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Abstract Magnetic ZnFe,O, nanoparticles with magneti-
zation saturation of 12.1 emu/g were synthesized through
hydrothermal microwave method at 140°C for 32 min.
These compound is being tested in magnetic hyperther-
mia a promising therapeutic cancer treatment, which
causes lysis of tumor cells by heating magnetic nanopar-
ticles through an external magnetic field. X-ray diffraction
reveals a single-phase ZnFe,0, nanoparticles with well-
defined structure while Raman spectroscopy reveals that at
32 min of soaking time provides the energy crystallization,
causing anisotropy in the structural growth at short range
causing a certain degree of order in the crystal lattice. Mor-
phology of the powders was investigated by transmission
electronic microscopy (HRTEM) which showed particle
sizes with 10-25 nm of diameter being an important factor
for application in magneto-hyperthermia. Magnetic param-
eters analyzed by means of a vibrating-sample magnetome-
ter unit showed that these nanoparticles have great potential
in magneto-hyperthermia application.
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1 Introduction

Lately, the large number of individuals with cancer has
been a major concern in the global scenario [1]. Can-
cer cells are generated due to mutations in special genes,
which are inactive in normal cells, forming the malignant
or benign tumor [2, 3]. In particular liver cancer, you risk
being contracted for numerous reasons, such as food intake
with aflatoxins, among others [4—7]. Magnetic hyperther-
mia is a relatively new method to aid in the treatment of
cancer and the most robust of the possibilities [8, 9]. Mag-
netic particles are inserted into the bloodstream and they
go and bind to cancer cells. By raising the temperature to
~42°C through an alternating magnetic field, it generates
enough heat to destroy the cancerous cells. To be applied
in the treatment of cancer, the behavior may be ferromag-
netic or superparagnetic, the latter being preferred because
it requires a less intense field [8]. The nanostructured mate-
rials have at least one of their dimensions in the order of
nanometers. It has typical characteristics, such as better
conductivity, better sintering rates, rapid response in sen-
sors, among others [10]. The particle size distribution (to
be applied to the capillaries [11]) as well as good disper-
sion should be well controlled. Nanoparticles (magnetic
monodomains) are preferred to microparticles (mango
multidomains) because they respond more efficiently to
external fields, absorbing more energy. The material cho-
sen for hyperthermia is zinc ferrite (ZnFe,0,), due to its
high stability, heating by magnetic induction, biocompat-
ibility and interesting physical properties [12]. In addition
to having adequate magnetization saturation, the zinc fer-
rite obtained by a facile co-precipitation route has crystal-
lite size of 11.04 nm, interplanar distance of 2.542, volume
of 592.06 A3, Neel temperature around 9-10 K, bulk den-
sity of 4.12 gm/cm3, Fermi energy of 14.642 eV, porosity
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of 23.83%, among other characteristics [13]. Its structure
corresponds to normal spinel, where Zn*? occupies the
tetrahedral site and Fe*® occupies the octahedral site, nor-
mally. Bulk ZnFe,O, has a normal spinel structure with
nonmagnetic Zn>" ions in the A-site and magnetic Fe’*
ions in the B-sites (in two antiparallel sublattices) and can
be described by the formula (Zn>")[Fe**1Fe**|]0, [14].
When the interactions between the sites decrease in bulk
and room temperature magnetization is of the paramagnetic
type. However, when the structural inversion occurs, in
which the metallic ions begin to occupy the inverted sites,
the magnetic behavior changes to ferromagnetic, which is
the desired magnetic behavior. This cationic rearrangement
leads to the formation of two magnetic sublattices, which is
responsible for the enhanced magnetization displayed when
compared with normal ZnFe,O, [14]. Considering this
structural inversion, the magnetic behavior in nanoparticles
of zinc ferrite observed is superparamagnetic, explained as
follows: a sample of a uniaxial ferromagnet with a volume
above the critical volume is divided into multiple mag-
netic domains, each magnetized along the D-axis, in dif-
ferent directions. However, when the volume is below the
critical volume, the particle becomes only a single domain,
with ferromagnetic alignment of all its moments in a sin-
gle direction along the same direction D. There are ther-
mal fluctuations of moments (with a variation of energy,
on a microscopic scale), but to reverse the magnetization
of a single domain requires a certain energy to overcome
the anisotropy of the material. Making the particle small
enough frees up its constraints, which allows the direction
of the moments to change as an ideal paramagnet [15, 16].
The magnetic susceptibility can be equated by the Langevin
equation and its magnetization is obtained by the Langevin
function [17]. The ideal phase transition temperature would
be between 40 and 43 °C, because it will be the working
temperature [8]. With interesting magnetic behavior, spi-
nel ferrite has been the subject of research lately, includ-
ing its applications [18, 19]. As ZnFe,0, is one of the most
important spinel ferrites, numerous methods are developed
for its production, such as sol-gel, hyperthermia, among
others [20-25].

