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Abstract—Zinc ferrite (ZnFe,0,) nanoparticles were successfully synthesized from Zn(NOs), - 6H,0 and
Fe(NO3); - 9H,0 by microwave hydrothermal method at 150°C for 1 h. Cubic ZnFe,O, with particle size
below 7 nm was formed in the solution at pH > 6. The crystallinity and particle size of ZnFe,O, nanoparticles
were increased after calcination. The effects of pH of the precursor solution and calcination on the particle
size and crystallinity of the particles were studied. At room temperature the products show superparamagnetic
and ferromagnetic properties, determined by their size. The formation mechanism of ZnFe,O, was also dis-

cussed according to the experimental results.

Keywords: zinc ferrite, magnetic properties, microwave-assisted hydrothermal method

DOI: 10.1134/S003602441705003X

1. INTRODUCTION

Metal ferrites (MFe,O0,, M = Zn, Co, Ni, Cd) are
among the most important magnetic materials and
have many applications in electronic devices, infor-
mation storage, magnetic resonance imaging (MRI),
drug-delivery technology, catalysis and gas-sensing
materials [1-3]. In recent years, zinc ferrite
(ZnFe,0,) nanoparticles attract much attention due
to their potential applications in gas sensors, adsor-
bents for hot-gas desulfurization, enzymatic biosen-
sors and semiconductor photocatalysts [4—7].
ZnFe,0, has normal spinel structure and has been
intensively investigated [5, 8, 9]. Zn*" and Fe3* ions
occupy the tetrahedral A and octahedral B sites of the
spinel structure, respectively [8—10]. However,
ZnFe,0, is an antiferromagnetic material with the
Néel temperature of ~10 K [8, 11, 12]. The magnetic
properties of ZnFe,O, significantly changed when its
particle size was decreased to nanometer scale due to the
inversion of Zn?>* and Fe** ions in B and A-sites [9, 12].
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There are several methods used to synthesize
ZnFe,O, nanoparticles: hydrothermal reaction [2,
13], pyrolysis [5, 14], thermal decomposition [6, 8],
electrospinning [7], co-precipitation [9, 15, 16] and
solid state reaction [10, 11]. Moreover, they are rather
time-consuming and may be complicated by forma-
tion of undesired phases. To solve such problems,
another method for the preparation of ZnFe,O,
nanoparticles was developed. Microwave hydrothermal
(MH) method was selected because it provide rapid
heating, faster kinetics and low reaction temperature
compared to conventional methods [4, 17, 18].

In the present work MH method was used to syn-
thesize ZnFe,0, nanoparticles with and without subse-
quent calcination at high temperature. Phase composi-
tion, morphology and magnetic properties of the pre-
pared materials were investigated and discussed, along
with proposed reaction mechanism and effect of pH.

2. EXPERIMENTAL

All reagents such as zinc nitrate hexahydrate
(Zn(NO;), - 6H,0, 98%), iron nitrate nonahydrate
(Fe(NO3); - 9H,0, >98%) and sodium hydroxide
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Fig. 1. XRD patterns of ZnFe,0,4 samples synthesized at pH 6, 8, 10, and 12 by microwave-assisted hydrothermal method at
150°C for 1 h (a) before and (b) after calcination at 450°C for 1 h.

(NaOH, >99.5%), all from Sigma-Aldrich, were used
without further purification.

In a typical synthetic procedure, zinc nitrate hexa-
hydrate (5 mmol) and iron nitrate nonahydrate
(10 mmol) were dissolved in 40 mL of deionized water.
Then pH of the solutions was adjusted to desired value
with 3 M NaOH. The resultant solutions were loaded
in 100 mL fluoropolymer-lined pressure vessels
(TFM®), which were then sealed and microwave-
heated using Mars-5 unit (CEM Corporation) at 300 W
from room temperature to 150°C within 20 min, and
held at this temperature for 1 h, and then cooled to
room temperature. The products were collected and
washed with deionized water and ethanol, dried, and
calcined at 450°C for 1 h.

X-ray powder diffraction (XRD) patterns were
measured on a M18XHF X-ray diffractometer (MAC
Science Co.). Transmission electron microscopy
(TEM) was carried out on a JEOL JEM-2010 instru-
ment operating at 200 kV. The samples for TEM anal-
ysis were prepared by dropping the dispersed products
in ethanol on carbon copper grids. Fourier transform
infrared spectra were recorded on a Bruker Tensor 27
FTIR spectrometer using standard KBr pellets. Mag-
netic properties of the samples were measured on a
Lake Shore VSM 7403 vibrating sample magnetome-
ter at room temperature over the 10000 Oe range.
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3. RESULTS AND DISCUSSION

