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ABSTRACT

Superparamagnetic zinc ferrite nanoparticles with high magnetization were successfully synthesized by hy-
drothermal method at 110° C under different reaction times from 2 to 24 h. Elemental analysis of the nano-
particles determined by inductively coupled plasma atomic emission spectroscopy and energy dispersive X-ray
spectrometer results proved that the samples are zinc ferrite. X-ray diffraction (XRD) and Fourier transmission
infrared spectroscopy analysis displayed that zinc ferrite nanoparticles were single phase of cubic ferrite. The
particles size, dxgrp of the nanoparticles calculated from XRD patterns increased as the reaction time increased.
From the images of transmission electron microscopy (TEM), the particle sizes, drgv Were also calculated and
increased from 6.8 + 2.5t010.6 * 5.1 nm as the reaction time increased, which were consistent with the dxgp.
Magnetic measurements revealed that the magnetization curves of the synthesized nanoparticles show super-
paramagnetic behavior with zero coercivity and remanence. And, the magnetization values also increased to a
maximum value of 30.8 emu/g (measured at 20 kOe) as the particle size increased to ~10 nm with the increase
of reaction time. At this particle size limit, this is a considerable high value compared to the superparamagnetic
zinc ferrite nanoparticles studies. Magnetization values were also extrapolated. It is seen that to a certain degree,
the average particle sizes of the products and hence high maximum magnetization can be tuned by simply

adjusting the parameter, reaction time by hydrothermal process.

1. Introduction

Recently, zinc ferrite nanoparticles have been extensively in-
vestigated by researchers due to interesting physical and chemical
properties compared to their bulk counterparts. Zinc ferrite nano-
particles have also attracted attention because of their potential appli-
cations in the field of magnetic resonance imaging (MRI) [1-3], drug
delivery [4,5], sensing applications [6] and magnetic hyperthermia
[7,8]. Especially in MRI application, encapsulated mixed spinel zinc
ferrite showed promising results for T2 relaxivity and sensitivity of
detection which were higher than the values of clinically used MRI
agent Feridex® [1]. In drug delivery study [4], higher anticancer and
drug delivery effects were observed for chitosan coated zinc ferrite
nanohybrid than polyethylene coated cobalt ferrite for curcumin. Zinc
ferrite is one of the iron based cubic spinel structure, and indicates
striking changes in its magnetic properties by reducing the grain size to
the nano size range. It has normal spinel structure in which non-mag-
netic all Zn*? ions occupy tetrahedral sites and all magnetic Fe™ ions

* Corresponding author.