2 Experimental procedures

The reagents used for the synthesis were: ammonium
iron (IIT) citrate (purity 99.5% and supplied by Vetec)
and zinc acetate dihydrate (purity 99.9% and supplied by
Merck). All reactants were weighted according to the pre-
vious defined stoichiometry (ZnFe,O,). The solution was
obtained by dissolving ammonium iron (III) citrate and
zinc acetate dehydrate with drops of nitric acid in water at
90°C and constant mixing. Afterwards, solution had a pH

of 3. The final solution was transferred into a sealed Tef-
lon autoclave and placed in the hydrothermal microwave
(2.45 GHz, maximum power of 200 W). The hydrothermal
synthesis was carried out at 140 °C for 32 min with a heat-
ing rate fixed at 10 °C/min. The pressure in the sealed auto-
clave was stabilized at around 2.0 atm during the synthesis.
The autoclave was cooled down to the room temperature
inside the microwave once stipulated times were reached.
The polycrystalline ZnFe,O, nanoparticles were collected
and washed with deionized water several times and then
dried at 100 °C in an oven. The obtained nanoparticles were
characterized by X-ray powder diffraction (XRD) using
a (Rigaku-DMax/2500PC, Japan) with Cu-Ka radiation
(A=1.5406 A) in the 20 ranging from 20° to 70° with 0.2°/
min. The crystallite size (d) was calculated using Scherrer
equation d=kA/f cos 0, where k is constant, 1 is wavelength
of X-rays and f is the full width at half maximum (FWHM)
for (311) reflection measured from slow scan where 0 is
the diffraction angle of the main peak. The Rietveld anal-
ysis was performed with the Rietveld refinement program
DBWS-941 1. The profile function used was the modified
Thompson-Cox-Hasting pseudo-Voigt, in which n (the
lorentzian fraction of the function) varies with the Gauss
and Lorentz components of the full width at half maxi-
mum. Raman spectra were collected (Bruker RFS-100/S
Raman spectrometer with Fourier transform). A 1064 nm
YAG laser was used as the excitation source, and its power
was kept at 150 mW. Specimens for TEM were obtained
by drying droplets of as-prepared samples from an etha-
nolic dispersion which had been sonicated for 5 min onto
300 mesh Cu grids. TEM images and selected area diffrac-
tion (SAED) patterns were then taken at an accelerating
voltage of 200 kV on a Philips model CM 200 instrument.
The powders particle size distributions were determined
by the hydrodynamic particle size technique using liquid
media. In order to measure dc magnetic field, a Hall probe
was employed. Magnetization measurements were real-
ized through vibrating-sample magnetometer (VSM) from
Quantum Design™. The N, sorption measurement was
performed using Micromeritics ASAP 2010 at 77 K.

