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ABSTRACT

Ferrimagnetic nanoparticles, which are compounds of iron oxide with other types of metal oxides, are one of the
promising types of nanoparticles among a wide variety. Interest in this type of nanostructures is primarily due to
the great prospects for their use in biomedical applications, targeted drug delivery, alongside hyperthermia and
magnetic resonance therapy. The relevance of the research consists in obtaining new knowledge in the field of
research of phase transformations in ferritic Fe304/ZnO nanoparticles under variation of synthesis conditions,
alongside assessing their practical application in comparison with literature data, and determining the limits of
applicability in hyperthermia. The key result of this study is to evaluate the effectiveness of using Fe304/ZnO
nanoparticles, as well as determining the influence of thermal annealing conditions on the phase transformation
processes in nanoparticles. According to X-ray phase analysis data, the dynamics of phase transformations in
Fe304/Zn0O nanoparticles contingent upon the thermal annealing temperature was established. These phase
transformations can be written in the following form: Fe304/ZnO — Fe303/Zn0O — Fe303/ZnFe304 — ZnFey04/
ZnO. During the studies, it was found that the formation of the ZnFe,O4 phase leads not only to the heating rate
growth, but also to the formation of a linear dependence of the change in the solution temperature on the time of

exposure to an alternating magnetic field.

1. Introduction

Today, one of the promising areas of research in the field of materials
science is the production of various types of nanostructures, interest in
which is due to the great possibilities of their practical application in
various fields, ranging from microelectronics, biomedicine, sensors,
photocatalysis, etc. [1-3]. This interest is primarily due to the variety of
possibilities for obtaining different types of nanoparticles, both in
elemental and phase composition, and geometry, the variation of which
occurs as a result of changing synthesis conditions or subsequent
modification. At the same time, in recent years, much attention has been
paid to the possibilities of obtaining composite nanostructures, using the
simplest and cheapest methods for their preparation [4,5]. This is pri-
marily due to the need, in most cases, for a transition from laboratory
testing of the applicability of nanoparticles to industrial testing, with the
aim of introducing into production and scaling up the proposed tech-
nological solutions. The search for simple methods for producing

nanoparticles, especially composite ones, is driven by the fact that when
creating technology for their scaling, complex production processes are
difficult to reproduce outside laboratory conditions, which require
compliance with many factors, including the use of expensive chemical
reagents, time-consuming and labor-intensive processes of creation and
subsequent modification, etc. Also, an important factor that must be
taken into account when scaling the technology for the reproduction of
composite nanoparticles for industrial production is the repeatability
and stability of the structural, morphological, and most importantly, the
phase composition of the resulting composite nanoparticles, on which
most of the characteristics that are key factors in their use depend
[6-10].

Also, in addition to searching for opportunities to scale technological
solutions in the search for the creation of composite nanoparticles, great
attention should be paid to fundamental aspects related to the study of
the relationship of conditions and methods of production with changes
in structural, conductive or magnetic characteristics, phase composition,
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etc. Interest in this area of research is primarily aimed at studying the
properties of nanoparticles when their sizes change, as well as the
transition from macro-sized to nano-sized parameters, which can have a
significant impact on alterations in the properties of materials, the
occurrence of size effects affecting conductivity, toxicity, corrosion
resistance, etc. [11-15]. Moreover, for composite nanostructures, in
which, as a rule, several phases are combined, and variation in synthesis
conditions allows one to vary the phase composition due to phase
transformations or polymorphic transformations, the fundamental study
of the properties of nanoparticles is a very important aspect in their
practical application.

Among the variety of different types of composite nanoparticles, a
special place is occupied by ferrite structures, which are based on
compounds of iron oxide with various oxide compounds, such as oxide
of nickel, cobalt, zinc, copper, cadmium, etc. Interest in ferrite nano-
particles is primarily due to the possibility of combining the structural
and magnetic properties of various oxides, as well as the ease of
obtaining iron oxides, which are the basis for these structures [16-19].
Typically, iron oxide nanoparticles are prepared using chemical pre-
cipitation methods from various aqueous solutions, which produce sta-
ble, mostly monodisperse iron oxide nanoparticles in the form of
magnetite or hematite, the two most common iron oxide phases found in
nature. At the same time, the use of the simplest procedures for modi-
fication, in particular, thermal annealing in the temperature range from
100 to 600-700 °C, makes it possible to initiate phase transformations
such as Fe3sO4 — magnetite - FepO3 — hematite, without significant
changes in the size of nanoparticles. Moreover, an alteration in the phase
composition of iron-containing nanoparticles primarily has a significant
impact on their conductive properties, as well as magnetic characteris-
tics, the change of which must be considered in the further practical use
of nanoparticles [20].

Also, interest in ferrite nanoparticles is due to their low toxicity (and
in most cases its complete absence) and high biocompatibility, which
allows the use of these ferrite nanoparticles in biomedicine, as a basis for
targeted delivery of drugs, hyperthermic studies, etc. The use of mag-
netic nanoparticles in biomedicine has been actively studied in recent
years due to the possibility of using these particles not only as contrast
fluids for MRI, but also in the case of considering their applicability as
drug carriers for which “core-shell” type particles are used [21], where
great interest is paid to the possibilities of combining a magnetic particle
used as a core, coated with various polymer [22] or organosilicon
compounds, which provide increased efficiency of drug binding [23].
There is also interest in the use of magnetic nanoparticles for hyper-
thermia [24], and interest in this direction consists in the heating effi-
ciency enhancement through various modification methods, including
the use of various stabilizing additives [25], the use of rare earth ma-
terials for partial replacement of cations, which leads to increased effi-
ciency and a change in magnetic properties [26]. Moreover, among the
variety of ferrite nanoparticles, one can distinguish nanostructures
based on compounds of iron oxide with zinc oxide, the variation of the
components of which makes it possible to obtain a spinel structure of the
ZnFey04 type, which is one of the soft magnetic materials with high
biocompatibility, non-toxicity, and also good conductive characteristics
[27-29]. In this regard, great interest in this area of research is due to the
search for a simple and cheap way to obtain such structures that have all
the properties of zinc and iron oxides, as well as their characterization to
expand the fundamental understanding of the properties of these
nanostructures [30,31].

The aim of this study is to explore the prospects for using composite
nanoparticles based on Fe304/ZnO compounds as a basis for hyper-
thermic tests. The main emphasis in the work is on a detailed study of
phase transformations and changes in ultrafine magnetic parameters in
Fe304/Zn0 nanoparticles obtained by a two-stage production method.
The proposed method for obtaining Fe304/Zn0O nanoparticles is one of
the simplest and cheapest methods for obtaining nanostructures, which
opens up the possibility of production of nanostructures on an industrial
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scale, which further allows expansion of the potential for the use of such
nanostructures. In turn, a detailed study of the relationship between the
conditions of production, structural features and ultrafine parameters of
the magnetic field will make it possible to determine the optimal con-
ditions for obtaining nanostructures for their practical application.