occupy octahedral sites [9]. The control of the particle size is very
important because the properties of the nanocrystals strongly depend
upon that. Properties of zinc ferrite nanoparticles are greatly sensitive
to the synthesis method and its preparation conditions. Chinnasamy
et al. [10] synthesized zinc ferrite nanoparticles by ball milling method
from a mixture of a-Fe;O3 and ZnO. As the ball milling time increased,
the magnetization of zinc ferrite nanoparticles at room temperature
increased from ~ 2 to 11 emu/g and the particle size decreased from 90
to 11 nm. Gharagozlou et al. [11] prepared zinc ferrite nanoparticles by
Pechini process. The saturation magnetization value increased from
0.72 to 7.21 emu/g when the average particles size rose from 18 to
62nm. Roy et al. [12] prepared zinc ferrite nanoparticles of different
particle size using co-precipitation method. The superparamagnetic-
paramagnetic size limit of zinc ferrite nanoparticles was found to be
17 nm, and the saturation magnetization increased with the decrease of
particle size from 17 to 6 nm. In the study of Yadav et al. [13], zinc
ferrite nanoparticles were synthesized by honey-mediated sol-gel
combustion method. With the increase of annealing temperature the
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particle size increased and subsequently the saturation magnetization
decreased from 12.81 to 1.39 emu/g when the particle size increased
from 11 to 57 nm. Coercivity of the nanoparticles first decreased from
16 to 1 Oe with the increase of particle size from 11 to 55 nm and then
increased to 26 Oe for the 57 nm zinc ferrite nanoparticles. Xue et al.
[14] prepared zinc ferrite nanoparticles with single spinel-phase by a
facile self-propagating combustion method varying the amount of gly-
cine. The saturation magnetization was 10 emu/g when the particle size
was 32nm. Phuruangrat et al. [15] synthesized zinc ferrite nano-
particles by using microwave assisted hydrothermal method and ob-
tained a saturation magnetization of 19.5 emu/g and coercivity of 9 Oe
for 3.5nm zinc ferrite nanoparticles. As seen, in recent years, many
techniques have been developed to prepare magnetic zinc ferrite na-
noparticles such as; ball milling, co-precipitation, sol-gel, thermal de-
composition and hydrothermal method [16,17]. Among these techni-
ques, hydrothermal method has attracted attention due to the
superiorities such as; high purity, high crystallinity, good dispersion,
low cost, controllable physical and chemical properties. And, the
parameters of hydrothermal process can be controlled to obtain mag-
netic nanoparticles with desired properties. In this study, super-
paramagnetic zinc ferrite nanoparticles with high magnetization were
synthesized by changing reaction time via the hydrothermal process at
110 °C. The samples displayed the zinc ferrite spinel structure. The re-
markably high magnetization value of 30.8 emu/g was obtained which
was compared to the superparamagnetic zinc ferrite nanoparticles
studies as the particle size was 10.6 nm. From the results, it is revealed
that the superparamagnetic zinc ferrite nanoparticles with high mag-
netizations can be obtained by varying the reaction time using hydro-
thermal process.

2. Experimental and methods

1 M ZnCl, (Merck, purity 98%) and 2 M FeCl3-6H,0 (Sigma-Aldrich,
purity 99%) were dissolved in 50 ml deionized water to obtain ion so-
lution. All reagents used in the investigation were of analytical grade
and used without further purification. The ion solutions were added to
50 ml 8 M NaOH (Merck, purity 98%) and stirred (1000 rpm) at 80 °C
for an hour to obtain the precursor. 15ml of the precursor was then
transferred into a Teflon-lined stainless steel autoclave and maintained
at 110°C for 2, 4, 8, 12, 16 and 24 h, separately. After cooling to room
temperature naturally, all products were washed several times with
distilled water and finally dried at 60 °C for 3h. The samples synthe-
sized at 2, 4, 8, 12, 16 and 24 h were labeled as S2, S4, S8, S12, S16 and
S24, respectively and given in Table 1.

Elemental composition of the nanoparticles was analyzed by using
an energy dispersive X-ray spectrometer (EDX). The elemental analysis
was also determined via inductively coupled plasma atomic emission
spectroscopy (ICP-AES). The structure of the produced particles was
determined by X-ray diffraction (XRD) using a Phillips PANalytical’s
X’Pert PRO X-ray diffractometer with Cu Ko radiation
(A = 0.15406 nm) in the 20-80° range. The average crystallite size was

Table 1
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inferred from the peak broadening using Scherrer equation [18], con-
sidering Lorentz function. Fourier Transform Infrared spectra were
measured using FTIR spectrometer Perkin Elmer-Spectrum Two. Spec-
trum was obtained between 370 and 4000 cm ™! by using KBr pellets.
The particle size of the synthesized nanoparticles was investigated
using TECNAI G2 F30 model transmission electron microscope (TEM)
with working voltage of 200 kV. Mean particle size was calculated from
TEM images by measuring the size of at least 100 particles via Image J
software. The magnetic measurements were performed using a vi-
brating sample magnetometer (VSM) ADE EV9 Model at room tem-
perature with the maximum applied magnetic field of 20 kOe with 1 Oe
intervals. Maximum magnetization is the magnetization value mea-
sured at + 20 kOe.

