (Mn), cobalt (Co), and nickel (Ni)
introduce localized states within the bandgap, thereby modi-
fying the conductivity, magnetic ordering, and optical absorp-
tion behaviour.*?

Nickel-doped ZnO nanoparticles (NPs) have attracted
considerable attention for applications in solar cells, gas
sensors, photocatalysis, hydrogen production and antibacterial
systems, as well as in spintronic devices.”** These studies have
clearly shown that Ni incorporation into the ZnO lattice
significantly modifies its optical, electronic, magnetic and
catalytic properties, thereby broadening the functional scope of
ZnO-based nanomaterials.

Despite these advances, the magnetothermal properties of
Ni-doped ZnO nanostructures under alternating magnetic fields
(AMF) remain unexplored. This represents a critical limitation,
particularly in view of the growing interest in magnetothermal
effects for biomedical applications such as magnetic hyper-
thermia (MH) and magnetically assisted drug delivery.?*** In
MH, heat generated by magnetic nanoparticles exposed to an
AMF is used to selectively induce cytotoxic effects in cancer
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cells, which are more sensitive to temperatures in the range of
40-45 °C than healthy tissues.”” The heating efficiency is
quantified by the specific absorption rate (SAR), defined as the
thermal energy dissipated per unit time and per unit mass of
magnetic material.?® It is well established that the heating
performance of magnetic nanoparticles under AMF depends on
a combination of intrinsic and extrinsic parameters, including
particle size, morphology, crystallinity, magnetic properties
(such as saturation magnetization, coercivity, magnetic anisot-
ropy, and Curie temperature), particle concentration, surface
modification, and the amplitude and frequency of the applied
magnetic field.**** To date, iron oxide nanoparticles have been
the most widely investigated materials for MH due to their low
toxicity, superparamagnetic behaviour, relatively high SAR
values.** Nickel-based nanomaterials have also been explored,
particularly nickel ferrites and nickel-based alloys, due to their
enhanced magnetic anisotropy and tunable magnetic
response.”>*¢ Regarding ZnO; xNiyx nanocrystalline, previous
studies have primarily focused on dilute magnetic semi-
conductor behaviour at low Ni contents, with focuses on the
understanding of the origin of room temperature ferromagne-
tism (RTFM)."* Addressing this gap is essential for establishing
clear structure-magnetism-magnetothermal correlations and
for enabling the design of ZnO/Ni nanostructures for advanced
biomedical applications.

In the present study, we report the controlled synthesis of
Zn,_xONiy nanoparticles (X = 0.05, 0.10, 0.15, and 0.20) via
a simple, efficient, and environmentally method. The synthe-
sized nanomaterials were comprehensively characterized to
elucidate the influence of Ni incorporation on their structure
and magnetic behaviour.

Unlike prior investigations that primarily emphasized the
optical, electronic, or catalytic properties of ZnO/Ni nano-
structures, this work provides one of the first systematic
assessments of their magnetothermal performance as a func-
tion of Ni concentration. By directly linking dopant incorpora-
tion to structural and magnetic responses, our study introduces
new insights into the tunability of ZnO-based nanomaterials
and expands their potential utility in next-generation applica-
tions such as magnetic hyperthermia, spintronic devices, and
magnetically driven energy conversion.

2. Experimental part

2.1. Materials

All chemicals used in this study were of analytical grade and
procured from Merck; they were used without any further
purification. Double-distilled water and ethanol were employed
for washing and purifying the final product. Zinc acetate di-
hydrate [Zn(CH3COO),-2H,0] and nickel acetate dihydrate
[Ni(CH3COO),-4H,0] served as the metal ion precursors. Ni-
doped ZnO nanoparticles were synthesized via a co-
precipitation method, adapted with slight modifications from
the procedure reported in ref. 27. The nanoparticles were
prepared with four different Ni doping concentrations (X = 5%,
10%, 15%, and 20%) by varying the precursor concentrations
accordingly.”®
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2.2. Preparation of Zn, xONix nanocrystalline

Zn(CH3C00),-2H,0 and Ni(NOj3),-2H,0 are dissolved in
deionized water under continuous magnetic stirring for 40
minutes at room temperature. Subsequently, a 2 M NaOH
solution was added dropwise to the mixture to adjust the pH to
approximately 10. The reaction was then stirred for an addi-
tional hour to facilitate the formation of a precipitate. The
resulting product was collected by filtration, thoroughly washed
with deionized water and ethanol, and finally calcined at 400 °C
for 4 hours (Fig. 1).

