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Abstract

A polyvinylpyrrolidone (PVP)/MnFe,O4 nanocomposite was prepared by the sol-gel autocombustion method and its
structural, thermal, spectroscoppic, morphological and magnetic characterizations were done by XRD, FT-IR, TGA, SEM and
VSM techniques. The presence of MnFe,O, was confirmed by XRD and the size of crystallites was estimated to be 11 + 3 nm.
Morphology analysis by SEM revealed spherical agglomerates of 15 nm. The magnetization curves confirm a superparamagnetic
behavior with a blocking temperature of 287 K. The M,/M, value suggests the presence of uniaxial anisotropy in MnFe,O4
nanoparticles, instead of the expected cubic anisotropy according to the Stoner—Wohlfarth model. The effective magnetic anisotropy
constant K. has been determined to be about 1.42 x 10% erg/cm® which is significantly higher than that of the bulk MnFe,O,. This
suggests a strong magnetic coupling between magnetically ordered core spins and disordered surface spins of the nanoparticles in the
nanocomposite.
© 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Magnetic nanoparticles have attracted great attention in
recent decades due to their wide potential applications in
high-density magnetic recording [1], magnetic drug-
delivery [2], magnetic resonance imaging (MRI) [3], etc.
Magnetic nanoparticles have unusual properties like super-
paramagnetism, spin-glass-like behavior, and spin canting
effect due to the large surface-to-volume ratio of the
nanoparticles and they are required to have a superpar-
amagnetic character at room temperature for many appli-
cations [4]. Among the known magnetic nanoparticles,
MnFe,O4, a well known soft magnetic material, has
relatively high surface area, saturation magnetization and
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excellent chemical stability [5,6] and has been widely
applied in electronics, microwave devices, magnetic storage,
etc. [7].

In order to prevent particle aggregation and control the
average particle size and shape, a polar polymer, namely
polyvinylpyrrolidone (PVP) can be extensively used as a
reducing agent as well as a surface capping agent for the
synthesis of nanoparticles [8]. PVP was often employed as a
stabilizer in the preparation of composite spheres [9] and it has
a well-defined structure with an N-vinylpyrrolidone monomer
connected as a long chain. The incorporation of inorganic
nanoparticles into a polymer matrix can result in significant
improvements in a variety of chemical and physical properties
[10-12].

In this work, a sol-gel auto-combustion method was
used for the sysnthesis of PVP/MnFe>O,4 nanocomposite.
The structural, spectroscopic, thermal, morphological and
magnetic properties of the PVP/MnFe,O4 nanocomposite
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Scheme. The synthesis of PVP-MnFe,0, nanocomposite.

have been investigated in details in the temperature range
of 10400 K and in magnetic fields up to 90 kOe.

2. Experimental
2.1. Chemicals and mstrumentations

All chemicals including manganese nitrate hexahydrate
(Mn(NOy), - 6H,0), iron nitrate nonahydrate (Fe(NO3)s -
9H,0), citric acid (C¢HgO5), polyvinylpyrrolidone (PVP),
ethylene glycol were obtained from Merck and used as
received, without further purification.

X-ray powder diffraction (XRD) analysis was conducted
on a Rigaku Smart Lab Diffractometer operated at 40 kV
and 35 mA using Cu K, radiation.

Fourier transform infrared (FT-IR) spectra were
recorded in transmission mode (Perkin Elmer BX FT-IR)
on powder samples that were ground with KBr and
compressed into a pellet. FT-IR spectra in the range
4000400 cm ~ ! were recorded in order to investigate the
nature of the chemical bonds formed.

The thermal stability was determined by thermogravi-
metric analysis (TGA, Perkin Elmer Instruments model,
STA 6000). The TGA thermograms were recorded for
5 mg of powder sample at a heating rate of 10 °C/min in
the temperature range of 30-750 °C under nitrogen
atmosphere.

Scanning Electron Microscopy (SEM) analysis was
performed, in order to investigate the microstructure of
the sample, using FEI X140 Sirion FEG Digital Scanning
Microscope. Samples were coated with gold at 10 mA for
2 min prior to SEM analysis.