3. Results and discussion

Elemental analysis of the nanoparticles determined by ICP-AES
showed that the molar ratios of Zn:Fe in the samples S2, S4, S8, S12,
$16 and S24 were 0.35, 0.48, 0.53, 0.44, 0.45, and 0.45, respectively. In
Table 1, results of elemental analysis are listed. The samples with the
Zn:Fe ratios around 0.5 prove that they are zinc ferrite according to
studies [19-21] but the ratio of sample S2 was lower. Further in-
vestigations by XRD (a slight shift to lower angles was observed in the
20 values) and FTIR analysis displayed the sample S2 shows zinc ferrite
structure. It may be interpreted that zinc ferrite structure may not be
completely occurred due to the non-bonding of the zinc to oxygen in the
spinel ferrite structure, and consequently the places of zinc ions may be
empty for sample S2. The EDX analysis is also used to confirm the re-
sults by investigating the elemental composition of the selected samples
S12 and S24. The Zn:Fe ratio was found to be 0.46 and 0.51 for S12 and
S24, respectively.

The XRD patterns of zinc ferrite nanoparticles synthesized at 110 °C
for 2, 4,12, and 24 h are presented in Fig. 1. The diffraction peaks at 26
values of 29.9°, 35.2°, 42.8°, 53.0°, 56.5°, 62.1° and 73.5° were indexed
tothe (220),(311),(400),(422),(511),(440) and (55 3) planes of
zinc ferrite (JCPDS 002-4496), respectively. The diffraction peaks in the
XRD pattern of the samples match well with the XRD data of the spinel
structure of zinc ferrite. Furthermore, no other peaks of any impurities
and secondary phases are observed. On the other hand, Yoo et al. [22]
studied the effect of reaction time on the hydrothermal synthesis of zinc
ferrite nanoparticles and found that a Fe,O3 phase exists when the re-
action time increases to 12 h. They obtained pure zinc ferrite phase at
low reaction times (5h). In the pattern of sample S2, although a slight
shift to lower angles was observed in the 26 values, the same zinc ferrite
structure was observed. The crystal size, dxgrp of the nanoparticles was
calculated from the most intense peak (311) by using the Scherrer’s
Formula [18]:

0.9
Beosd (€]

“XRD —

where dxgp is particle size (nm), B is the broadening of the diffraction

Synthesis conditions, elemental compositions, particle sizes and magnetic properties of zinc ferrite nanoparticles.

Sample Reaction Time (h) ICP Results XRD Results Particle Sizes Magnetic Properties
Zn (%) Fe (%) Zn:Fe a (nm) dyrp (nm) dygyv (nm) "Mumax (emu/g) (measured) " Mmax (emu/g) (extrapolated)

S2 2 26.1 74.9 0.35 0.83125 7.7 6.8 + 2.5 25.5 31.4
S4 4 32.5 67.5 0.48 0.84610 8.7 8.7 + 35 27.5 33.6
S8 8 34.7 65.3 0.53 - - 29.1 34.8
S12 12 30.9 69.1 0.44 0.84573 10.1 9.3 + 4.2 29.9 35.8
S16 16 31.0 69.0 0.45 - - 30.7 36.3
S24 24 31.3 68.7 0.45 0.84525 10.0 10.6 = 5.1 30.8 36.4

* Mpmax: Maximum magnetization value measured at applied magnetic field of = 20 kOe.
** Mmax: Maximum magnetization value extrapolated at magnetic field of + 150 kOe.
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Fig. 1. XRD patterns of zinc ferrite nanoparticles synthesized at different reaction times; S2 (2h), S4 (4h), S12 (12h) and S24 (24 h).

line measured at the half maximum intensity in radians, A is the wave
length of the used X-ray (1.5406 A for C,-Ka) and 0 is Bragg angle of
diffraction. The calculated dxgrp values are displayed in Table 1 as 7.7,
8.7,10.1 and 10.0 nm for the samples S2, S4, S12 and S24, respectively.
The dxrp increases as the reaction time increases. The lattice constants,
a were also calculated by using least squares technique and found to be
0.8313, 0.8461, 0.8457 and 0.8453 nm for the samples S2, S4, S12 and
S24, respectively. The lattice constants of the samples are in agreement
with the lattice constant of zinc ferrite (0.8350 nm). According to the
ICP-AES and EDX results, Zn:Fe ratio for S2 sample was lower than
other samples.