2.3. Characterization

X-ray diffraction (XRD) patterns were recorded on a PROTO
Benchtop powder diffraction system equipped with CuKo
radiation source (A = 1.5418 A) and under the operating
conditions: voltage of 30 V, current of 20 A, and power of 0.6 kW.
The patterns were recorded in the 26 range 20-80° using a scan
rate of 0.015°. The average crystallite size is deduced from the
XRD by Scherrer formula:

K2
b= B cos(f) )

where A = 1.54178 A, D crystallite size, K is a constant whose
value is approximately 0.9 and B (rad) is the full width at half
maximum (FWHM) of a diffraction peak.

FTIR spectra were recorded using INFRALUM FT-08 ALU-
MEX in the wavenumber range 400-4000 cm™*. Morphological
observation and chemical composition were performed using
SEM-SERON TECHNOLOGIES (Model, AIS 1800C) and TEM
(Type JEOL-JEM 1400 operating at 120 kV). Vibrating sample
magnetometer (VSM, model 7404) equipped with 1.8 T magnet
was used for magnetic characterization at room temperature.
The heating efficiency under an AMF was performed using
a commercial system “Nanotherics Magnetherm”.

All experiments were performed third times under identical
experimental conditions to ensure reproducibility. The reported
values for structural, magnetic, and magnetic hyperthermia
measurements are expressed as the mean =+ standard deviation
(SD). Mean values were obtained by averaging the results of
independent measurements, while the standard deviation was
used to quantify data dispersion.

3. Results and discussion

3.1. Structure, morphology and chemical composition

The X-ray diffraction (XRD) patterns of undoped ZnO and Ni-
doped ZnO nanoparticles shown in Fig. 2 confirm the forma-
tion of the hexagonal wurtzite structure, with diffraction peaks
matching the JCPDS card no. 36-1451. The refined lattice
parameters were calculated and summarized in Table 1. At low
doping levels (5%), no additional diffraction peaks corre-
sponding to Ni, NiO, or Zn-Ni phases were detected, indicating
the effective incorporation of Ni** ions into the ZnO lattice
without secondary phase formation. However, at higher doping
concentrations (X = 10%), additional weak peaks appeared at
26 = 38.11° (111) and 26 = 43.25° (200), which are assigned to

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic representation of the Zn;_xONiyx nanocrystalline's synthesis.
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Fig. 2 Powder X-ray diffraction patterns of Zn;_xONix nanocrystalline (X = 0.05, 0.10, 0.15, and 0.20).

NiO. The intensity of these peaks increases with Ni content,
suggesting that the solubility limit of Ni in ZnO is below 10%.
Above this limit, phase segregation occurs, whereas at lower
concentrations (5%), Ni** ions substitute Zn>" sites while
preserving the single-phase wurtzite structure, consistent with
previous reports.* The average crystallite size was estimated
using the Debye-Scherrer equation as indicated in Table 1. For

© 2026 The Author(s). Published by the Royal Society of Chemistry

pure ZnO, the crystallite size was ~36 nm, increasing to ~52 nm
at 10% Ni doping, which suggests enhanced crystal growth at
moderate doping concentrations. This effect may be attributed
to the catalytic role of Ni** jons in promoting oriented growth
within the ZnO lattice. In contrast, a significant reduction in
crystallite size was observed at 20% Ni (~25 nm), which can be
explained by increased lattice strain and the inhibition of

