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Abstract

ZnFe,04 nanomaterials were synthesized using the sol-gel method with different fuels: citric acid, tartaric acid, ascorbic
acid and glucose monohydrate. The effects of organic fuel type and calcination temperature on the magnetic properties of
zinc ferrite were studied. X-ray diffraction analysis, thermogravimetric analysis, differential scanning calorimetry, and
transmission electron microscopy were used to investigate the process of zinc ferrite formation during the calcination of
intermediate gel products, as well as to analyze the crystal structure and samples morphology. The formation of hematite
and wurtzite secondary phases was confirmed for some materials, and the influence of heat treatment conditions on
impurity formation was discussed. The particle size of zinc ferrite was 11-39 nm depending on the calcination
temperature and selected fuel. According to data obtained using a vibrating sample magnetometer, the ZnFe,O4
nanoparticles exhibited ferrimagnetic behavior with saturation magnetization values of 1.92—-15.61 emu/g. Changing the
fuel type and the calcination temperature makes it possible to obtain ZnFe,O, nanomaterials with specific magnetic
properties.
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Highlight

e Nanosized ZnFe,0, samples were obtained by the sol-gel method using four fuels.

e The formation of zinc ferrite nanoparticles has been experimentally confirmed

e The effect of fuel on phase composition of ZnFe,0,4 was studied by X-ray diffraction
e Zinc ferrite nanomaterials exhibit ferrimagnetic behavior at room temperature

1 Introduction

Nanosized magnetic material technology is still under
development and has attracted the attention of researchers.
Magnetic materials are currently used in electronics, infor-
mation storage, biomedical applications, and environmental
conservation [1-3]. The potential applications of these
materials are determined by various factors, such as stability
and safety for human health and the environment [4, 5], low
cost, etc. Nanoscaled spinel ferrites are corresponding to
these requirements. Nanosized ferrites with spinel structure
are characterized be general formula MFe,O, and are
widely known as data recorders, energy storage devices [6],
contrast agents for magnetic resonance imaging [7], sensors
[8, 9], catalysts [10], heavy metal adsorbents [11, 12]. Zinc
ferrite is a promising material, with a wide range of func-
tional properties, including magnetic ones.

Zinc ferrite has a normal spinel type structure, in which Zn*"
ions occupy tetrahedral (A) positions, Fe*™ ions arranged in
octahedral (B) lattice interstices. Such distribution of cations on
sublattices is characteristic for bulk ZnFe,O,, which is anti-
ferromagnetic at temperatures below Ty =9K, in contrast to
nanoscale zinc ferrite, which exhibits ferrimagnetic or para-
magnetic properties due to differences in the cation distribution
between sublattices [13]. The magnetic properties of materials
based on zinc ferrite are also influenced by the synthesis method
and particle size [14], which is expressed in the dependence of
saturation magnetization and coercivity on these parameters.