2. Materials and methods

The synthesis of Fe304/ZnO nanoparticles was carried out in three
main stages. The first stage consisted of chemical precipitation of Fe3O4
nanoparticles by dissolving 3.25 g of FeCl3-6H>0 in 100 ml of water with
the addition of 5 ml of NaySO3 (5 %), followed by mixing the resulting
mixture with 20 ml of ammonia and heating for 30 minutes at a tem-
perature of 70 °C. All experiments were carried out in an argon box. The
addition of citric acid to the resulting mixture allowed the precipitate to
be stabilized, followed by evaporation at a temperature of 90 °C for 90
minutes and washing in distilled water to remove reaction products in
the form of chlorides.

The second stage of the synthesis consisted of mechanochemical
mixing of the resulting Fe3O4 nanoparticles with zinc oxide (ZnO) using
a PULVERISETTE 6 classic line planetary mill (Fritsch, Berlin, Ger-
many). Grinding was carried out in an 80 ml beaker made of tungsten
carbide using grinding balls with a diameter of 10 mm. The ratio of the
grinding volume of the initial components from the grinding media was
1:3. The ratio of the Fe304 and ZnO components was chosen to be 1:1.
Grinding was carried out at a speed of 400 rpm for 30 minutes, followed
by removing the ground mixture from the glass.

The third stage of the synthesis consisted of a thermal isochronous
annealing process in the temperature range from 100 to 1000 °C in in-
crements of 100 °C for 5 hours. The heating rate was 10 °C/min, the
cooling time of the samples after sintering varied from several hours to
one day. The choice of such a wide temperature range is due to the
possibility of studying the processes of phase transformations when
changing the annealing temperature, as well as assessing the influence of
annealing conditions on the properties of the resulting nanostructures.
As a result of experimental work on thermal annealing, a series of
samples was obtained, which was subsequently comprehensively stud-
ied to determine the effect of annealing temperature on the processes of
structural changes, as well as to establish the relationship between phase
transformations and the properties of nanoparticles.

The study of phase transformations in the structure of synthesized
Fe304/Zn0 nanoparticles depending on the temperature of isochronous
thermal annealing was carried out using the method of X-ray phase
analysis, through a comparative analysis of the observed changes in X-
ray diffraction patterns. Diffraction patterns were obtained on Mini-
Flex600 powder diffractometer (Rigaku, Japan). The diffraction pat-
terns were recorded in the Bragg-Brentano geometry in the angular
range 20 = 25-90°, with a step of 0.03°.

Determination of the phase composition of the studied Fe304/ZnO
nanoparticles depending on the annealing temperature was performed
by comparing the observed X-ray diffraction patterns with the reference
values of various phases of ferrites and iron oxides, which were taken
from the PDF-2 (2016) database. The crystal lattice parameters were
refined considering a priori information about the methods for pro-
ducing Fe304/Zn0O nanoparticles, as well as the associated structural
distortions, as a result of mechanochemical synthesis and subsequent
thermal annealing.

The morphological features of the synthesized Fe304/ZnO nano-
particles were studied using scanning electron microscopy and trans-
mission electron microscopy. To implement these methods, microscopes
JEOL 7500F (Jeol, Tokyo, Japan) and Jeol JEM-1400Plus (Jeol, Tokyo,
Japan) were used. The elemental composition of the synthesized Fe304/
ZnO nanoparticles was studied using the energy dispersive analysis
method, implemented using a Hitachi TM3030 (Hitachi, Tokyo, Japan)
microscope.

Phase transformations in Fe304/ZnO nanoparticles during thermal
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annealing were also studied using the Mossbauer spectroscopy method
on *’Fe nuclei, which made it possible to obtain additional information
about iron-containing phases. Mossbauer spectra were recorded on a
Mossbauer spectrometer MS1104Em operating in the constant acceler-
ation mode with a triangular change in the Doppler velocity of the
source relative to the absorber. The >’Co nuclei in the Rh matrix served
as a source of resonant y-quanta. The spectra were obtained at room
temperature. The spectra were processed using the SpectrRelax program
[32].

The study of the influence of the phase composition of Fe304/ZnO
nanoparticles by various methods on the heating rate and the change in
the specific absorption rate was carried out using an SPG-10AB-II vari-
able frequency induction heating unit manufactured by Shuangping
Power Supply Technologies Company Ltd., (Shanghai city, China).

Experimental conditions: current value 20 A, alternating magnetic
field with an amplitude of 210 Oe and a frequency of 320 kHz. The flask
with the test solution was heated using a copper spiral with a diameter of
6 cm, consisting of 4 turns. The magnetic field strength was calculated
based on the geometry of the coil and the magnitude of the current. The
flask with the test solution was placed inside a magnetic coil and isolated
from the environment to prevent heat transfer and heat loss. The tem-
perature of the solution was monitored using fiber optic thermometers
placed in the liquid; these changes were read every 5 seconds. Aqueous
solutions with nanoparticles dissolved in them with a volume of 10 mg/
ml were used as model solutions.

The specific absorption rate (SAR), which characterizes the thermal
conductivity properties of nanoparticles, was calculated according to
formula (1) [33]:

M AT

Cwater_ (1 )

SAR =
Mhyanoparticles At

where M is the mass of the solution, Myanoparticles is the mass of nano-
particles, Cyqeer is the specific heat capacity of the solution, AT/At is the
slope of the temperature curve.

Due to the low concentration of nanoparticles, their heat capacity
was not taken into account, and the specific heat of water was chosen as
Cwater-

The intrinsic loss power (ILP) value, which is expressed as a
quadratic dependence on the magnetic field and a linear dependence on

frequency, usually allows

one to compare the heating efficiency in
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hyperthermic studies carried out with different samples or at different
magnetic field strength parameters. To determine the value of ILP,
expression (2) was used [34]:

ILP =SAR/H?f, 2

where H is the applied field strength, f is the frequency.

The M — H curves measurements were carried out using a vibrational
magnetometer system (VSM, Liquid Helium Free High Field Measure-
ment System “Cryogenic Ltd.”). The measurements were carried out in a
magnetic field H = & 10 000 Oe, at room temperature.

To determine the efficiency of using synthesized nanoparticles as a
basis for hyperthermic applications, considering their biocompatibility
(in order to determine the absence of a negative impact on living or-
ganisms, in this case cellular structures), an MTT test was conducted.
Mia PaCa 2 cell lines were used as the cell structure, and a solution (3-
[4,5-dimethylthiazol-2yl]-2,5-diphenyltetrazolium bromide) was used
as the MTT test. Measurements were performed at three different
nanoparticle concentrations of 10, 50 and 100 pg. The test times were
24, 48, 72 and 168 hours. After each test time, the cell line survival was
assessed.