RSC Adv, 2026, 16, 8243-8254 | 8245
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Table 1 Lattice parameters and crystallite size
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Samples a(d) c(A) Unit cell volume (A*) Average crystallite size (nm)
ZnO 3.24 £ 0.01 5.20 = 0.01 47.57 £ 0.15 35.4 +21
Zn.0s0Nio. 05 3.25 + 0.01 5.21 + 0.01 47.70 £ 0.16 53.4 + 2.8
Zn.00ONig 1 3.25 + 0.01 5.21 + 0.01 47.73 £ 0.16 43.8 + 2.4
Zn.gsONig 15 3.24 + 0.01 5.27 + 0.01 48.08 + 0.18 49.6 + 2.6
Zno sONig» 3.25 + 0.01 5.21 + 0.01 47.68 £ 0.16 26.4 + 1.9

crystallite growth at higher doping levels. It can be seen also
form Table 1 that unit cell volume increases and then decrease
for Ni(20%). This at low levels of Ni doping, an increase in the
unit cell volume of ZnO is often observed despite the slightly
smaller ionic radius of Ni** (0.55 A) compared to Zn** (0.60 A).
This apparent anomaly can be attributed to the incorporation of
Ni ions into interstitial rather than substitutional sites, partic-
ularly at dilute concentrations.®** Such incorporation intro-
duces lattice strain and defect states—such as oxygen vacancies
and zinc interstitials—which result in local lattice distortion
and expansion. These defects may induce local lattice distor-
tions and internal stress, which can lead to an initial increase in
lattice parameters and unit cell volume. However, as the Ni
concentration increases, substitutional doping becomes domi-
nant, with Ni** ions (0.55 A) replacing Zn>" ions (0.60 A) at
tetrahedral sites in the ZnO lattice. Owing to the smaller ionic
radius of Ni** compared to Zn>" in four fold coordination, this
substitution results in lattice contraction and a corresponding
decrease in the unit cell volume. Moreover, the formation of
secondary phases NiO, which have different crystal structures
and lattice parameters, induces changes in the composition and
microstructural properties, which might contributes also to this
reduction.

The surface morphology and microstructure of the synthe-
sized nanocrystalline were examined via scanning electron
microscopy (SEM), as shown in Fig. 3. The images reveal
different patterns indicating that the surface morphology
depends on the concentration of Ni. Energy-dispersive X-ray
spectroscopy (EDX) was employed to verify the purity and
elemental composition of the Ni-doped ZnO nanoparticles
(zn;_xONiy). The analysis indicates the presence of Zn, Ni, and
O as the main elements across all samples, confirming the
absence of impurities. Furthermore, the Ni-to-Zn atomic ratios
(Ni/Zn) were calculated as 0.0033, 0.0631, 0.0996, and 0.1319 for
the 5%, 10%, 15%, and 20% Ni-doped samples, respectively.
These values closely match the nominal stoichiometric ratios
used during synthesis, demonstrating the precision and reli-
ability of the doping process. The TEM image of Zn, gONijo.,
nanocrystalline exhibits a typical quasi-spherical morphology
with corresponding narrow size distributions, indicating the
monodispersity and uniformity of the sample (Fig. 4a). An
average diameter of 67 nm is deduced from particle size
distribution histogram as shown in Fig. 4b.

3.2. Thermal analysis by TGA/DSC

The thermal stability of Zn; xONiy nanocrystalline (X = 0.05
and 0.20), nanocrystalline was systematically examined by
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thermogravimetric analysis (TGA) coupled with differential
scanning calorimetry (DSC). The TGA/DSC profiles are pre-
sented in Fig. 5a and b and the results are summarized in Table
2. For Zn, ¢50Nig o5 and as indicate in Fig. 5a, the TGA curve
shows a minor initial weight loss of ~1-1.5% below 150 °C,
which is attributed to the evaporation of residual solvents and
physically adsorbed water molecules. A subsequent weight loss
of ~1.5-2% occurs in the range of 250-400 °C, corresponding to
the thermal decomposition of nickel acetate precursors
(Ni(CH3C00),-4H,0) and due to Ni incorporation into the ZnO
lattice. Beyond 450 °C, the TGA curve becomes stable, indi-
cating the completion of the decomposition process and the
formation of the final ZnO : Ni phase. The associated DSC signal
exhibits a weak exothermic feature near 200-250 °C, assigned to
the combustion of residual organics, followed by a sharp
exothermic peak between 330-350 °C, consistent with the
crystallization of Ni-doped ZnO. No additional thermal events
are observed above 400 °C, confirming the stability of the
system. ForZn,g,ONij,o (Fig. 5b), the TGA curve displays
a more gradual weight loss of ~1.5-2% between 100-300 °C,
attributed to the removal of adsorbed water and the decompo-
sition of residual nickel-based organic species. A pronounced
mass-loss feature centered near 300 °C indicates the rapid
breakdown of nickel acetates and the crystallization of Ni-
enriched ZnO (ZnONi). Above 400 °C, the weight stabilizes,
evidencing the formation of a thermally robust crystalline
phase. The DSC profile reveals a double exothermic feature
between 280-320 ©C: the first peak corresponds to the
oxidation/combustion of organic residues, while the second is
associated with the crystallization of ZnO doped with 20% Ni.
The absence of thermal events beyond 400 °C further confirms
the complete formation and thermal stability of the crystalline
ZnONi phase.