3 Results and discussion

XRD patterns of ZnFe,O, nanopowders synthesized at
140 °C for 32 min is shown in Fig. 1. Diffraction peaks can
be indexed mainly with ZnFe,O, according to the powder
data of JCPDS card no. 22-1012. These peaks revealed that
the spinel ferrite crystallites show the characteristic reflec-
tions of spinel cubic crystal structure of ferrite belonging
to the polar Fd-3m space group which indicates that the
hydrothermal technique was successfully used to produce
almost pure crystalline nanoparticles. Besides that, no
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Fig.1 XRD pattern for ZnFe,0, powders synthesized at 140°C for
32 min using the microwave assisted hydrothermal method. Inset
shows the crystal structure of inverted spinel ferrite

impurities phases were detected in addition to the major
phase revealing that the hydrothermal microwave method
(HTMW) process allows the formation of a single phase
at reduced temperature and soaking time. Small varia-
tions observed in the XRD pattern can be associated with
distortions in the lattice which possibly can be associated
with the rapid formation kinetic of spinel ferrite powders
due to the influence of microwave radiation during the
HTMW processing. The X-ray pattern displaying sharp
and well-resolved diffraction peaks proves that the products
are in good crystallinity. Average crystallite sizes were cal-
culated by using XRD data by measuring the FWHM for
most intense characteristic (311) peak with the help of the
Scherer formula resulting in a value of 30.4 nm.

Raman scattering has proven to be a valuable technique
to obtain information about local structures within materi-
als. Raman spectra of the ZnFe,O, nanoparticle obtained in
the hydrothermal reator is illustrated in the inset of Fig. 2
revealing a spinel phase with a cubic structure that belongs
to the space group Oh7 (Fd-3m). Although the full unit cell
contains 56 atoms (Z=38), the smallest Bravais cell only
consists of 14 atoms (Z=2): As a result, the factor group
analysis predicts the following modes in ZnFe,O, spinel:

A(R) +E,(R) + Fj, + 3F,,(R) + 2Ay, + 2E, + 4F(IR) + 2F,,

There are five first-order Raman active modes
(A1g+E,+3F,,), and all these modes were observed
at ambient conditions, as shown in the inset of Fig. 2. In
the cubic spinels including ferrites, the modes at above
600 cm™' mostly correspond to the motion of oxygen
in tetrahedral AO, groups [26], so the mode at 612 cm™!
can be reasonably considered as A, symmetry. The other
low frequency modes represent the characteristics of the
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Fig.2 Raman spectra of a ZnFe,0, nanoparticle synthesized at
140°C for 32 min using the microwave assisted hydrothermal
method. Inset shows the FT-IR spectra of a ZnFe,O, nanoparticle
synthesized at 140 °C for 32 min