3. Results and discussion

Fig. 1 illustrates the results of X-ray phase analysis of synthesized
Fe304/Zn0 nanoparticles depending on the temperature of thermal
isochronous annealing in the range from 100 to 1000 °C with a step of
100 °C, reflecting the processes of phase transformations and structural
ordering contingent upon the annealing temperature. The general
appearance of the presented X-ray diffraction patterns when assessing
changes in the shape and position of reflections indicates both the pro-
cesses of phase transformations and the associated structural ordering
with the thermal annealing temperature growth. Moreover, these pro-
cesses of phase transformations have a pronounced temperature
dependence, which indicates that these processes are associated pri-
marily with thermal effects that arise during thermal heating of samples,
and, as a consequence, changes in the magnitude of thermal vibrations
in the structure. Also, analysis of the shape of diffraction lines depending
on the annealing temperature indicates processes of change in the de-
gree of structural ordering associated with thermal annealing of defects
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Fig. 1. Results of X-ray phase analysis of the studied Fe304/ZnO nanoparticles depending on the thermal annealing temperature.
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arising during mechanochemical synthesis.

In the case of samples obtained at an annealing temperature of
100 °C, diffraction reflections characteristic of two phases were recor-
ded in the diffraction pattern: the hexagonal phase of ZnO (PDF-01-070-
8070) and the cubic phase of magnetite Fe304 (PDF-01-071-6336). At
the same time, the dominant phase, according to the assessment of the
weight contributions of diffraction reflections, is the ZnO phase, the
content of which is more than 80 %. The low content of the magnetite
phase is due to the low structural ordering degree associated with the
chemical precipitation processes, alongside subsequent mechanochem-
ical grinding. At the same time, it should be noted that the shapes of
diffraction reflections for both phases have a pronounced asymmetry,
indicating structural distortion and deformation of the crystal lattice
associated with mechanochemical grinding. At low annealing temper-
atures, phase transformation processes are not initialized, and the main
structural changes are associated with structural ordering, which has a
clear dependence on the thermal annealing temperature.

An elevation in the annealing temperature from 200 °C to 400 °C also
does not lead to an alteration in the phase composition, but only to an
increase in the intensity of diffraction reflections characteristic of the
Fe304 — magnetite phase, the contribution of which increases from 15 to
36 %. This change indicates processes of structural ordering, leading to
an increase in the contribution of the FegO4 magnetite phase due to its
stabilization, as well as a slight enlargement of crystallite sizes from 15
to 20 nm (estimated using the Scherrer equation).

At an annealing temperature of 500 °C, according to the analysis of
X-ray diffraction patterns, a phase transformation process of the Fe3O4
— Fep03 type is observed, which is also accompanied by a change in
structure from cubic to rhombohedral. Similar processes are quite well
known for iron oxide nanoparticles, characterizing phase trans-
formations that lead not only to changes in structural features, but also
to a restructuring of magnetic and conductive properties due to changes
in the local environment of the atoms [35-37].

A growth in the annealing temperature from 500 °C to 600 °C leads
to a change in the structural ordering degree, and is also typical for the
enlargement of crystallite sizes, which is consistent with the data of
[38], in which it was demonstrated that subsequent thermal annealing
of samples of iron oxide nanoparticles during the transformation from
Fe304 — Fey0s3 is accompanied by an enlargement of grain sizes due to
sintering processes.

At an annealing temperature of 700 °C, a second phase trans-
formation occurs, associated with the formation of a spinel structure of
ZnFe04 (PDF-00-022-1022) with a cubic type of crystal lattice, the
formation of which is due to the processes of substitution of iron ions in
the Fe,Og3 structure by zinc ions with their subsequent transformation
into a spinel structure. The formation of the ZnFe,04 phase, according to
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several works [39,40], occurs at elevated annealing temperatures, and
in some cases the formation of two-phase or three-phase structures with
both magnetic and dielectric properties is possible.

A further annealing temperature growth from 700 to 900 °C results
in complete transformation of the FepO3 — hematite phase into the
ZnFey04 phase, with its dominance at annealing temperatures of
900-1000 °C.

Based on the analysis of the weight contributions of diffraction re-
flections for each established phase, depending on the temperature of
thermal isochronous annealing, a phase diagram for Fe304/ZnO nano-
particles was constructed, which is presented in Fig. 2a.

Analyzing the data presented in Fig. 2a, we can distinguish three
characteristic stages of changes in structural features in Fe3O4/ZnO
nanoparticles depending on the thermal annealing temperature. The
first stage is characteristic of the structural ordering of the Fe3O4 phase —
magnetite at annealing temperatures from 100 to 400 °C, which leads to
a rise in its contribution, and a change in the shape of diffraction re-
flections. The second stage is characteristic of phase transformation
processes such as Fe304 — Fe;03 and subsequent structural ordering of
the hematite phase, occurring at thermal annealing temperatures of
500-600 °C. The third stage is characterized by processes of phase
transformations such as FeyO3/ZnO — ZnFey04, followed by the
displacement of the Fe;O3 phase and the dominance of the ZnFeyO4
phase in the composition of nanoparticles.

Thus, the general dynamics of phase transformation processes in
Fe304/Zn0O nanoparticles depending on the temperature of thermal
isochronous annealing can be written in the following form: Fe304/ZnO
— Fey03/Zn0 — Fey03/Zn0/ZnFey04 — ZnFes04/Zn0. It should be
noted that the established phase transformations Fe304/Zn0O — Fe;O3/
ZnO — Fey03/ZnFey04 — ZnFes04/ZnO in this work refer to the ob-
tained ratio ZnO:Fe304 in equal parts 1:1. It should be noted that the
established phase transformations of the Fe304/Zn0O — Feo03/Zn0 type,
arising in the temperature range of 100-500 °C, are in good agreement
with the results of phase transformations for Fe3O4 — FeyOs nano-
particles obtained in Refs. [31,38]. It should also be noted that the
established fact of the formation of the ZnFeyO4 phase occurs at a
temperature above 600 °C is in good agreement with the results of work
[71, which describes in detail the processes of the influence of heat
treatment under various conditions.

Based on a full-profile analysis of the shape of diffraction reflections,
the structural ordering degree (degree of crystallinity (K)) was deter-
mined, calculated based on determination of the ratio of the areas of
diffraction reflections (Sr) and background radiation characteristic of a
disordered structure (Sgmorpn)- For the calculation, formula (3) was used.
The evaluation results are presented in Fig. 2b.

90 - .
structural ordering

88 \ phase transformation +

@
3

L
-

Crystallinity degree, %
@
?