Figure 1 shows XRD patterns of the products syn-
thesized at described conditions, with pH being
adjusted to 6, 8, 10, or 12 by 3 M NaOH solution. The
XRD patterns can be indexed to cubic ZnFe,O, spinel
structure (JCPDS no. 79-1150 [19]). The diffraction
peaks at 20 of 30.1°, 35.2°, 42.8°, 52.9°, 56.5°, and
62.1° can be ascribed to the (220), (311), (400), (422),
(511), and (440) planes of the spinel structure. No
peaks of other phases were detected, indicating that
the products are very pure. The broadening of fraction
peaks implies the nanoscale size and low crystallinity
of ZnFe,0, particles. To improve their crystallinity,
the products were calcined at 450°C for 1 h. The XRD
patterns were still corresponding to the cubic ZnFe,0,
spinel phase. The ZnFe,O, products remained as
nanoparticles. The diffraction patterns became shaper
and stronger, showing higher crystallinity of the cal-
cined samples.

The approximate crystallite sizes of ZnFe,O, samples

before and after calcination were calculated from X-ray
diffraction of the (311) plane using Scherrer formula:

Ak
= 1

Lcos®’ ()

where A is the wavelength of the CuK|, radiation, 0 is
the diffraction angle of the selected (311) peak, L is the
full width at half maximum (FWHM) of the peak, B is
the average crystallite size, and k is a constant [3, 20,
21]. The approximate crystallite sizes of ZnFe,0, syn-

No. 5 2017



SUPERPARAMAGNETIC AND FERROMAGNETIC BEHAVIOR OF ZnFe,0,

Transmittance, arb. units
-_\___q_\__—x
—_

T
-~
N
/
o
’d
/
_—J)
=

953

400

800 1200 1600 2000 2400 2800 3200 3600 4000

Wavenumber, cm™

Fig. 2. FTIR spectra of ZnFe,0, samples synthesized at pH 12 by microwave-assisted hydrothermal method at 150°C for 1 h

(1) before and (2) after calcination at 450°C for 1 h.

thesized by microwave-hydrothermal method at pH 6,
8, 10, and 12 are 6.28, 7.48, 13.18, and 19.06 nm,
respectively. For calcined materials, these sizes are
7.77, 12.85, 18.79, and 25.82 nm.

Figure 2 shows the FTIR spectra of ZnFe,O, syn-
thesized at pH 12 before and after calcination. IR
spectroscopy is useful to detect the possible presence

of residual species such as Zn(OH)i_x (x=2—4)and
Fe(OH); in the main product. The broad band at
3375 cm~! was believed to be associated with the OH
stretching of adsorbed water molecules and hydroxyl
groups on the surface of ZnFe,O, nanoparticles [15,
16]. Additionally, the band at 1625 cm~! was assigned
to the bending vibration of water molecules. After cal-
cination at 450°C for 1 h, the vibration band at
1362 cm~! was no longer detected and the broad band
at 3375 cm~! was weakened. These results suggest that
the calcination process can remove most of the surface
hydroxyl groups and adsorbed water from the
nanoparticles. Other bands at 553 and 400 cm~! were
assigned to intrinsic stretching vibration of Fe—O and
Zn—O0 bonds at tetrahedral and octahedral sites of the
ZnFe,0, nanoparticles [3, 6, 9, 16].

TEM images and SAED patterns of the ZnFe,0,
particles synthesized by the MH method at different
pH values before and after calcination are shown in
Fig. 3. The products before calcination show cluster
islands of nanoparticles with sizes below 10 nm. The
particle sizes of ZnFe,0, increased with increase of
pH of the initial solutions. Their real sizes (Fig. 4) were
counted for up to 300 particles. The average particle
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sizes and their standard deviations are 3.48 * 0.51,
3.75 %+ 0.53,4.47 £ 0.59, and 5.76 = 0.76 nm for the
samples prepared at pH of 6, 8, 10, and 12, respec-
tively. The same trend was observed for the particle
sizes calculated by Scherrer formula. So, it can be con-
cluded that pH of the precursor solutions determines
the size of particles formed.

The SAED patterns of the particles before calcina-
tion showed diffuse and hollow rings, corresponding
to very low crystallinity. This is in accordance with
XRD data. The SAED patterns were indexed to (111),
(220), (311), (222), (400), (422), (511), and (440)
planes. Upon calcination of the samples at high tem-
perature, the TEM images show narrow size distribu-
tion of spherical ZnFe,O, nanoparticles. Their
SAED patterns appear as bright spots of fully con-
centric rings, implying that the crystallinity of the
particles had improved. These patterns can be
indexed to the same planes of spinel structure. The
size distributions for ZnFe,0, particles before and
after calcination can be fitted to normal distribution
curves. The particle sizes of ZnFe,0O, increased with
increase of pH of the precursor solutions. Their sizes
also enlarged after calcination as well. These results
are summarized in Table 1.