The most significant parameters for magnetic properties
assessment of zinc ferrite materials are saturation magneti-
zation (Mg) and coercivity (Hc). The range of optimal
values for each parameter varies on the potential applica-
tions of ZnFe,O4 [15, 16]. The fabrication of zinc ferrite
nanomaterials with easily tunable Mg and H¢ is one of the
high priority issues for researchers, which is solved by
selecting the optimal synthesis method and controlling the
processing conditions of the intermediate product [17, 18].
ZnFe,0,4 is commonly prepared by co-precipitation [19],
thermal decomposition [20], hydrothermal [21], and sol-gel
processes [14, 22] and other methods. These methods pro-
vide the synthesis of zinc ferrite with different morphology,
particle size and readily adjustable magnetic characteristics.
All synthesis methods have both advantages and dis-
advantages: expensive equipment, duration of synthesis,
low yield, etc. The advantages of using sol-gel method are
simplicity and availability, relatively low energy
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consumption, obtaining homogeneous and chemically pure
ferrite particles [23]. The most promising is the group of
sol-gel methods using organic compounds that also act as
fuels, such as urea [24], citric acid [25], glycine [26], starch
[27], ethylene glycol [28], egg white [29]. The organic
reagents used in the method strongly influence the operating
temperature [7], combustion rate, which ultimately deter-
mines the morphology, composition, and structure of ferrite.
Slatineanu et al. prepared zinc ferrite by an optimized sol-
gel auto-combustion technique using six different pre-
cursors as fuels [30]. ZnFe,O4 nanoparticles were obtained
by coprecipitation using surfactants from plants such as
lemon, red pepper, black pepper, saffron, as well as gelatin,
polyvinylpyrrolidone, and glucose. It was shown that the
introduced additives influenced the morphology and size of
ZnFe,0O,4 nanoparticles [31]. The measured magnetic prop-
erties for ZnFe,O, samples indicated that ferrimagnetic
nanomaterials can be obtained using glucose and glycine,
while replacing the fuel with egg white leads to a change in
the magnetism to paramagnetic behavior. A. Shanmugavani
et al. performed a comparative analysis of the magnetic and
electrical properties of zinc ferrite produced by combustion
synthesized at different pH values using asparagic acid and
glycine [32]. The results of the measurements revealed the
paramagnetic nature of the materials with negligible coer-
civity and saturation magnetization less than 3.4 emu/g,
depending more on the conductivity of the materials
themselves than the fuel choice. R. C. Sripriya et al. syn-
thesized zinc ferrite using glycine as fuel and two different
heat treatment approaches: microwave irradiation and con-
ventional one utilizing an air furnace [33]. The structural,
magnetic and other materials properties were found to be
influenced by the calcination temperature and the synthesis
method. It is notable that heating the reaction mixture in a
microwave oven led to an increase in the saturation mag-
netization of ZnFe,O, compared to another sample calcined
in the furnace. A. Kannolli et al. studied the effect of the
calcination temperature of ZnFe,O,4 prepared with citric
acid on the morphology, structural and magnetic properties
of the materials [34]. The analysis of the obtained results
revealed that crystallite size and magnetization rise mono-
tonically with increasing temperature from 350 to 550 °C. It
is concluded from the literature data that to obtain zinc
ferrite with favorable magnetic properties, combined effect
of precursors and material heat treatment conditions should
be studied.
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The use of various fuels in the synthesis process makes it
possible to obtain zinc ferrite powder materials that differ in
magnetic properties. The properties of zinc ferrite powders
change due to the dependence of saturation magnetization and
coercivity on the structure, morphology, and phase composi-
tion of materials and particle size of ferrite [35]. These char-
acteristics of zinc ferrite are related to the stability of complex
compounds formed as a result of the organic fuels addition
[36]. As we know, no previous research has investigated the
use of ascorbic acid as a fuel for synthesizing zinc ferrite from
inorganic iron and zinc salts by the sol-gel method. Therefore,
in this work, the effect of this particular type of fuel was
studied in comparison with other organic substances as a rule
used as fuels, such as citric, tartaric acids and glucose mono-
hydrate and capable of forming complexes with zinc and iron
cations with different stability constants. In this work, we
focused on studying the influence of widely available and low-
cost fuels and calcination temperature on the phase composi-
tion, morphology, and magnetic properties of ZnFe,O,4 nano-
materials obtained by sol-gel method. The magnetic
characteristics of zinc ferrite synthesized using ascorbic acid
have also been established for the first time.

2 Materials and methods
2.1 Materials and reagents

The precursors used for preparation of ZnFe,O4 were iron
(IIT) nitrate nonahydrate Fe(NO3);-9H,O (JSC REACHIM
LLC, Moscow, Russia), zinc nitrate hexahydrate Zn(NO3)
2:6H,O (NPP Aquatest LLC Rostov-on-Don, Russia), citric
acid C¢HgO7 (NPP Aquatest LLC Rostov-on-Don, Russia),
ascorbic acid C¢HgOg (NPP Aquatest LLC Rostov-on-Don,
Russia), tartaric acid C4HgOg (JSC REACHIM LLC, Mos-
cow, Russia) and glucose monohydrate C¢H;,0¢-H,O (NPP
Aquatest LLC Rostov-on-Don, Russia). All precursors were
of chemically pure grade analytical grade.

2.2 Synthesis of ZnFe,0,

A mixture of iron (II) nitrate and zinc (II) nitrate was dis-
solved in distilled water. To the obtained nitrate solution was
added organic fuel (citric acid, tartaric acid, ascorbic acid or
glucose monohydrate) considering the molar ratio: Zn:Fe:-
Fuel = 1:2:3, stirred to homogeneous condition. The reac-
tion mixture was evaporated at 100 °C with constant stirring
until a gel was formed. The obtained gel was calcined in a
muffle furnace in air atmosphere at 500 and 700 °C for 2 and
4 h. Heating was carried out at a rate of 10 deg-min~'. The
synthesized samples were named according to the heat
treatment conditions and the fuel applied (Table 1).