3.3. FTIR results

Fourier-transform infrared (FTIR) spectroscopy was used to
investigate the functional groups and chemical bonding in
undoped and Ni-doped samples. Fig. 6 shows the FTIR trans-
mission spectra of the nanocrystalline, recorded in the range of
500-4000 cm . All spectra display several characteristic
absorption bands. The broad band observed around 3100-
3700 cm ' is attributed to the stretching vibration of O-H
bonds associated with surface hydroxyl groups (-OH) on ZnO
nanoparticles, which are commonly related to adsorbed water
or hydroxyl species.? The bands appearing at 1463 cm ',
1641 cm™ ', and 2341 cm™ ! are assigned to vibrations of C-H

and C=C groups.**** Their presence indicates trace amounts of

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 SEM and EDAX analysis of the Zn;_xONiy nanocrystalline (X = 0.05, 0.10, 0.15, and 0.20).

residual carbon-containing species originating from the organic
precursors used during synthesis. In nanocrystalline oxide
systems, such residual organics can persist after calcination due
to strong adsorption on high-surface-area particle surfaces,
particularly when the thermal treatment is insufficient to
completely eliminate all carbonaceous fragments. This effect is
more pronounced at higher Ni contents, where local structural
disorder may further hinder complete decomposition. In addi-
tion, the absorption band observed at approximately 853 cm ™"
can also be attributed to minor carbon-related residues rather

© 2026 The Author(s). Published by the Royal Society of Chemistry

than to a secondary crystalline impurity phase. In general, metal
oxides such as ZnO exhibit characteristic absorption bands
below 800 cm ', arising from interatomic lattice vibrations.’>*
Accordingly, the region between 445 and 540 cm ™" corresponds
to Zn-O stretching vibration modes, which are a distinctive
feature of nanocrystalline Zn0O.**

3.4. Magnetic measurements

Fig. 7a displays the magnetization (M-H) curves of Ni-doped
ZnO nanocrystalline samples measured at 300 K under

RSC Adv, 2026, 16, 8243-8254 | 8247
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varying applied magnetic fields. All samples exhibit a weak
room temperature ferromagnetism (RTFM), as evidenced by the
characteristic S-shaped hysteresis loops, low values of coercivity
and remanence (Table 3). The extracted M; values are 0.032,
0.059, 0.117, and 0.085 emu g~ * for Ni doping levels of 5%, 10%,
15%, and 20%, respectively. The origin of RTFM in Ni-doped
ZnO has been the subject of intense debate and several mech-
anisms have been proposed in the literature to explain this
phenomenon:*¢ (i) magnetic impurity incorporation: Ni**
ions, with their unpaired 3d electrons, substitute Zn>" sites
within the ZnO lattice. This substitution introduces localized
magnetic moments that can couple via exchange interactions,
resulting in long-range ferromagnetic ordering. (ii) Secondary

8248 | RSC Adv, 2026, 16, 8243-8254

(@) TEM image of Zng goONig > and (b) corresponding particle-size distributions.
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phase contributions: XRD analysis confirmed the presence of
weak NiO-related peaks at higher doping levels (=10%). Since
NiO is an antiferromagnet in bulk form, its behaviour in
nanoscale and defect-rich environments can deviate signifi-
cantly, occasionally contributing to a weak ferromagnetic
signal. (iii) Intrinsic defect mediation: oxygen vacancies (Vo)
and zinc interstitials (Zn;) in the ZnO lattice are known to play
a crucial role in mediating magnetic interactions. Defect states
near the conduction band can facilitate carrier-mediated
exchange (bound magnetic polarons), enhancing the magnetic
coupling between Ni ions.