The formation of ZnFe,O, nanoparticles by micro-
wave-assisted hydrothermal method can be explained
as follows. When iron and zinc nitrates were dissolved
in water, pH of the resulting solution was 1.24. After
addition of NaOH until pH 2—6, the freshly precipi-
tated Zn(OH), and Fe(OH); formed directly from
metallic salts. Subsequently, the solutions were heated
by MH method at 150°C for 1 h, brown hydroxides

No.5 2017
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Fig. 3. TEM images and SAED patterns of ZnFe,O4 nanocrystals synthesized at pH (a, €) 6, (b, f) 8, (c, g) 10, and (d, h) 12 by
microwave-assisted hydrothermal method at 150°C for 1 h (a—d) before and (e—h) after calcination at 450°C for 1 h.
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Fig. 4. Particle-size distributions of ZnFe,0,4 nanocrystals synthesized at pH (a, ¢) 6, (b, f) 8, (c, g) 10, and (d, h) 12 by micro-
wave-assisted hydrothermal method at 150°C for 1 h (a—d) before and (e—h) after calcination at 450°C for 1 h.

precipitated. The XRD patterns of the products
formed at pH 2, 4, 5, and 6 are shown in Fig. 5. Prod-
ucts formed at initial pH 2 and 4 can be indentified as
pure Fe,O; phase (JCPDS no. 01-1053 [19]). At pH 5,
the major ZnFe,0, and minor Fe,0; phases were
detected. At pH 6, no Fe,0; can be detected as impu-
rity. It can be concluded that the appropriate condi-
tion for the formation of ZnFe,O, nanoparticles is
pH > 6. Under microwave heating, the precipitated

RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY A Vol. 91

hydroxides were decomposed by microwave heating at
high pressure to form oxide. The reaction mechanism
for the formation of ZnFe,O, nanocrystals during the
MH synthesis can be explained as follows

Zn>* + 20H- — Zn(OH),, )

Fe** + 30H- — Fe(OH),, 3)

Zn(OH), + 2Fe(OH); — ZnFe,0, + 4H,0. (4)
No. 5 2017
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Table 1. Particle sizes of ZnFe,0,4 nanoparticles obtained
from TEM images

Particle size, nm
Solution pH
before calcination | after calcination
6 3.48 £0.51 7.20 = 1.01
8 3.75+0.53 7.61 £0.86
10 4.47 £0.59 9.30 £ 1.11
12 5.76 £0.76 10.44 £ 1.46

Table 2. Magnetic properties of ZnFe,O, samples

Coercivity, |Saturation magne-
Sample ..
Oe tization, emu/g
pH 6, non-calcined 8.9042 19.4800
pH 12, non-calcined 6.7330 8.9516
pH 6, calcined 6.5847 4.6493
pH 12, calcined 5.3201 3.9095

Figure 6 shows magnetization at room temperature
of ZnFe, 0, materials synthesized from the precursor
solutions with pH 6 and 12 before and after calcination
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Fig. 5. XRD patterns of the products synthesized at pH 2,
4, 5, and 6 by microwave-assisted hydrothermal method at
150°C for 1 h.
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(Table 2). It should be noted that the ZnFe,O, synthe-
sized at pH 12 without calcination, and both calcined
samples possess superparamagnetic properties with
very low coercivity. This was attributed to an increased
disorder of the magnetic moment orientation in the A
and B sites. Moreover, only the ZnFe,0O, sample pre-
pared at pH 6 without calcination shows ferromag-
netic behavior with a saturation magnetization (Mg) of
19.48 emu/g. The magnetization values of all samples
are summarized in Table 2. The saturation magnetiza-
tion is decreased with increase of the particle size. The
sample prepared at pH 6 has the highest saturation
value, while calcined sample prepared at pH 12 has the
lowest one. Lowering of the saturation magnetization
is due to the presence of dead layer on the particle sur-
faces and tilted spins by small angles about their axes
rather than being exactly co-parallel (spin canting).
When particle sizes increase, the surface areas and the
number of atoms on the surfaces decrease. Thus the
saturation magnetization is lowered [2, 3, 6].

4. CONCLUSIONS

In summary, well crystallized ZnFe,O, nanoparti-
cles were successfully synthesized in the solutions con-
taining Zn(NO;), and Fe(NO;); with the pH of 6—12
by microwave-assisted hydrothermal method at 150°C
for 1 h, followed by calcination at 450°C for 1 h. pH of
the precursor solutions and calcination both affect the
crystallinity and particle size of prepared ZnFe,0O,
nanoparticles. The saturation magnetization of
ZnFe,0, nanocrystal synthesized at the pH of 6 by
microwave-hydrothermal reaction at 150°C for 1 h was
19.48 emu/g.
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Fig. 6. Magnetic properties of ZnFe,O,4 nanocrystals syn-
thesized at pH 6 (/) and 12 (2) by microwave-assisted
hydrothermal method at 150°C for 1 h and followed by cal-
cination at 450°C for 1 h (3 and 4, respectively).
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