Table 1 Synthesis parameters for the preparation of zinc ferrite materials

Sample name  Fuel Thermal treatment
conditions

ZF-CA-500/2  Citric acid 500°C, 2h

ZF-TA-500/2  Tartaric acid

ZF-Asc-500/2  Ascorbic acid

ZF-Dex-500/2  Glucose monohydrate

ZF-CA-500/4  Citric acid 500°C, 4h

ZF-TA-500/4  Tartaric acid

ZF-Asc-500/4  Ascorbic acid

ZF-Dex-500/4  Glucose monohydrate

ZF-CA-700/2  Citric acid 700 °C, 2h

ZF-TA-700/2  Tartaric acid

ZF-Asc-700/2  Ascorbic acid

ZF-Dex—700/2  Glucose monohydrate

ZF-CA-700/4  Citric acid 700 °C, 4h

ZF-TA-700/4  Tartaric acid

ZF-Asc-700/4

Ascorbic acid

ZF-Dex—700/4  Glucose monohydrate

2.3 Characterization of ZnFe,0, materials

The phase composition of the obtained materials was stu-
died by X-ray diffraction analysis (XRD) using the ARL
X’TRA diffractometer. CuKa radiation was employed with
the generator settings 40 kV and 30 mA. The XRD patterns
were recorded in the range of Bragg angles 20° <20 < 80°.
The calculation of the coherent scattering regions was per-
formed using the Scherrer equation (Formula 1):

kA

:ﬂCOSQ7 (1)

where k is the shape factor, A = 0.1540562 nm is the X-ray
wavelength, f is the full width at the half maximum of the
diffraction line and © is the diffraction angle.

Also, to assess the effect of microdeformations of the
lattice, the crystallite sizes and lattice strain € using the
Williamson—Hall method was investigated [37].

The lattice constant (a) values of ZnFe,O, for the
obtained materials were determined by the following for-
mula (Formula 2):
a=dVh +1i*+ P, (2)
where d is the interplanar spacing and h, k, 1 are Miller
indices of diffraction planes.

The cell volume (V) was derived from the value of lattice
constant a as shown in Formula 3:

V= a3, (3)
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The X-ray density ps of the synthesized nanoparticles
have been determined using Formula 4:

8
_NA'CZS,

Px (4)
where M is molecular weight, N is Avogadro’s number.
Thermogravimetric analysis (TGA) and differential
scanning calorimetry (DSC) of gel intermediate products
(ZF-TA-Gel, ZF-CA-Gel, ZF-Asc-Gel, ZF-Dex-Gel)
were carried out using the NETZSCH STA 449 F3 Jupiter
synchronous thermal analysis device under air atmosphere.
The morphology of the samples was evaluated using
transmission electron microscopy (TEM), a transmission
electron microscope Tecnai G2 Spirit Bio TWIN operating
at 120 kV. Magnetic properties of the zinc ferrite samples
were measured using a vibrating sample magnetometer
Lake Shore Model 7404, at room temperature. The para-
meter S (squareness) was calculated using Formula 5 [25]:

S=-" (5)

where M, is remanent magnetization, Mg is saturation
magnetization.
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3 Results and discussion
3.1 DSC and TGA studies of intermediate products

Figure 1 shows the results of TGA and DSC of gel inter-
mediate products. Comparing the obtained data, it was
revealed that thermal decomposition of gels is a multistage
process, which can be divided into 4-5 segments. When
heated to 100-120 °C, evaporation of moisture adsorbed
from the environment occurs, accompanied by mass loss
and endothermic effect. Up to 200 °C it is also possible to
identify areas on TGA-curves, where a decrease in mass is
observed due to the removal of chemically bound water.
Further heating of samples at T =200-300°C leads to
decomposition of the organic component in the reaction
mixture, formation of oxide phases, which is confirmed by
the data of TGA- and DSC-curves. Subsequent temperature
increase contributes to the higher completeness degree of
the organic component decomposition, phase transitions of
inorganic compounds are possible accompanied by the
formation of zinc ferrite. The final stage of the process is
described by mass stabilization, absence of significant
thermal effects.
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Fig. 1 TGA-DSC curves for (a) ZF-TA-Gel, (b) ZF-CA-Gel, (c) ZF-Dex—Gel, (d) ZF-Asc—Gel
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According to the results of TGA and DSC of ZF-TA-Gel,
the thermal decomposition of the gel can be divided into 4
stages with the corresponding regions marked in Fig. 1a. At
stage 1 the temperature gradually increases up to 215 °C
and the sample mass decreases by 20.6% due to the removal
of absorbed moisture and bound water. In the temperature
range from 215 to 288 °C, representing stage 2, the mass
loss was 4.2% due to partial destruction of the tartrate
complex. Further heating in the range of 288-365 °C leads
to the complete removal of the organic phase, accompanied
by the formation of oxide phases. At temperatures above
365°C, no mass loss occurs, and no heat release or
absorption is also observed.