octahedral sites (BOg). The three first-order Raman modes
at 266, 536 and 846 cm~! exhibit the broad characteris-
tics. Nevertheless, the origin of the broadening of those
firstorder modes remains unclear. We suposse that the fast
structural organization of ZnFe,O, powder processed in
HTMW can be related to the heating process which occurs
from the interior to the surface. The microwave energy
is transformed into heat through the interaction between
molecules and atoms with the electromagnetic field. This
interaction results in an internal and volumetric heating of
the powders which promotes the formation of temperature
gradients and heat flows [27]. Raman results are in agree-
ment with XRD data; therefore, small changes observed in
the spectra can be associated with the preparation method,
average crystal size and the degree of structural order. The
X-ray diffraction of this sample exhibits a slightly inverted
structure [28], which implies that a certain amount of
disorder of the Zn and Fe cations occurs in the tetrahe-
dral and octahedral sites. Hence, the vibrations relating to
these two types of cations at the same site may display two
separated first-order Raman modes. If the two modes have
very close vibrational frequencies, an overlapped broad
peak with their average value should be observed. In this
slightly inverted ZnFe,O, spinel, Zn and Fe ions distrib-
ute at the same atomic crystal site, either the tetrahedral
or octahedral, and result in the corresponding vibrations
with different frequencies. Since these two vibrations have
very close wavelengths, the three broad first-order Raman
spectroscopic peaks were observed in this ZnFe,O, spi-
nel (Fig. 2). This is a plausible interpretation for the three
observed broad first order Raman modes. Inset of Fig. 2
shows the FT-IR spectra of crystalline ZnFe,O, powders
derived from the hydrothermal reaction. The broad band at
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3000-3600 cm™! is the result of antisymmetric and sym-
metric stretching of H,O and OH™! bond groups, while a
band at 1630 cm™" corresponds to the bending vibrations
of H,0O [29-31]. Specifically, strong absorptive peaks at
400600 cm™! are attributed to the Fe-O stretching and
bending vibration which is characteristic of octahedral
FeOg4 groups in the perovskite compounds. The formation
of a perovskite structure can be confirmed by the pres-
ence of metal-oxygen band [32, 33]. Residual water and
hydroxy groups are usually detected in the as grown sam-
ples and further heat treatment is necessary for their elimi-
nation. It is well known that the hydroxylation of metal
ions and the deprotonation can be accelerated by raising
the solution temperature or pressure [34]. In hydrothermal-
microwave processing the high frequency electromagnetic
radiation interacts with the permanent dipole of the lig-
uid (H,0), which initiates rapid heating from the result-
ant molecular rotation and permanent or induced dipoles
in the dispersed phase cause rapid heating of the particles
which results in a reaction temperature in excess of the sur-
rounding liquid-localized superheating [35, 36]. Out of the
two bands the high frequency (v,) band is attributed to the
tetrahedral metal-oxygen bond and second frequency (v,)
band to the octahedral metal-oxygen bond corresponding
to: (1) Me;—O-Me,, stretching vibration 600-550 cm™
(2) Meg+O stretching vibration 450-385 cm™" here O is
oxygen, Me, is metal in the octahedral site and Mey in the
tetrahedral site. The metal-oxygen absorption bands (1)
and (2) are pronounced for all spinel structures and essen-
tially for ferrites, which are also seen in these samples.
FT-IR spectral data of all the ferrite samples prepared by
these methods are found to show two peaks in the range
578-564 cm™! and 472-443 cm™! which are in agreement
with the reported value [37]. Typical band characteristics
of carbonate traces could be attributed to adsorbed water
due to the contact of the sample with the environment near
1500 cm™.

The FEG-SEM (analysis by Scanning Electron Micro-
scope in Faculty of Engineering of Guaratingueti—FEG)
images exhibit (Fig. 3) agglomerated bunch of square
shaped nanoparticles. The small size of nanoparticles leads
to high agglomeration because of its high surface energy
[38]. It is difficult to determine the exact size of the particle
using FEG-SEM because most of the particles are agglom-
erated [39]. In the hydrothermal process, the ‘‘dissolution
and crystallization’” process can be utilized to describe the
hydrothermal reaction [40]. During the hydrothermal treat-
ment, Zn** and Fe’* hydroxides were dissolved and react
at high temperatures and pressures, and then precipitated
as insoluble ceramic oxide particles from the supersatu-
rated hydrothermal fluid. If the temperature and pressure
conditions are carefully maintained during the duration of
the experiment, neither etching of cubic ferrite crystals nor
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Fig. 3 FEG-SEM images of ZnFe,0, agglomerated particles synthe-
sized at 140 °C for 32 min using the microwave assisted hydrothermal
method

the formation of a second phase is observed. Therefore,
the dissolution and crystallization process continued in
supersaturated fluid in such a way that the system was self-
stabilizing. We conjecture that the dissociation of zinc and
iron hydroxide and the formation of ionic complexes might
prevent the growth of crystallites and limit the size of par-
ticles to the nanometric range. The agglomeration process
was attributed to Van der Waals forces. To reduce the sur-
face energy, the primary particles have a tendency to form
nearly spherical agglomerates, in a minimum surface to
volume ratio [41]. This type of grain structure is common
in oxide, ferrite and titanate ceramics [42—49] which is a
result of an abnormal/discontinuous grain growth and also
called an exaggerated grain growth. In abnormal growth,
some grains grow faster than others grains with increasing
sintering temperature. Abnormal grain growth may results
from: (1) the existence of second phase precipitates or
impurities, (2) materials with high anisotropy in interfacial
energy and (3) materials with high chemical equilibrium
[50]. In hydrothermally derived ZnFe,O, which crystallizes
in a cubic structure it can be assumed that the abnormal
grain growth comes from factor (1) and (3) due the exist-
ence of two-phase structure. At intermediate temperatures,
a higher degree of agglomeration was noted which could be
due to the favored nucleation process at higher OH™ con-
centration with no separation of particles which is due to a
low reaction temperature. The random aggregation process
between the small particles can be related to an increase in
effective collision rates between small particles by micro-
wave radiation [51] which indicates that microwave energy
favors an anisotropic growth caused by the differences in
the surface energies on the different crystallographic faces
[52]. Possibly, the imperfections or differences between the
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height and width of these particles can be associated with
the influence of microwave energy during the phase growth
process. By roughly estimation and using the Sherrer for-
mula, it was found that the individual particle size was
approximately 30 nm.