Interestingly, the non-monotonic evolution of M with Ni
concentration is observed as shown in Fig. 7b. The M, increases

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Summary of thermal analysis (TGA/DSC) of Zn;_xONix nanocrystalline (X = 0.05 and 0.20)

Sample Weight loss (%) Temperature range (°C) DSC event(s) Assigned process
7N, g5sONig 15 ~1-1.5% <150 — Evaporation of residual
solvents and adsorbed water
~1.5-2% 250-400 Minor exothermic Combustion of residual
(~200-250 °C); strong organics; crystallization of
exothermic (330-350 °C) Ni-doped ZnO
Stable >450 — Formation of thermally
stable crystalline phase
Zn, gONig 5 ~1.5-2% 100-300 — Desorption of water and
decomposition of organic
species (nickel acetates)
Pronounced loss ~300 Double exothermic Combustion of organics;
(280-320 °QC) crystallization of ZnONi
(20% Ni)
Stable >400 — Fully formed and thermally

stable crystalline phase
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Fig. 6 FTIR transmission spectra of Zn;_xONiy nanocrystalline (X = 0.05, 0.10, 0.15, and 0.20).

significantly from 0.032 emu g~ " (5% Ni) to a maximum of 0.117
emu g ' (15% Ni), reflecting the efficient incorporation of Ni**
into the ZnO lattice and enhanced exchange interactions at
intermediate doping levels. However, at 20% Ni doping, M;
decreases to 0.085 emu g . This reduction may be attributed to
excess of Ni incorporation, which can lead to antiferromagnetic
super exchange between adjacent Ni*' ions, competing with
ferromagnetic interactions and reducing net magnetization.

3.5. Magnetic hyperthermia study

Fig. 8a shows the temperature evolution under AMF of Zn; x-
ONiy nanocrystalline and NiO at AMF amplitude of 170 Oe and
frequency of 468 kHz. Samples with high concentration of Ni

© 2026 The Author(s). Published by the Royal Society of Chemistry

(15 and 20%) exhibit a significant temperature rise, while low
concentration of Ni and NiO does not show a significant heating
ability. Zn,gsONig 15 nanoparticles reach magnetic hyper-
thermia temperature (42 °C),which is essential for effective
cancer treatment. Other samples does not attain hyperthermia
temperature, indicating their limited heating efficiency under
such conditions.

The amount of heat dissipated by magnetic nanoparticles
under an AMF is generally defined by sample absorption rate
(SAR), which is calculated by the following equation:

pCy

AT
AR = ——— [ — 2
S massynp (AZ) ( )

RSC Adv, 2026, 16, 8243-8254 | 8249
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Table 3 Magnetic parameters deduced from M-H curves at room
temperature

Samples M, (emu g™ ) H. (Oe) M, (emu g )
ZN.0s0Nio 05 0.032 = 0.003 26.2 + 2.1 0.005 =+ 0.001
Zn.6ONig 4 0.059 = 0.004 1344+ 6 0.007 =+ 0.001
Zn.8s0Nig 15 0.117 £ 0.006 146.1 + 7.2 0.014 + 0.002
Zny gONig.» 0.085 = 0.005 164.3 + 8.0 0.006 =+ 0.001

where C,, is the specific heat capacity of water (4.185J g 'K ), p
is the density of the colloid, massyyp is the concentration of the

. . . . AT
magnetic nanopartlcles in the suspension and E represents

the heating rate. By performing a linear fit of temperature
increase versus time at the initial time interval (1 to ~30 s), the
slope AT/At is obtained.