Figure 1b shows the results of TGA and DSC of ZF-CA-
Gel. The thermal decomposition process of this gel inter-
mediate also occurs sequentially and is divided into
5 stages. Stage 1, representing the changes in the system at
the initial moment at a temperature less than 118 °C, is
characterized by a mass loss of 17.4% due to the evapora-
tion of absorbed water. In stage 2, in the temperature range
118-180 °C, a mass loss of 25.9% is observed due to the
removal of bound water from the gel. At 180-284 °C the
organic components of the system decompose with the
formation of intermediate oxide phases; the mass loss
reaches 14.7%. As the temperature increases, the proportion
of oxides in the reaction mixture gradually declines due to
the formation of ferrite. The process of ZnFe,O, final pro-
duction occurs at stage 4, at a temperature of 284-429 °C
and is also associated with the final removal of the organic
phase, mass reduction by 19.1%. At higher temperatures at
stage 5 no changes in the TGA curve are observed, indi-
cating the completion of thermal decomposition.

TGA/DSC curves (Fig. 1c) are divided into 4 regions
according to the stages of thermal decomposition of ZF-
Dex-Gel. In stage 1 the temperature does not be greater than
169 °C and the mass loss is 9.4% due to the removal of
absorbed and chemically bound water. There is a con-
secutive decomposition of the organic components of the
system, intermediate oxide phases are formed at heating in
the range of 169405 °C. Furthermore, at stages 2 and 3 the
formation of zinc ferrite phase occurs, accompanied by
exothermic effect. During the decomposition of the reaction
mixture components, the mass decreases by 36.7% at
169-317 °C and by 25.7% at 317405 °C. At the last stage
in the temperature range of 405-900 °C the mass is stable.

Figure 1d, divided into 4 fragments, shows the TGA and
DSC data of ZF-Asc-Gel. In stage 1, at a temperature less
than 170 °C, the weight change is 7.5%, which is attributed
to the removal of bound and absorbed water from the gel.
Further at the temperature of 170-214 °C the weight loss
increases up to 9.4%, which is due to the beginning of
decomposition of the organic component of the reaction
mixture. The greatest weight loss, which is equal to 53.1%,

occurs at the temperature of 214-376 °C. At this stage oxide
phases are formed, and zinc ferrite formation is possible
during the interaction. At the last stage at T = 376-900 °C
the weight change and significant thermal effects are not
evident. Thus, based on the DSC-TGA analysis, synthesis
temperatures of 500 and 700 °C were selected. At lower
temperatures, the spinel phase is just forming, and a large
amount of impurities is also formed.

3.2 Effect of fuel type and synthesis temperature on
phase composition and particle size of ZnFe,0,
materials

According to XRD data, the synthesized materials have a
cubic structure typical for zinc ferrite (Fig. 2). Wurtzite and
hematite phases were identified for some samples. The
presence of secondary phases in the system is due to the
formation of zinc and iron hydroxides as the side products
during the synthesis of materials [34, 38]. At thermal
decomposition of the corresponding hydroxides ZnO and a-
Fe,O5 are formed, which is confirmed by XRD data of the
materials. At the calcination temperature of 500 °C for
samples ZF-CA-500/2, ZF-TA-500/2, aside from zinc
ferrite, no secondary phases in the amorphous state were
identified. The increase of the annealing temperature from
500 to 700 °C (duration of thermal treatment equals 2 h)
contributes to the reduction of the amorphous component of
the system, hematite and wurtzite phases are observed.