FTIR analysis was made for all samples and the spectra were given
in the range of 370-1500 cm ™ in Fig. 2. In the FTIR spectrum of spinel
ferrites, two main transmittance bands occur from atomic vibrations for
the bonds between metal ions at octahedral or tetrahedral sites and
oxygen ions. In Fig. 2, there are two transmittance bands observed at
558-552cm ™' and 400-392cm”'. The band between 558 and
552cm ™' corresponds to the intrinsic stretching vibration of Fe-O,
whereas other band between 400 and 392 cm ™! corresponds to Zn-O
ions at the octahedral site [23]. Also, Marzouk et al. [24] have found
that the stretching vibration of the Fe-O bond is between 600 and
550 cm ™! at tetrahedral sites, and the stretching vibration of the Zn-O
is between 450 and 385cm™! at octahedral sites. The transmittance
peak at about 1068 cm ™! seen in Fig. 2 is related to Zn-Fe vibration
according to [4]. Sawant et al. [4] have observed that stretching vi-
bration of the Zn-Fe is between 1071 and 1115 cm ™ '. The FTIR results
confirm that the samples S2, S4, S8, S12, S16 and S24 have spinel
structure of zinc ferrite, which is consistent with XRD results.

TEM images of the zinc ferrite nanoparticles synthesized at different
reaction times are shown in Fig. 3(a—d). The calculated average parti-
cles sizes, drgv are presented in Table 1. The drgy are 6.8 + 2.5,
8.7 = 3.5,9.3 + 4.2, and 10.6 * 5.1 nm for the samples S2, S4, S12
and S24, respectively. Also, the change in dgy values is consistent with
the change of the dxgrp values. The size of nanoparticles increased with
the increase of the reaction time from 2 h to 24 h at 110 °C. The number
of small nanoparticles stays almost constant in all samples whereas the
number of larger nanoparticles increases with the increase of reaction
time. The observed changes may be explained by the incomplete con-
sumption of the reactants after a short period. And, during the
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Fig. 2. FTIR spectra of zinc ferrite nanoparticles synthesized at different reac-
tion times; S2 (2h), S4 (4h), S12 (12h) and S24 (24 h).

prolonged, longer time the reaction is likely to go to a more completion
and thus larger particles are also obtained. High resolution TEM
(HRTEM) image of a single zinc ferrite nanoparticle is shown in Fig. 3c.
The interplane spacing was calculated as 0.251 nm from the image and
the value corresponds to the (311) lattice plane of zinc ferrite con-
firming the XRD results.

The magnetization curves of samples S2, S4, S8, S12, S16 and S24
were measured at room temperature and presented in Fig. 4. It is evi-
dent that the prepared zinc ferrite nanoparticles have super-
paramagnetic behavior with zero coercivity and remanence, see Fig. 4.
The maximum magnetizations (measured at the highest magnetic field
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Fig. 3. TEM images for zinc ferrite nanoparticles synthesized with different reaction times; (a) 2 h (52), (b) 4 h (S4), (c) 12 h (S12) with a HRTEM image of single zinc

ferrite nanoparticle and (d) 24 h (S24).
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Fig. 4. Magnetization curves for zinc ferrite nanoparticles at room temperature
with different reaction times; 2 h (S2), 4 h (S4), 8 h (S8), 12h (S12), 16 h (S16),
24h (S24) at 110 °C. Inset shows the magnetization curves with a field range of
—200 to +200 Oe.