An edge of the agglomerate shown in FEG-SEM was
selected and characterized by means of HRTEM and
SAED. From Fig. 4a we can see that the diameter of most
particles is about 10-25 nm that is close to the average par-
ticle size estimated by XRD patterns. It is noteworthy that
the synthesized particles are well dispersed. In fact, as we
known, the powders produced by the microwave assisted
method directly cannot prevent the aggregation without the
help of dispersing agent or any following heat treatment
[53-55]. In general, in the microwave assisted process, the
smaller particles usually owe higher surface energy that
makes them more easily to aggregate together once the
microwave field is a union of magnetic field and electric
field changing their direction at a frequency of 2.45 GHz.

Fig. 4 a HR-TEM (high resolution-TEM) image of ZnFe,0, nano-
particle synthesized at 140°C for 32 min using the microwave
assisted hydrothermal method and b SAED image of ZnFe,0,
nanoparticle synthesized at 140°C for 32 min using the microwave
assisted hydrothermal method

@ Springer

Figure 4b shows the SAED micrograph of the prepared par-
ticles. All the diffraction circles belong to spinel structure
confirming that the product is ZnFe,O,, what is consistent
to the result of XRD. The diffraction circles composed of
lots of bright spots, suggesting that the particles are very
small and with well-ordered crystalline structure. The per-
fect crystalline is mainly induced by the high-volume heat-
ing effect of microwave that make the atoms including that
are in bridge arrange at an order.

The average diameter particle size (Fig. 5a) was deter-
mined to be around 500 nm. Also, we can observe particle
agglomerates having a mean particle size of 30 nm. The
as-synthesized spinel ferrite were relatively spherical with
uniform size distribution. Sample porosity was tested by
N2 adsorption—desorption isotherm, shown in Fig. 5b. The
adsorption isotherm reveals little difference in the porosity
of the particles as a function of the heterogeneous morphol-
ogy. According to [TUPAC (International Union of Pure and
Applied Chemistry), the observed isotherms is classified as
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Fig. 5 a Particle size distribution of ZnFe,0, nanoparticle synthe-
sized at 140°C for 32 min using the microwave assisted hydrother-
mal method and b N, adsorption—desorption isotherms for ZnFe,O,
nanoparticle synthesized at 140°C for 32 min using the microwave
assisted hydrothermal method



J Mater Sci: Mater Electron (2017) 28:10772-10779

10777

type III which is marked by a large volume of gas adsorbed
at relative high pressures [56]. It is noted that the adsorp-
tion—desorption isotherm involves a small volume of gas.
No hysteresis phenomenon is observed indicating that the
particles are not porous or have closed cylindrical pores at
one end.