An increase in crystallinity of all materials was observed
with prolongation of heat treatment time (Fig. 2c, d). For the
samples synthesized at annealing temperatures of 500, 700 °C
and 4 h of calcination in addition to the ZnFe,O, phase, oxide
impurities were also identified. The content of secondary
phases diminishes with increasing temperature from 500 to
700 °C. It should be noted that the crystallite size of zinc ferrite
increases both at longer calcination and at higher temperature.

According to the results of calculations, the values of the
lattice constant a vary within 8.40-8.43 A and remain close
to the value of bulk material. It was found that particle size
increases due to lower surface tension for some samples
synthesized using citric and tartaric acids [39]. Deviations
from the direct dependence of the lattice constant on particle
size for materials obtained using ascorbic acid and glucose
monohydrate can be associated with changes in the cation
distribution over sublattices [40].

The formation of a considerable amount of secondary
phases is specific for zinc ferrite synthesized using ascorbic
acid and glucose monohydrate. This tendency is attributed
to the low gel self-combustion temperature [30] and the
different complexing ability of the initial organic sub-
stances. Citric, tartaric, ascorbic acids and glucose mono-
hydrate during synthesis bind zinc and iron cations forming
the metal complexes. Obtaining stable complexes prevents

@ Springer
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Fig. 2 XRD patterns of zinc ferrite materials obtained by the application of glucose monohydrate (1), ascorbic acid (2), tartaric acid (3), citric acid
(4) as fuel, calcined at (a) 500 or (b) 700 °C for 2 h, (¢) 500 or (d) 700 °C for 4 h. ZF — franklinite calculated from the crystallographic data [57]

the precipitation of zinc and iron hydroxides. In this case,
the complexation reaction proceeds with a different degree
of completion depending on the chelating agent. The sta-
bility constants of the formed citrate compounds vary from
10° (ZnCit*") to 10" (FeCit™) [41], while the tartrate ones
are 10°~10° for complex compounds with Zn and 10"-10"!
for complex compounds with Fe(III) [41], ascorbic acid and
glucose are weak complexing agents, which is confirmed in
previously published works [42, 43].

According to the XRD analysis results, the average
crystallite size of the spinel phase was calculated using the
Scherrer equation. The results of calculations are presented
in Table 2. The lowest crystallite size was 11 nm for sam-
ples ZF—Asc—500/2 and ZF-Dex-500/2, the largest was
39 nm for ZF-Asc—700/4. It is also notable that elevating
the gel calcination temperature leads to both increase in the
crystallinity and the crystallite size.

Based on XRD data, we found that zinc ferrite powder
materials calcined at 500 °C for 2 h (ZF-CA/500-2 and ZF-

@ Springer

TA-500/2) were single-phase and crystallized in the spinel
phase. These materials also had a smaller particle size
compared to those calcined at either 700 °C or 4 h at 500 °C.
As a result, ZnFe,O4 nanomaterials calcined at 500 °C were
further investigated in more detail. The crystallite sizes of
ZF-CA-500/2, ZF-TA-500/2, ZF-Asc-500/2, and
ZF-Dex-500/2 nanoparticles were calculated by the
Williamson-Hall method and were found to be 17, 24, 12,
and 11 nm, respectively. In addition, the lattice strain values
were obtained for ZF-CA-500/2, ZF-TA-500/2, ZF—Asc-
500/2, ZF-Dex-500/2, which were 0.0008, 0.0011, 0.0012
and 0.0011, respectively.

As shown by TEM, the materials ZF-CA-500/2 and
ZF-TA-500/2 synthesized by sol-gel method using citric
and tartaric acids contain nanoparticles (Fig. 3). The parti-
cles are characterized by the occurrence of agglomerates
forming conglomerates of several hundred nanometers in
size. The heterogeneous arrangement of nanoparticles as
well as the proximity of relatively lesser and greater
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Table 2 Variation of crystallite size and lattice parameter of ZnFe,O4
nanomaterials