Fe,0; - ZnFe,0,

1
&
L
.
=
-

@
3
L

Fe;0, — Fe,0;

78

T T T T T
0 200 400 600 800 1000
Temperature, °C

b)

Fig. 2. a) Phase diagram of Fe304/Zn0O nanoparticles depending on the temperature of thermal isochronous annealing; b) Dependence of the change in the crys-
tallinity degree of Fe304/ZnO nanoparticles with changes in the annealing temperature (arrows reflect the main processes of structural changes that have a direct

effect on the change in the crystallinity degree).
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The general form of the presented dependence of the change in the
degree of crystallinity on the temperature of thermal isochronous
annealing is characterized by two types of structural changes associated
with structural ordering and phase transformations leading to a change
in the degree of crystallinity. With an increase in the thermal annealing
temperature from 100 to 400 °C, an increase in the degree of crystal-
linity is observed, which is due to the processes of thermal annealing of
defects, as well as the ordering of the crystal structure by filling vacancy
positions due to an increase in thermal vibrations of the crystal lattice.
At a temperature of 500 °C, phase transformations of the Fe304 — Fe;O3
type occur, caused by deformation processes of the crystal lattice,
leading to the crystallinity degree reduction due to phase rearrange-
ment. A further elevation in the annealing temperature from 500 to
600 °C leads to ordering due to stabilization of the hematite phase.
However, at a temperature of 700 °C, a decrease in the degree of crys-
tallinity is associated with phase formation processes such as Fe;03/ZnO
— ZnFey0y4, as well as the displacement of the hematite phase, the
presence of which at an annealing temperature of 800 °C leads to a
decrease in the degree of structural ordering. In turn, the complete
displacement of the hematite phase from nanoparticles through its
transformation into the spinel phase of ZnFe;O4 at annealing tempera-
tures of 900-1000 °C leads to a rise in structural ordering, and a decrease
in amorphous inclusions in the structure of nanoparticles.

Based on the analysis of the obtained X-ray diffraction data, the
parameters of the crystal lattice and its volume were estimated for each
established phase depending on the temperature of thermal isochronous
annealing. These assessments of structural parameters are demonstrated
in Table 1.

The general trend of alterations in crystal lattice parameters
depending on the annealing temperature indicates the processes of
atomic ordering and compaction that occur with changes in thermal
vibrations, alongside the filling of cation positions in octo and tetrahe-
dral positions. These structural orderings are most pronounced during
the formation of the ZnFe;04 phase, an increase in the annealing tem-
perature for which leads to a decrease in volume by more than 1 %,
which indicates a reduction in deformation distortions in the structure.
Also, the ordering of the ZnFe,O4 phase with increasing temperature
may be due to a change in the ratio of elements, as well as the redis-
tribution of Zn?>" and Fe>" ions in interstices, due to the difference in the
ionic radii of Zn?* (0.74 .ﬁo\) and Fe®" (0.67 f\). The processes of phase
transformations occurring at temperatures of 500 and 700 °C, mean-
while, result in distortion of the zinc oxide crystal lattice.

One of the important parameters for assessment of the nanoparticles’
applicability for various practical applications is the size of their grains
or crystallites, the change in which can be associated with both phase
formation effects and thermal sintering processes leading to their
sticking together to form large agglomerates. In most cases [41,42],
thermal annealing at high temperatures results in the initialization of
sintering or adhesion of nanoparticles associated with recrystallization
processes. This change in the size of nanoparticles is usually associated
with the fact that during high-temperature thermal annealing, oxidation
processes occur when interacting with oxygen, which leads to the
sticking together of particles with their subsequent transformation into
larger agglomerates. In the case of composite nanostructures, the pres-
ence of different phases can also lead to the adhesion of nanoparticles
into large agglomerates due to the difference in melting temperatures
and phase transitions, the initialization of which can occur with
increasing annealing temperature.

Fig. 3 presents the results of morphological studies in the form of
images obtained using high-resolution transmission electron microscopy
of Fe304/Zn0 nanoparticles annealed at temperatures of 100, 500, 700
and 1000 °C. The choice of temperatures is determined by the charac-
teristic processes of phase transformations in Fe304/ZnO nanoparticles
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Table 1
Data on the crystal lattice parameters and volume for Fe304/Zn0O nanoparticles.

Temperature,
°C

Lattice parameter and volume

ZnO - Fe304 —
Waurtzite Magnetite

Fe,03 —
Hematite

ZnFe,;04
—Spinel

100 a=32508+ a=83532 - -
0.0013A,c=  +0.0016
5.2069 + A,
0.0012 A, V = 582.84
V=4768A% A3
200 a=32476+ a=83465 - -
0.0012A,c=  +0.0014
5.2049 + A,
0.0017 A, V = 581.45
V=4754A% A®
300 a=32483+ a=83432 - -
0.0017 A, +0.0017
¢=52019+ A,
0.0012 A, V = 580.75
V=4753A% A3
400 a=32399+ a=83365 - -
0.0013A,c=  +0.0013
5.1957 + A,
0.0017 A, V = 579.36
V=4723A° A®
500 a=32482+ -
0.0017 A, ¢ =
5.2039 +
0.0015 A, V =
47.55 A3
600 a=32507+ -
0.0013 4, c =
5.3081 &
0.0015 A, V =
47.66 A®
700 a=32513+ -
0.0012 4, ¢ =
5.2071 +
0.0014 A,
V = 47.67 A3
800 a=32518+ -
0.0012 4, c =
5.2092 +

a=5.0297 + -
0.0015 A, ¢ =
13.7486 +
0.0013 A,V =
301.21 A3
a=5.0337 + -
0.0015 A&, ¢ =
13.7565 +
0.0012 A,
V = 301.86 A3
a=5.0386 +
0.0015 A, ¢ = +0.0016 A,
13.7376 + V = 603.22
0.0013A,v=  A®
302.04 A®
a=5.0427 +
0.0014 A, ¢ = +0.0015 A
13.7486 + V = 602.86
0.0015 A, 0.0012 A, A3
V = 47.70 A® V = 302.77 A3
900 a=32359+ - -
0.0016 A; ¢ = +0.0013 A;
5.1884 + V = 595.54
0.0012 A, A3
V = 47.05 A3
1000 a=32347+ - -
0.0015 A; ¢ = +0.0012 A,
5.1822 + V = 594.83
0.0017 A; A3
V = 46.96 A®

a = 8.4494

a = 8.4477

a=8.4139

a=8.4101

associated with the transformation of magnetite into hematite, as well as
the formation of the spinel phase of ZnFe;04.

As is evident from the presented images, in the case of thermal
annealing at 100 °C, the presence of two types of particles with different
shapes is observed. Elemental analysis suggests that the much larger
hexagonal particles are zinc oxide, which is characterized by a hexag-
onal or feather-shaped particle shape (see data in Fig. 1 in Supplemen-
tary material). At the same time, the sizes of ZnO particles differ
significantly from the sizes of particles having a spherical shape, char-
acteristic of Fe3O4 nanoparticles.

An elevation in the annealing temperature to 500 °C, resulting in
phase transformations such as Fe3O4 — Fey0s, is accompanied by a
slight enlargement of particles, with the formation of larger particles
characteristic of hematite, which is in good agreement with the data
from the analysis of the structural features of the synthesized nano-
particles. At the same time, the formation of ZnFe;O4 nanoparticles
leads to further coarsening of the particles, as well as isotropy and
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Fig. 3. TEM images of synthesized Fe304/ZnO nanoparticles at different thermal annealing temperatures, reflecting changes in the size and shape of nanoparticles: a)

100°C; b) 500°C; ¢) 700°C d) 1000°C.

uniformity of both the shape and size of the particles, which was not
observed at lower annealing temperatures (see data in Fig. 2 in Sup-
plementary material).