of 20 kOe) of samples S2, S4, S8, S12, S16 and S24 are 25.5, 27.5, 29.1,
29.9, 30.7 and 30.8 emu/g, respectively, see Fig. 5. As seen from the
figure, the magnetization values increase with the increase of particle
size caused by the rise of reaction time. The magnetization values are
considerably high compared to superparamagnetic zinc ferrite nano-
particles (with zero coercivity) synthesized by hydrothermal synthesis
[20,22,26] and other techniques [12-14,25]. In the study [20], zinc
ferrite nanoparticles synthesized by surfactant assisted hydrothermal
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Fig. 5. Relationship of maximum magnetization and reaction time for zinc
ferrite nanoparticles; S2 (2h), S4 (4h), S8 (8 h), S12 (12h), S16 (16 h) and S24
(24h).

process shows a paramagnetic-like behavior and maximum magneti-
zation obtained at 15kG is 6 emu/g. Yoo at al. [22] obtained pure su-
perparamagnetic zinc ferrite nanoparticles (~60 nm) with a maximum
magnetization of 8 emu/g (not saturated). Lestari et al. [26] synthe-
sized zinc ferrite nanoparticles with hydrothermal and sol-gel methods.
The nanoparticles obtained by hydrothermally are 32nm and have a
saturation magnetization of 34.4 emu/g with a small coercivity (2 Oe).
As seen in the studies, particle size and hence the magnetic properties
are dependent on the production conditions. In the same manner, in our
study, it has been observed that the particle size of the zinc ferrite
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Fig. 6. Magnetization curve for sample S24 measured at = 20 kOe (solid line)
and extrapolated from + 12.5kOe to + 150 kOe (dashed line).

nanoparticles and consequent magnetic properties depend on the re-
action time of hydrothermal process. Besides, under study, 10.6 nm
sized nanoparticles have 30.8 emu/g magnetization and zero coercivity,
and the measured value at 20 kOe is the highest value among super-
paramagnetic zinc ferrite studies by now. Magnetization curves of
samples showed that the magnetization does not saturate even for the
high laboratory field (H = 20kOe). In order to obtain the magnetiza-
tion value at higher fields the magnetization data was extrapolated
according to Eq. (2) [27] since the magnetization of zinc ferrite nano-
particles showed nearly linear dependence on magnetic field for the
fields higher than 12.5 kOe.

M =M, +XH (2)

The estimated magnetization values of S2, S4, S8, S12, S16 and S24
samples at 150 kOe were listed in Table 1 as " Mgy (extrapolated). The
maximum magnetization of sample S24 reached up to 35.4 emu/g. The
magnetization curves of sample S24 which were measured at = 20 kOe
and extrapolated at = 150 kOe were given in Fig. 6 as an example. As
expected, the higher magnetization values were estimated for super-
paramagnetic zinc ferrite nanoparticles at 150 kOe.

4. Conclusions

Superparamagnetic zinc ferrite nanoparticles with the highest
magnetization were successfully prepared by hydrothermal method at
110 °C under its own conditions. The structural analysis revealed that
the nanoparticles have high purity and single phase of zinc ferrite. The
formation of spinel phase of zinc ferrite was investigated by the FTIR
spectra confirming XRD results. The average particles size determined
by TEM analysis was in the range of 6.8-10.6 nm. Magnetic measure-
ments show that zinc ferrite samples exhibit superparamagnetic beha-
vior at room temperature. And, the highest maximum magnetization of
superparamagnetic zinc ferrite nanoparticles synthesized for 24h at
110 °C was 30.8 emu/g. More importantly, magnetization values of the
nanoparticles increased with the increase of particle sizes under the
increase of the reaction time via hydrothermal process. The magneti-
zation values were also extrapolated.
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