Magnetic hysteresis loop (M.H. loop) was recorded
employing the VSM. Figure 6 shows the hysteresis loops of
the ZnFe,O, nanoparticles recorded at room temperature.
The coercivities of ZnFe,0, nanoparticles is almost negli-
gible and the remanent magnetization (Mr) of 2.3 emu/g.
Thus the results clearly indicate the superparamagnetic
behavior of the prepared samples due to decrease in the
particle size below a critical value (lower than 50 nm)
[57]. With an applied magnetic field around 3700 Oe the
observed magnetization (Ms) value is 12.1 emu/g. The size
of the crystalline nature influences the magnetic properties
of the nanoparticles. Internal field can be generated due
to the asymmetric distribution of oxygen vacancies. This
effect induces complexes dipoles alignment and asymmet-
ric distribution of oxygen vacancies, i.e.; positively oxy-
gen vacancies (Vo°°) near negative electrode that holds
electrons close to positive electrode. The spins of Fe*ions
are aligned antiferromagnetically through a strong superex-
change interaction as the angle Fe’*—0%* —Fe** is 180°. In
ZnFe,0,, Fe** ions have a distorted octahedral local envi-
ronment and the distortion causes a tilting of the octahe-
dron from the direction of C-axis. In this study, the mag-
netization non-linearly increased with the applied magnetic
field, which is characteristic of antiferromagnets. This
behavior ruled out the presence of any dominating para-
magnetic particles in the sample. The non-linear curve is
typical of ferri/ferromagnetic type of variation where the
magnetization slowly approaches saturation. Usually, such
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Fig. 6 M-H loop of ZnFe,0, nanoparticle synthesized at 140°C for
32 min using the microwave assisted hydrothermal method

compound shows the paramagnetic nature at room tempera-
ture owing to its normal spinel structure. However, the cou-
pling between the cations at both octahedral and tetrahedral
sites can giving rise to occurrence of superparamagnetic
behavior. ZnFe,O, nanostructures obtained by the micro-
wave assisted method could be ascribed to the presence of
smaller primary nanocrystals which assembled together to
generate different morphologies. During the hydrothermal
treatment, if the temperature and pressure conditions are
carefully maintained during the duration of the experiment,
neither etching of spinel crystals nor the formation of a
second phase is observed, as previously detected by XRD.
The agglomeration process was attributed to Van der Waals
forces. The random aggregation process between the small
particles can be related to an increase in effective collision
rates between small particles by microwave radiation which
indicates that microwave energy favors an anisotropic
growth caused by the differences in the surface energies on
the different crystallographic faces. Possibly, the imperfec-
tions or differences between the height and width of these
particles can be associated with the influence of microwave
energy during the phase growth process. In this context, we
suggested that the ratio S=Mr/Ms could be used as a func-
tionally parameter for evaluating the limit of single domain
size of the magnetic nano-sized powder materials. That is
why our nanoparticles obtained by HTMW can have multi-
ple domain sizes and He, Mr, S will differ from zero. Once
the coercive field differs from zero and open hysteresis loop
is observed in combination with high magnetization, we
expected that the ferromagnetic transition temperature will
be above the room temperature. Therefore, we pretend to
perform a deep study on the magnetic properties of pure
zinc ferrite as a function of temperature, frequency, and
other physical properties aiming to achieve reasonable
characteristics for application in magnetohyperthermia.

4 Conclusions

Superparamagnetic ZnFe,O, nanoparticles were success-
fully prepared by hydrothermal method without the use
of any surfactant. The powder XRD analysis revealed the
presence of the ZnFe,O, belonging to face centered regular
spinel cubic structure. FEG-SEM images exhibit agglomer-
ated bunch of square shaped ZnFe,O, nanoparticles. VSM
measurements confirmed the superparamagnetic behavior
of the synthesized samples at room temperature and the
effect of crystallite size on the magnetic properties. Thus
the present work concludes that the hydrothermal micro-
wave assisted method has influence on the particle size
and hence the properties of the ZnFe,O, nanoparticles.
The hydrothermal reaction to grow ZnFe,O, crystallites is
described by the dissolution—crystallization process. These
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nanoparticles have interesting physical properties, such
as adequate magnetization saturation values which make
appropriate and possible use in hyperthermia. HTMW is
important not only for the use of a short treatment time
and low temperature but also for the possibility to control
the morphological and structural properties. Therefore, the
HTMW method is undeniably a genuine technique for low
temperatures and short times in comparison with the previ-
ous methodologies.
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