In the case of the initial Fe304 nanoparticles obtained by chemical
precipitation in the initial state before thermal annealing the phase
composition is represented by the magnetite Fe3 04 structure with a
highly disordered structure. At the same time, in the structure of
nanoparticles before thermal annealing, it is not possible to establish the
exact weight fraction of y-Fe;O3 due to the highly disordered structure,
alongside the difference in stoichiometry. Moreover, the change in the
oxidation state in the structure of nanoparticles depending on annealing
has a clearly expressed dependence on the annealing temperature, an
increase in which results in phase transformations caused by trans-
formations of the Fe304/ZnO — Fey03/ZnO — Fey03/ZnFey04 —
ZnFe»04/Zn0 type. A detailed change in the oxidation state was studied
using the Mossbauer spectroscopy method.

Figs. 4 and 5 demonstrate the Mossbauer spectra of the studied
Fe304/Zn0 nanoparticles. As is evident, the spectra of nanoparticles,
unannealed and annealed at temperatures of t,,, < 400 °C (Fig. 4), are
mainly a Zeeman sextet with signs of relaxation behavior of nano-
particles. Based on data obtained by X-ray diffractometry and electron
microscopy, it can be assumed that these iron-containing nanoparticles
correspond to Fe3O4 oxide.

Double iron (ILIII) oxide Fe3O4 in nanoparticles, which can exhibit
relaxation behavior, can be represented as non-stoichiometric magnetite
Fe3,04. In accordance with this, the spectrum of double iron oxide was
generally described within the framework of the multilevel super-
paramagnetic relaxation model [43] by three partial relaxation spectra

corresponding to Fe atoms in three different structural and valence
states: trivalent Fe>" ions in the tetrahedral (A) and octahedral (B) po-
sitions — FeJ™ and Fel*, and Fe®" ions in the octahedral position —
Fe>" of the magnetite structure. A detailed description of the model of
the spectrum of double iron oxide nanoparticles, which considers both
possible superparamagnetic relaxation and fast electron exchange be-
tween neighboring Fe2" and FeJ" atoms in the octahedral position [44,
45], is presented in our previously published works [46,47]. This model
makes it possible to determine not only the hyperfine parameters of the
spectrum of double iron oxide (ILIII) Fe3O4, but also the number of
vacancies in the octahedral position of Fe (0 < y < 1/3) atoms per for-
mula unit Fe3 ;04 (degree of nonstoichiometry of magnetite Fe3,04), a
parameter of the multilevel superparamagnetic relaxation model (),
equal to the ratio of the magnetic anisotropy energy En, to the thermal
energy kgT, the magnetic anisotropy coefficient at room temperature
(Kefr), as well as the size of the magnetic ordering region (d).

Along with the partial spectra of double iron oxide (ILIII) Fe3Oy4, in
the center of the Mossbauer spectra of unannealed and annealed Fe3O4/
ZnO nanoparticles at 100-400°C, a low-intensity (<3 %) quadrupole
doublet is observed (Fig. 4). Ultrafine parameters of the quadrupole
doublet: isomer shift 8 ~0.11-0.14 mm/s and quadrupole shift ¢
~0.19-0.23 mm/s, correspond to Fe3" atoms in a paramagnetic state
with a tetrahedral oxygen environment, presumably dissolved or
incorporated into the lattice of zinc oxide ZnO (ZnO:Fe) [48-50] during
the mechanochemical synthesis.

At temperatures above 400°C, a dramatic change in the appearance
of the Mossbauer spectra is observed - a new Zeeman sextet and a second
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Fig. 4. Results of interpretation of the Mossbauer spectra of unannealed and annealed Fe304/ZnO nanoparticles at 100, 200, 300 and 400 °C.

quadrupole doublet appear, the contribution of which increases with
increasing annealing temperature (Fig. 5). According to X-ray diffrac-
tion and electron microscopy data, the sextet corresponds to hematite
a-FeyO3, and the doublet corresponds to the spinel phase of ZnFeyOy4,
which is in a paramagnetic state at room temperature [51,52].

Thus, in the general case, the interpretation of the spectra of Fe304/
ZnO nanoparticles was carried out using a model consisting of three
interconnected relaxation partial spectra of double iron oxide (ILIII)
Fe304 (corresponding to the Fe3', Fe3" and Fe2>" atoms), to which an
independent Zeeman sextet corresponding to hematite and two quad-
rupole doublets corresponding to ZnO oxide with impurity atoms Fe
(ZnO:Fe) and ZnFey04 (Figs. 4 and 5) were added. The figures above
each spectrum show color bar diagrams of the positions of the resonance
lines of partial spectra (subspectra), corresponding to different phases
(Fes.,O4 — blue, a-Fez03 — red, ZnO:Fe — brown, ZnFe;04 — green). As is
evident, all experimental spectra are well described within the frame-
work of the model used: normalized chi-square values range from 0.84
to 1.29.

Fig. 6a illustrates the relative intensities of partial spectra corre-
sponding to different states of Fe atoms in Fe304/ZnO nanoparticles,
depending on the annealing temperature t,,,. Analysis of the data ob-
tained reveals that the intensity of the partial spectrum of Fe2>" (Fes.
,04) atoms is practically zero. This means that double iron oxide (ILIII)

Fe304 in unannealed and annealed nanoparticles is a non-stoichiometric
magnetite with a maximum degree of non-stoichiometry y =~ 1/3, that
is, almost pure maghemite y-Fe,Os.

Above the annealing temperature of 400 °C, the relative intensity of
the partial spectra corresponding to the Fe3* and Fe3* states of Fe atoms
in Fes.,O4 sharply decreases from 97 to 99 % to 7.2 £ 0.2 %, and the
intensity of the spectrum of Fe>* atoms in a-Fe,03 hematite rises sharply
to 87.7 £ 0.3 %. At the same time, the spectrum reveals a partial
spectrum of Fe atoms in the spinel phase of ZnFe,04 with a relative
intensity of 5.1 £ 0.2 %. With a further increase in the annealing tem-
perature above 600 °C, a decrease in the intensity of the a-FepO3 spec-
trum to 20.5 + 0.8 % at a temperature of 1000 °C is observed,
accompanied by a corresponding increase in the intensity of the ZnFe,O4
spectrum to 79.5 £+ 0.8 %.

To compare the results of X-ray and Mossbauer phase analyses,
Fig. 6b demonstrates the relative contributions to the Mossbauer spec-
trum (MS) and X-ray diffraction pattern (XRD) of iron-containing phases
in Fe304/Zn0 nanoparticles as a function of annealing temperature.
Note that the main features of the change in the relative contributions to
the Mossbauer spectrum and the X-ray diffraction pattern with
increasing annealing temperature are quite well consistent with each
other.