Sample name Crystallite Lattice Cell X-ray
size, nm constant a, volume, V densit;/, Px
A% (g/em’)
ZF-CA-500/2 15 8.42 596.48 5.37
ZF-TA-500/2 22 8.42 596.50 5.37
ZF-Asc-500/2 11 8.41 595.76 5.38
ZF-Dex—500/2 11 8.41 595.76 5.38
ZF-CA-500/4 17 8.42 597.31 5.36
ZF-TA-500/4 24 8.40 593.70 5.40
ZF-Asc-500/4 26 8.42 597.99 5.36
ZF-Dex—500/4 25 8.42 597.93 5.36
ZF-CA-700/2 34 8.42 596.84 5.37
ZF-TA-700/2 34 8.43 598.27 535
ZF-Asc-700/2 37 8.41 595.42 5.38
ZF-Dex—700/2 33 8.41 594.21 5.39
ZF-CA-700/4 36 8.43 598.80 535
ZF-TA-700/4 35 8.41 594.15 5.39
ZF-Asc-700/4 39 8.42 596.14 5.37
ZF-Dex—700/4 37 8.42 595.91 5.38

100.nm

aggregates can be explained by the magnetic nature of
nanoscale zinc ferrite [44, 45]. The average size of indivi-
dual particles is about 14-19 and 21-26nm for
ZF-CA-500/2 and ZF-TA-500/2, respectively. The aver-
age crystallite size determined by TEM is close to crystallite
size obtained from XRD data.

3.3 Effect of fuel type and synthesis temperature on
magnetic properties of ZnFe,0, materials

Figure 4 shows the magnetic hysteresis curves of the syn-
thesized materials measured at room temperature. The
values of saturation magnetization (Mg), remanent magne-
tization (M,) and coercivity (H¢) were determined from the
hysteresis loops. The measurement results for samples cal-
cined at 500 °C for 2 h are shown in Table 3.

According to the obtained data, all samples are char-
acterized by a narrow hysteresis loop, which is a particular
feature of the soft magnetic materials [46, 47]. The mate-
rials magnetic properties were affected by the chosen
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Fig. 3 TEM images and corresponding particle size distributions for ZnFe,O, materials: (a, b) ZF-CA-500/2; (¢, d) ZF-TA-500/2
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Table 3 Results of magnetic
properties measurements for a
series of zinc ferrite samples

Sample name  Coercivity Hc,

Saturation magnetization Mg, Remanent magnetization M,, S

Oe emu/g emu/g
ZF-CA-500/2 16.8 6.39 0.096 0.015
ZF-TA-500/2 32.1 11.68 0.551 0.047
ZF-Asc-500/2 46.9 12.77 0.787 0.062
ZF-Dex-500/2 37.0 15.61 0.596 0.038

organic fuel. For the samples calcined at 500 °C, the highest
value of saturation magnetization was 15.61 emu/g
(ZF-Dex—500/2), which exceeds Mg of the ZF-CA-500/
2 sample by more than 2 times. The magnetic properties of
samples ZF-TA-700/2 and ZF-Dex-700/2 were also stu-
died, for which the maximum reached magnetization was
1.92 and 3.79 emu/g. Noteworthy, the enhancement in the
magnetic properties of zinc ferrite is observed varying the
fuel, when tartaric acid is replaced by glucose monohydrate.

The values of coercivity range from 16.8 to 46.9 Oe at
the calcination temperature of 500 °C, from 78.1 to 91.9 Oe
at 700 °C. Furthermore, for the samples obtained with tar-
taric acid and glucose monohydrate, an increase in this
parameter with rising temperature can be noted. The same
trend indicates a higher degree of disorder in the arrange-
ment of magnetic moments at higher calcination tempera-
ture [48].

In this work, S varies from 0.014 to 0.121, i.e., does not
exceed 0.5 for the studied samples. It is reported in the
literature that at S<0.5 the formation of multi-domain
structure is observed, while the squareness ratio of at least
0.5 is common for single-domain structures. Low values of
this parameter (S <0.5) tend to be associated with multi-
domain structures, in which the domain wall motion makes
it easier to alter the orientation of the applied field
[25, 45, 49].

@ Springer

The magnetic properties of nanomaterials depend on
cation distribution, particle size, synthesis method, and che-
mical composition [50, 51]. The first two factors allow one to
interpret the differences in the magnetic properties of
ZnFe,0, synthesized using different precursors (fuels). A
comparative analysis of the studies on zinc ferrite magnetic
properties carried out by other authors is provided in Table 4.