The calculated values of SAR are 5.22, 5.96, 9.2 and 6.8 (W
g ') for ZngosONiges, ZngoONig1g, ZNggsONigys and
Zn, goONiy », respectively (Fig. 8b). The highest value is obtained
for Zng gsONig 15 nanocrystalline (9.2 W g~ ) correlates with its
higher magnetization, consistent with the strong dependence of
SAR on intrinsic magnetic parameters such as saturation
magnetization, coercivity, and remanence. Morphological
aspects (particle size distribution, degree of agglomeration) and
interparticle dipolar interactions are also key factors influ-
encing the overall magnetothermal output.*” The maximum
SAR observed for Zn gsONig 5 remains substantially lower
those reported for other systems (see Table 3). However, it is
essential to emphasize that direct comparisons of SAR values
across different studies must be approached with caution, as
SAR is not an intrinsic material property but rather a function of
numerous experimental and physical variables. Critical
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(a) M—H curves at room temperature (inset indicated the loop at low field) of Zn;_xONix nanocrystalline (X = 0.05, 0.10, 0.15, and 0.20) and

parameters influencing SAR include nanoparticle size and
morphology, coating nature, magnetic anisotropy, and satura-
tion magnetization, as well as external field parameters such as
field amplitude (H), frequency (f). Additionally, calorimetric
methods, sample holders, and data processing protocols vary
across laboratories, contributing to systematic discrepancies in
reported values.

For a more reliable comparison of heating efficiencies re-
ported across different magnetic hyperthermia studies, the
concept of Intrinsic Loss Power (ILP) has been introduced.
Unlike the specific absorption rate (SAR), which is strongly
influenced by experimental parameters such as field amplitude
and frequency, ILP offers a normalized metric that facilitates
objective evaluation of the intrinsic heating efficiency of
magnetic nanoparticles.

It can be determined using the following expression:

ILP = SAR/fH? (3)

where SAR is the specific absorption rate (W g~ '), H represents
the applied field amplitude (A m™"), and f denotes the applied
frequency (Hz).

The resulting ILP is expressed in nH m”® kg~ and reflects the
intrinsic ability of MNPs to convert electromagnetic energy into
heat, independent of the applied field conditions.

As shown in Table 3, the ILP values obtained for
Zny gsONip 15 NPs is low but in the range reported for
commercial ferrofluids, which typically exhibit ILP values
between 0.2 and 3.1 nH m” kg *.2¢

It is important to highlight that nickel exhibits inherent
toxicity, which must be carefully considered when envisaging

© 2026 The Author(s). Published by the Royal Society of Chemistry
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biomedical applications. However, the biocompatibility of such
nanocrystalline systems can be substantially improved through
surface functionalization with well-established biocompatible
polymers, such as chitosan, polyethylene glycol (PEG), dextran,
or silica coatings. In addition to mitigating potential cytotoxic
effects, surface functionalization plays a critical role in
enhancing colloidal stability, particularly by suppressing
aggregation arising from magnetic dipole-dipole interactions
between nanoparticles.

In this context, Zn, gsONi, 15 nanoparticles coated with chi-
tosan are currently under investigation. The polymer shell is
expected to improve dispersion stability, limit dipole-dipole-
driven clustering, and thereby further enhance heating effi-
ciency under an alternating magnetic field, ultimately making
these nanostructures more suitable for prospective magnetic
hyperthermia applications (Table 4).

4. Discussion

XRD analysis confirms that all samples crystallize predomi-
nantly in the hexagonal wurtzite ZnO structure (JCPDS 36-1451).

(a) Temperature rise for Zn;_xONiyx nanocrystalline and NiO and (b) corresponding SARs values.

At low Ni content (X = 0.05), no secondary phases are detected,
indicating effective incorporation of Ni*" ions into the ZnO
lattice, consistent with earlier reports on dilute Ni-doped ZnO
systems.* At higher Ni concentrations (X = 0.10), weak reflec-
tions attributed to NiO appear, revealing that the solubility limit
of Ni in ZnO is exceeded and phase segregation occurs.