As a result of the model interpretation of Mossbauer spectra in the
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Fig. 6. a) Relative intensities of partial spectra corresponding to different states of Fe atoms in Fe304/ZnO nanoparticles, depending on the annealing temperature
tann; D) Relative contributions to the Mossbauer spectrum (MS) and X-ray diffraction pattern (XRD) of iron-containing phases in Fe304/ZnO nanoparticles depending

on the annealing temperature tany.

range of annealing temperatures at which double iron oxide (ILIII)
Fe304 is determined in the form of maghemite y-Fe;Os3 the values of the
multilevel superparamagnetic relaxation model parameter o and the
magnetic anisotropy energy En, = akgT uniquely associated with it at a
given temperature (295 K), which increase monotonically with
annealing temperature growth (see Fig. 3a in Supplementary material),
were obtained.

Since in our case the double iron oxide (ILIII) Fe3O4 in unannealed

and annealed Fe304/Zn0O nanoparticles is practically pure maghemite
v-Feo03, the effective magnetic anisotropy coefficient Kegs was taken
equal to (4.95 + 0.75) 10 J/m3 [46,47]. Using this value of the coef-

ficient K¢ and the magnetic anisotropy energy Ey,,, the average sizes of
1

6Ema
7K et

3
the magnetic ordering regions d = ( ) of Fe atoms in double iron

oxide were calculated, presented in Fig. 3b in Supplementary material. It



K.B. Kaliyekperova et al.

is evident that as the annealing temperature rises, the average sizes of
these regions increase slightly from 20.5 + 0.2 to 21.6 &+ 0.3 nm due to
their structural and magnetic ordering. Note that the average sizes of
regions of magnetic ordering are consistent with data on the sizes of
regions of structural ordering and particle sizes obtained using X-ray
diffractometry and transmission electron microscopy.

As a result of the model decoding of the Mossbauer spectra of Fe304/
ZnO nanoparticles subjected to thermal annealing, the values of ultra-
fine parameters of the partial spectra (ultrafine magnetic fields Hy,
spectral shifts § and quadrupole shifts of resonance lines €), which made
it possible to identify the partial spectra and analyze their dependence
on the annealing temperature, were obtained.

Fig. 3c and d in Supplementary material, which present the ultrafine
parameters of the partial spectra of nonstoichiometric magnetite Fes.
404, show that the spectral shifts 6 for ferric iron ions vary in the ranges
of 0.20-0.23 mm/s and 0.37-0.40 mm/s (Fig. 10c), which is typical for
tetrahedral (A) and octahedral (B) oxygen environments in the Fe3 ;04
structure, respectively.

Ultrafine magnetic fields H, on >Fe nuclei for ferric iron ions in
tetrahedral and octahedral positions are quite close (|HE — H2| < 4 kOe)
and, in contrast to other ultrafine parameters for these ions, at ty,, <
400°C they increase markedly with growing annealing temperature
(Fig. 10d). Since the annealing temperature growth, as shown above,
does not change the limiting degree of nonstoichiometry of magnetite,
such an increase in ultrafine magnetic fields indicates an improvement
in the structure, as evidenced by a decrease in the unit cell parameter
(see Table 1). As for the quadrupole shifts, their values turned out to be
close to zero (|¢| < 0.04 mm/s), which is typical for the partial spectra of
nonstoichiometric magnetite Fe3 04 [53,54].

The obtained values of the hyperfine parameters of the second
quadrupole doublet, shift § ~0.34 mm/s and quadrupole displacement &
~0.20 mm/s, correspond to Fe>* atoms in the octahedral position of the
ZnFey04 spinel structure (see, for example, [51,52]).

The dependences of the hyperfine parameters of the partial spectrum
of hematite a-FeyOs in Fe304/ZnO nanoparticles on the annealing
temperature are presented in Fig. 4 in Supplementary material. It can be
seen that the spectrum shift remains virtually unchanged (6 ~ 0.373
mm/s), and the hyperfine magnetic field H; and the quadrupole shift & of
the hyperfine structure components increase slightly with increasing
annealing temperature up to 900 °C, approaching the values corre-
sponding to massive hematite [55,56]. Thus, it can be concluded that as
the annealing temperature is increased, the crystal and magnetic
structure of hematite is improved. However, at an annealing tempera-
ture of 1000 °C, the hyperfine magnetic field decreases to ~515 kOe,
and the quadrupole shift to — 0.109 mm/s, which may be due to the
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T T T T T T
-4000 -2000 0 2000 4000
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introduction of Zn atoms into the hematite structure, leading to
disruption of Fe-O-Fe exchange bonds.

Fig. 7a demonstrates the results of measurements of M — H curves of
the studied nanoparticles depending on their annealing temperature,
which affects the change in phase composition, and as a consequence,
the grain sizes and their shape. Fig. 7b reveals the Mg values determined
from the M — H curves shown in Fig. 7a, alongside the dominant phase
in the nanoparticles and their shape, since these parameters are among
the most important parameters affecting magnetic properties. The
observed alterations in the M — H curves, expressed in the presence of a
small hysteresis in this case, can be explained by a number of factors, the
key one of which is the size and shape of the grains, alongside the
variation in the structural ordering degree associated with the phase
formation processes during thermal annealing. According to the data
obtained, the crystal structure ordering at an annealing temperature of
100-400°C results in the MS value growth from 81.5 emu/g to 94.3
emu/g, while the phase transition of the Fe304 — Fe;O3 type leads to an
insignificant increase in the Mg value to 97.1-98.2 emu/g. The forma-
tion of the ZnFe;O4 phase in the structure of nanoparticles with its
subsequent doping results in the Mg value reduction to 74.4-77.9 emu/
g. Such changes in this case may be due to the fact that spherical mag-
netic particles have higher values of saturation magnetization, the
changes in which are due to the redistribution of cations in the structure.
The compaction of grains (increase in their growth during thermal
annealing) leads to the magnetic domains (crystallites) being in closer
contact with each other, and according to X-ray phase analysis data,
with an increase in the annealing temperature, structural ordering of the
magnetic phase in the nanoparticles is observed. In this case, the
compaction of particles leads to the provision of magnetic bonding of
surface ions, which in turn allows for an increase in saturation magne-
tization. Phase transformations from Fe304 — Fe;03 to ZnFey04 lead to
a change in the shape of particles, which in turn affects the reduction of
the MS value, which is associated with both phase changes and observed
structural effects. It should be noted that the observed Mg values for
ZnFey04 are in good agreement with the results of a number of studies
[57,58] obtained by the sol-gel method.

Thus, the analysis of the data obtained showed the connection be-
tween changes in the phase composition of nanoparticles and their sizes,
caused by phase transformations under the influence of temperature and
magnetic properties, both at the macro level (when measuring M — H
curves) and during determination of hyperfine parameters (using the
method of analyzing Mossbauer spectra).