Nanomaterials synthesized using the sol-gel method with
various organic fuels exhibit primarily moderate ferrimag-
netic and paramagnetic properties. The magnetic properties
of zinc ferrite presented in [34] should also be taken into
account. The saturation magnetization of the synthesized
samples exceeds the Mg for ZF-CA-500/2 by 1.7-3.8
times. Properties of nanomaterials are significantly influ-
enced not only by the fuel type but also by heat treatment
conditions. By selecting the optimal calcination temperature
and heating time, nanomaterials without impurities with
high crystallinity and superior magnetic properties to other
spinel ferrites can be achieved. Using glycine in [52], a
paramagnetic material with moderate saturation magneti-
zation and negligible coercivity was obtained, inferior in
these properties to ZF—-CA-500/2 and other samples that
were studied in this work. The replacement of glycine with
another amino acid, arginine, also does not contribute to an
increase in the magnetic properties of ZnFe,O4. The Mg
value according to the results of measurements [53] carried
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Table 4 The comparison of ZnFe,0, magnetic properties

N  Methods Fuel Thermal treatment conditions Mg, emu/g M, emu/g  Hc, Oe Reference
1 Sol-gel Ethylenglycol 600 °C, 24 h 8.20 - 0 [28]

2 Sol-gel Citric acid 350°C 10.87 0.93 67.3 [34]

3 Sol-gel Citric acid 450 °C 22.51 2.52 74.8 [34]

4 Sol-gel Citric acid 550 °C 24.46 2.34 61.6 [34]

5 Microwave combustion Urea 800°C, 16h 1.745 3.032:107%  10.11 [12]

6 Sol-gel Lactose 800 °C, 2h 0.90 - - [54]

7 Microwave combustion L-Arginine 550°C, 2.5h 0.213 0.0515 94.893  [53]

8 Sol-gel auto-combustion ~ Glycine 800°C, 5h 6.02 0.018 21.519  [52]

9  Sol-gel Tartaric acid, PVA (binder) 200°C, 2h 9.02 0.67 47.75 [55]

10 Sol-gel Tartaric acid, PVA (binder) 400°C, 2h 6.95 0.65 75.50 [55]

11 Sol-gel Tartaric acid, PVA (binder) 600 °C, 2h 3.85 0.18 68.92 [55]

12 Sol-gel Tartaric acid, PVA (binder) 800°C, 2h 0.04 2.62:107° 9.76 [55]

13 Sol-gel Tartaric acid, PVA (binder) 1000 °C, 2h 0.03 1.46-107° 6.26 [55]

14 Auto-combustion Sucrose - 3.70 0.70 84.00 [56]

out with a vibrating magnetometer is not 1 emu/g. This is
much lower than the Mg for the synthesized materials.

The use of urea as a fuel allows for the synthesis of zinc
ferrite with weak magnetic properties that are comparable to
those of ZF-TA-700/2. When disaccharides (lactose and
sucrose) are used as fuels, the Mg values are 0.9 and
3.7 emu/g, respectively, which are less than the Mg for
ZF-Dex-500/2 and ZF-Dex—700/2.

Therefore, the sol-gel method is a simple way to obtain
magnetic materials, whose properties can be optimized by
not only altering the composition of the materials, but also
by selecting the organic fuel and the calcination
temperature.

4 Conclusions

Magnetic zinc ferrite nanomaterials were fabricated by sol-
gel method using four organic fuels (citric, tartaric and
ascorbic acids and glucose monohydrate) at calcination
temperatures of 500 and 700 °C. The formation of ZnFe,Oy4
with cubic structure was confirmed for all investigated
samples by XRD. The size of zinc ferrite nanocrystallites is
11-39 nm in accordance with the used initial substances and
the calcination temperature. The smallest particle size is
observed for materials calcined at 500 °C. The magnetic
properties of ZnFe,O, obtained by sol-gel method using
inorganic salts of iron and zinc and ascorbic acid as a fuel
were investigated for the first time applying a vibrating
magnetometer. Based on the measured magnetic properties,
the obtained ZnFe,O, is a ferrimagnetic material with
adjustable saturation magnetization that depends on the
synthesis conditions. The single-phase ZnFe,0, materials
with small crystallite size and weak manifested magnetic

properties were obtained using citric acid as a fuel. At the
same time, replacing the fuel with tartaric acid, glucose or
ascorbic acid resulted in a significant increase in the
saturation magnetization. The results obtained suggest the
possibility of using tartaric acid, ascorbic acid and glucose
monohydrate as potential fuels for the production ZnFe,O4
nanomaterials with improved magnetic properties.
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