The lattice parameters and unit cell volume show a non-
monotonic dependence on Ni content. Despite the smaller
ionic radius of Ni** (0.55 A) compared to Zn>* (0.60 A), an initial
lattice expansion is observed at low and intermediate doping
levels. This behavior is attributed to defect-induced lattice
distortion associated with oxygen vacancies, zinc interstitials,
and local strain generated during dopant incorporation.™ At
higher Ni content, substitutional incorporation of Ni** together
with NiO formation promotes lattice contraction and partial
strain relaxation. Previous reports indicate similar behavior for
Ni doped ZnO nanocrystalline at low concentration of nickel.*

Thermal analysis indicates that precursor decomposition
and crystallization of Ni-doped ZnO occur below 400 °C, while
the absence of further thermal events confirms the formation of
thermally stable crystalline phases. The more complex DSC

Table 4 Comparison of heating ability of Zng gsONig 15 with different nanomaterials

Ferrofluids Synthesis method Frequency (kHz) Field (mT) SAR (W g ™) ILP (nH m” kg™ ") References
Zn, g5sONig 15 Co-precipitation 468 16 9.2 0.25 This work
Hydrothermal Pyrrole-Fe;0, 472 17 53.77 0.46 38
Emulsion polymerization Fe;0,~PDMAEMA 260 20.25 ~25 ~0.4 39
Co-precipitation Fe;04-chitosan 100 10-20 ~20 ~0.3 40
Hydrothermal Fe;0,-PAA 332 17 36 0.59 41

© 2026 The Author(s). Published by the Royal Society of Chemistry
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features at higher Ni content are consistent with Ni-enriched
ions and ZnO-NiO phase separation, corroborating the struc-
tural results.

FTIR spectra show characteristic Zn-O lattice vibrations
together with O-H and weak carbon-related bands, attributed to
surface hydroxyls and residual organic species commonly
observed in nanocrystalline oxides with high surface area as
reported previously.”*-*

All Ni-doped samples exhibit weak room-temperature ferro-
magnetism. This behavior is consistent with defect-mediated
magnetic coupling mechanisms proposed for Ni-doped ZnO,
where localized magnetic moments from substitutional Ni**
ions interact via intrinsic defects, often described by the bound
magnetic polaron model.**?® The saturation magnetization
increases up to X = 0.15 and then decreases at X = 0.20,
reflecting an optimal balance between magnetic ion concen-
tration and defect density, while higher Ni content promotes
antiferromagnetic super exchange and NiO-related contribu-
tions that reduce net magnetization.>**” The magnetic hyper-
thermia response follows the same trend as the magnetic
properties, with the highest SAR obtained for Zngg5ONig 15
nanocrystalline. Although SAR values are lower than those of
iron-oxide-based ferrofluids, normalization using the intrinsic
loss power (ILP) places the present system within the lower
range reported for commercial ferrofluids.>® This is expected
given the dilute magnetic nature of ZnO-based systems and
highlights the relevance of ILP for meaningful cross-study
comparison.

5. Conclusion

In this work, Zn;_xONiy (X = 0.05, 0.10, 0.15, and 0.20) nano-
composites were successfully synthesized via a simple and
environmentally friendly co-precipitation method. Structural
analysis confirmed the retention of the hexagonal wurtzite ZnO
phase at low Ni concentrations (=5%), with secondary NiO
phases emerging above 10% doping, reflecting a solubility
threshold. Thermal characterization demonstrated that all
samples are thermally stable above 450 °C, with distinct
decomposition and crystallization events associated with Ni
incorporation. FTIR analysis confirmed Zn-O stretching vibra-
tions alongside surface hydroxyl groups and residual carbon-
related species. Magnetic studies evidenced weak but clear
room-temperature ferromagnetism in all samples, consistent
with dilute magnetic semiconductor behavior. The maximum
saturation magnetization (0.117 emu g~ ') was observed at 15%
Ni, attributed to an optimal balance between Ni*" substitution,
intrinsic defects, and limited secondary phase contributions.
Magnetic  hyperthermia measurements revealed that
Zn, gsONig ;5 nanoparticles exhibit superior heating perfor-
mance, with SAR values of ~9.2 W g™, reaching the therapeutic
threshold of 42 °C under AMF exposure. Overall our results
demonstrate that Zn, xONiy nanocomposites exhibit a rela-
tively good magnetothermal response under an AMF, high-
lighting their potential relevance for magnetically assisted
biomedical applications. However, further optimization is
required, particularly with respect to colloidal stability and
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biocompatibility, which can be addressed through appropriate
surface functionalization. Future work will therefore focus on
polymeric coatings, such as chitosan, to improve dispersion,
mitigate dipolar aggregation, and systematically assess their
influence on magnetothermal performance under optimized
field conditions.
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