Determination of biocompatibility of the studied nanoparticles,
synthesized using the mechanosynthesis method and subsequent ther-
mal annealing, was carried out using the MTT test at various

Temperatur  Ms, emu/g  Dominan Grain shape
eof t
annealing, magnetic

°C phase

100 81.5+1.3 Fe;04 Finely

200 85.2+1.1 Fe;04 dispersed

300 90.4+2.1 Fe;04 fraction of
spherical grains

400 94.3£1.9 Fe;04 Enlargement of

500 97.1+2.4 Fe O3 spherical grains

600 98.2+1.6 Fe,03 mixture of

700 92.3+1.3 Fe,03/Zn clongated

Fey04 grains of

800 89.8+1.5  ZnFe,O4 ZnFe;O4 and

spherical grains
of Fe;0O3

900 77.9+1.6 ZnFe,O4 Small,

1000 744+12  ZnFeO4 uniformly
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Fig. 7. a) Results of M — H curves measurements for the studied nanoparticles; b) Results of calculations of the Mg value.
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concentrations of nanoparticles and test time intervals (from 24 to 168
hours). The results of the MTT tests for the studied nanoparticles are
shown in Fig. 8. The general form of the presented data on the efficiency
of cell survival depending on the concentration and time of testing has
several dependencies. The first of the observed dependencies is associ-
ated with the concentration of nanoparticles, according to which an
increase in the concentration of nanoparticles from 10 to 100 pg, in the
case of structurally disordered particles (obtained at an annealing tem-
perature of 100-500 °C) leads to a decrease in cell survival from 99 —
100 % to 97 %. At the same time, for nanoparticles in which the Fe;O3
and ZnFe;04 phases dominate, the efficiency of cell survival after 24
hours remains unchanged. A similar situation is observed after 48 hours
of testing, with a difference not only in the efficiency of cell survival (a
decrease to 96-97 %), but also the manifestation of the effect of survival
reduction at a nanoparticle concentration of 50 pg (the observed
decrease is about 1-2 %). After 72 hours of testing, the effect of survival
reduction (up to 1 %) is observed for nanoparticle concentrations of 10
pg, and with an increase in the concentration of nanoparticles, the
maximum reduction is about 3 % for a concentration of 50 pg and about
5 % for a concentration of 100 pg. The observed reduction in this case
can be explained not only by the effect of nanoparticles on cells, but also
by corrosion products that arise as a result of prolonged exposure to the
medium during the MTT test, which results in corrosion of the nano-
particles (see Data in Ref. [19]). More pronounced effects of the influ-
ence of long-term presence of nanoparticles in interaction with cell lines
are manifested after 168 hours of testing, after which for nanoparticles
obtained at annealing temperatures of 100-500 °C the survival rate is
about 85-89 %, while for particles in which the ZnFepO4 phase domi-
nates the survival rate is about 95-96 %.

Thus, by analyzing the data obtained, it can be concluded that these
nanostructures have good biocompatibility and do not have a negative
impact on cellular structures.

As a rule, the use of ferrite nanoparticles as a basis for hyperthermic
studies is primarily due to the possibility of local heating of
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nanoparticles when exposed to an alternating magnetic field, which
leads to the release of a large amount of heat in a short period of time,
which in turn causes apoptosis of cancer cells. At the same time, the
unique magnetic characteristics, as well as the heat-conducting prop-
erties of ferrites, combined with their biocompatibility and non-toxicity,
make them one of the most promising types of nanoparticles in their use
as a basis for hyperthermic applications. Moreover, in the case of zinc
ferrite, the spinel type of structure implies the fact that non-magnetic
Zn®* cations fill the sites of the A sublattice, which leads to the
appearance of the effect of paramagnetism at room temperature, the use
of which allows us to expand the possibilities of using ferrite nano-
particles as a basis for hyperthermal research.

Fig. 9a reveals the measurement results of the temperature de-
pendences of heating of Fe304/Zn0O nanoparticles.

As can be seen from the presented dependences of the change in the
heating temperature of an aqueous solution (T) when exposed to an
alternating magnetic field, the heating of the solution occurs with a
different trend, which has a pronounced dependence on the type of
nanoparticles, in particular, their phase composition. The change in the
T(t) dependences for different nanoparticles indicates different types of
heat transfer, as well as heat release processes when exposed to nano-
particles. In this case, as is evident from the data presented, an increase
in heating time (t) in the case of nanoparticle samples containing in-
clusions in the form of particles of magnetite or hematite leads to a
change in the trends in temperature heating, which may be due to both
the effects of magnetic disorder and the presence of structurally disor-
dered or amorphous inclusions.

Based on the presented T(t) dependences, the heating rates of the
aqueous solution were calculated, reflecting the change in the temper-
ature of the solution when nanoparticles are exposed to an alternating
magnetic field over a certain time. The threshold value for calculations
was T = 42.5 °C, a characteristic temperature for the treatment of cancer
tumors using thermotherapy methods. The evaluation results are pre-
sented in Fig. 9b.
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Fig. 8. Results of the MTT test of the studied nanoparticles depending on the test time: a) 24 hours; b) 48 hours; ¢) 72 hours; d) 168 hours.
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Fig. 9. a) Results of measuring the dependence of the heating temperature of Fe304/ZnO nanoparticles on time (the dotted red line indicates a temperature of
42.5 °C, characteristic of hyperthermic tests); b) Results of the aqueous solution heating rate assessment.
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Fig. 10. a) Results of the SAR value assessment depending on the annealing temperature, which is used to initiate phase and structural changes in Fe304/ZnO
nanoparticles; b) Results of ILP value change assessment depending on the annealing temperature, which is used to initiate phase and structural changes in Fe304/

ZnO nanoparticles.

As is evident from the data presented, a change in the synthesis
conditions of nanoparticles, and therefore, a change in the phase
composition, as well as the structural ordering degree, results in heating
rate growth, the change in which may be due to alterations caused by
improved heat transfer of nanoparticles, as well as variations in mag-
netic properties and the magnetic ordering degree. In the case of
increasing the thermal annealing temperature in the temperature range
100-400 °C, a small change in the heating rate is observed, since the
main processes at this stage are associated with structural ordering, as
well as an increase in the ordering of the magnetite phase, which leads to
an alteration in the value of magnetic anisotropy caused by distortion of
the hyperfine parameters of the magnetic field, as well as the filling of A
and B sublattices with vacancy defects or zinc atoms. Phase trans-
formations such as Fe304 — Fey03, occurring at annealing temperatures
above 500 °C, result in the heating rate growth, which may be due to the
effects of changes in magnetic characteristics, alongside structural
ordering, leading to compaction of nanoparticles. In this case, in addi-
tion to the effects associated with magnetic ordering, leading to lower
losses of thermal power due to dissipation when exposed to an external
magnetic field.

During the transition of nanoparticles to the paramagnetic state
associated with the formation of the ZnFe;0O4 phase, the increase in the
heating rate under the external influence of an alternating magnetic
field is influenced by Brownian relaxation losses that occur when the
grain sizes change and their movement in the solution during exposure
to the magnetic field. Moreover, the formation of the paramagnetic
ZnFey04 phase leads to an almost 2.5-fold increase in the heating rate in
comparison with the same value for nanoparticles containing the
magnetite phase. Thus, summing up the assessment of the heating rate of
aqueous solutions using Fe304/Zn0O nanoparticles, it can be concluded
that composites in which the paramagnetic ZnFe;O4 phase dominates

11

possess the greatest efficiency in aqueous solution heating. It is also
worth to note that in the case of ZnFe;04/Zn0 nanoparticles, the trend
in the T(t) dependence is close to linear, while for nanoparticles ob-
tained at annealing temperatures of 100-400°C, a deviation from line-
arity is observed, indicating a nonadiabatic heat transfer process, which
arises as a result of the morphological features of nanoparticles, as well
as the presence of inclusions of magnetic disorder.

Fig. 10a-b presents the results of estimates of the specific absorption
rate and the power of intrinsic losses, reflecting the dynamics of the
heat-conducting properties of nanoparticles when exposed to an alter-
nating magnetic field. These graphs were constructed based on calcu-
lated data assessing changes in the heating rate of an aqueous solution
under external influence of an alternating magnetic field. Calculations
were carried out using formulas (1) and (2). The obtained dependences
reflect the efficiency of heat transfer processes and subsequent heating
of an aqueous solution by nanoparticles during the time required to heat
the solution to 42.5 °C.

The overall appearance of the presented dependence of the change in
the SAR value indicates that in the case of Fe304/Zn0O nanoparticles the
magnetite and hematite phases are present in the composition, the SAR
value is no more than 40-50 W/g, which is a very low indicator
reflecting the heating efficiency. Moreover, in addition to low absorp-
tion rates, indicating poor heat transfer, the heating time of aqueous
solutions using these nanoparticles is quite long, which requires a long
exposure time to an alternating magnetic field on living organisms in the
case of using these nanoparticles as the basis for hyperthermic studies.

The increase in the efficiency of the specific absorption rate (SAR)
and the intrinsic loss power (ILP) observed for ZnFe,O4 nanoparticles in
comparison with Fe3O4 in this case can be explained by several factors,
including structural features (for ZnFe,O4 nanoparticles the structural
ordering degree is significantly higher), morphological features,
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expressed in the fact that ZnFe;O4 nanoparticles are more uniform in
size and particle shape, which excludes the shape effect observed for a
mixture of Fe3O4(Fex03)/Zn0 particles obtained at annealing temper-
atures of 100-700 °C. This shape effect is due to the magnetic FesO4(-
FeyO3) particles being surrounded by larger ZnO particles, which
prevents the rapid heat transfer observed for ZnFe,O4 particles. In case
of non-uniform particle sizes, heat exchange processes will be non-
uniform, due to the presence of grain boundaries and defective struc-
ture, preventing heat transfer, as a result of which the heating rate will
be slower, unlike well-structured, uniform-sized particles. Also, the
share of structurally ordered magnetic fraction, the change of which is
directly related to the processes of phase formation, plays an important
role in the heating processes.

During phase transformations in Fe3O4/ZnO nanoparticles associ-
ated with the formation of the spinel structure of ZnFe;0y4, leading to a
change in the magnetic properties of nanoparticles with the subsequent
dominance of paramagnetic behavior, the SAR value increases by more
than 2.0-2.5 times, which indicates an increase in efficiency and ac-
celeration of heat transfer processes. At the same time, the dependence
of changes in the ILP value for the studied Fe304/ZnO nanoparticles
with variations in their phase composition also indicates an enhance-
ment in the efficiency of heat transfer processes during the formation of
the ZnFe,04 spinel phase in nanoparticles. In this case, such a difference
in the efficiency of heat transfer and heat exchange processes when the
phase composition of nanoparticles changes can be explained by the
following facts. When the spinel structure of ZnFe;O4 is formed, the
magnetic properties of nanoparticles become characteristic of super-
paramagnets, which, as a result of external influences by a magnetic
field, experience strong vibrations, resulting in changes in the values of
Brownian and relaxation losses for nanoparticles, the alteration of which
leads to acceleration of heat transfer processes and rapid heating.

Below in Table 2 the results of a comparative analysis of the SAR
value efficiency for the studied nanoparticles with literature data taken
from a number of works [59-63], reflecting the assessment of the use of
various types of nanoparticles as magnetic materials for hyperthermic
studies, are presented. According to the analysis, the results obtained for
Fe304/Zn0O nanoparticles annealed at 1000 °C, which showed the
highest efficiency of use, can compete quite well with other types of
iron-containing nanoparticles, including those modified in various ways.
Moreover, the proposed method for synthesis of Fe304/ZnO nano-
particles is less expensive than the methods considered in Refs. [59-63],
from which it can be concluded that these nanoparticles are quite
promising for using as materials for hyperthermia, taking into account
their low cytotoxicity and much higher cell survival compared to
Zn; _xCayFe04 nanoparticles [59], for which cell survival was less than
85 %.

4. Conclusion

In this study, using methods of mechanochemical synthesis followed
by thermal annealing, the properties and prospects of using Fe304/ZnO
nanoparticles were studied. The use of the mechanochemical synthesis
method to obtain nanoparticles makes it possible to scale up this tech-
nique for further production of nanoparticles.

Using the X-ray phase analysis method, it was established that the

Table 2
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processes of phase transformations occur in two main stages. The first
stage consists of the phase transformation Fe304 — Fe3Os, characteristic
of classical transformations of iron oxide upon heating above 400 °C.
The second stage is characteristic of the formation of the spinel structure
of ZnFe;04 with the complete transformation of the Fe;O3 phase into
ZnFey04, with the replacement of iron ions by zinc ions in octo and
tetrahedral positions.

Analysis of the morphological features of synthesized Fe304/ZnO
nanoparticles using scanning electron and transmission electron mi-
croscopy methods revealed that variation in the phase composition leads
to the enlargement of particles, alongside the formation of agglomerates
when ZnFe;O4 appears in the composition. Moreover, variation in
thermal annealing conditions results in the formation of a composite
mixture of two types of particles, which are hexagonal particles of zinc
oxide surrounded by spherical particles of iron oxide (magnetite or he-
matite) or ZnFeyOg4.

Using Mossbauer spectroscopy methods, the dependences of the
hyperfine parameters of the spectra of iron-containing phases on the
annealing temperature were obtained. It has been shown that Fe3O4
nanoparticles have a relaxation behavior and represent almost pure
maghemite y-Fe,Os, in which, with increasing annealing temperature,
the structure improves, and the average sizes of magnetic ordering re-
gions grow. The processes of phase transformations obtained using
Mossbauer spectroscopy methods are consistent with the data of X-ray
phase analysis.

During assessment of the effectiveness of using synthesized Fe3O4/
ZnO nanoparticles as a basis for hyperthermic heating of model solu-
tions, it was found that the formation of a spinel structure of the ZnFe,04
type results in the solution heating rate growth, and consequently, the
application efficiency growth. During the studies, it was found that the
formation of the ZnFe;O4 phase leads not only to an increase in the
heating rate, but also to the formation of a linear dependence of the
change in the solution temperature on the time of exposure to an
alternating magnetic field.

Analysis of the SAR and ILP values for synthesized Fe304/ZnO
nanoparticles showed that the formation of nanoparticles with the
dominant ZnFe;04 phase in the structure leads to an increase in the
efficiency of heat transfer processes by 2.0-2.5 times. These changes are
due to effects associated with changes in the vibration processes of
nanoparticles in a superparamagnetic state.
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