The magnetization measurements were performed by
using vibrating sample magnetometer (VSM, Quantum
Design, PPMS 9 T) in an external field up to 90 kOe in
the temperature range of 10400 K. Field cooled (FC) and
zero field cooled (ZFC) magnetization curves of the sample
was measured at temperatures between 10 and 400 K with
an applied magnetic field of 100 Oe. Firstly, the sample is
cooled down from 400 to 10 K without any external
magnetic field and then a magnetic field of 100 Oe is
applied and ZFC data are recorded from 10 to 400 K.
Secondly, the sample was cooled down again from 400 to

10 K in an applied field of 100 Oe and then the FC data
were recorded from 10 to 400 K in the magnetic field of
100 Oe.

2.2. Procedure

PVP/MnFe>O,4 nanocomposite was prepared by the sol—
gel autocombustion method. An appropriate amount of
Mn(NO3),-6H,O and Fe(NOs);-6H,O and citric acid
(C¢HgO,) were first dissolved in a minimum amount of
ethylene glycol. The molar ratio of nitrates was 1:2 and
nitrates to citric acid were 1:1. Then a certain amount of
polyvinylpyrrolidone (PVP) dissolved ethylene glycol was
added into above metal nitrate solution. The final solution
was magnetically stirred for 3 h at room temperature and
then the water content was removed in an oven at 90 °C
until a gel was obtained. The obtained gel in evaporating
dish was dried in a hot air oven at 150 °C for about 5 h.
Finally a black—brown color nanocomposite was obtained
(Scheme).

3. Results and discussion
3.1. XRD analysis

The XRD pattern of PVP/MnFe,04 nanocomposite is
presented in Fig. 1. All of the observed diffraction peaks
were indexed by the cubic structure of MnFe,O4 spinel
(ICDD card no. 73-1964) phase. To determine the crystal-
lite size of the product, its XRD profile was fitted
according to the Eq. (1) in Wejrzanowski et al. [13] which
allows the estimation of average crystallite size and its
standard deviation from XRD. The experimental line
profile, shown in Fig. 1 was fitted for 7 peaks (111),
(220), (311), (400), (422), (511) and (440) [14-16]. The
broadening of the diffraction peaks distinctly indicates the
nanocrystalline nature of the materials. The average
crystallite size of the product, Dxrp, determined to be
11 +3nm.
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Fig. . XRD powder pattern of PVP/MnFe,O, nanocomposite.
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3.2. FT-IR analysis

The FT-IR spectra of PVP and PVP-MnFe,04 nano-
composite are shown in Fig. 2. The C=0 stretch band is
present at 1663 cm~! for pure PVP (Fig. 2(a)) and it
appears at 1622 cm ™' for PVP/MnFe,O, nanocomposite
with ~41 cm ™! red shift. The asymmetric CH, stretch and
symmetric CH, stretching were observed at 2922 cm ™' and
2852 cm ', respectively (Fig. 2b) [17,18]. The FT-IR
spectra illustrate that absorption bands of Mn-O and
Fe-O bonds appeared at 404, 502, and 556 cm ™', respec-
tively, for pure spinel manganese ferrite [19,20-22].

3.3. TG analysis

To further confirm the existence of PVP on the surface
of MnFe,0,4 nanoparticles and quantify the proportion of
organic and inorganic phase, TG analysis was performed.
Pure PVP combusted starting at 420 °C leaving a residue
of ~8% above 450 °C (Fig. 3(a)). Evidently, the differ-
ential thermogram for the nanocomposite is slightly shifted
toward higher temperatures due to the extra interaction
between the PVP and nanoparticles [23-25]. Nanocompo-
site shows a major weight loss of 20% over the tempera-
ture range of 300-750 °C due to the decomposition and
combustion of PVP (Fig. 3(b)). This implies that the
nanocomposite has 80% inorganic phase as MnFe,Oy
nanoparticles.

3.4. SEM analysis

Morphology of the nanocomposite was investigated by
SEM and few micrographs at different magnifications are
presented in Fig. 4. Spherical globules were observed that
are heavily agglomerated. A closer inspection revealed the
size of spheres are about 15nm. This was in close
agreement with the crystallite size estimated from X-ray
line profile fitting, which may reveal nearly single
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Fig. 2. FT-IR spectra of (a) PVP and (b) PVP/MnFe,0,4 nanocomposite.
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Fig. 3. TG thermographs of (a) PVP (b) PVP/MnFe,0O4 nanocomposite.

crystalline character of the ferrite nanoparticles in the
nanocomposite.

3.5. VSM analysis

Field-dependent magnetization of the PVP/MnFe,O4
nanocomposite was measured in the temperature range
of 10-300 K, and in magnetic fields ranging up to 60 kOe.
Fig. 5 shows the field dependent magnetization curves
taken at different temperatures for the PVP/MnFe,04
nanocomposite between —1.5kOe and +1.5kOe. The
sample shows hysteretic behavior at all temperatures
except 300 K, where the coercivity and remanence are
almost negligible, indicating that the MnFe,O,4 nanoparti-
cles in the nanocomposite exhibit superparamagnetic
behavior at room temperature. It can be observed that
the magnetization does not fully reach saturation even at
magnetic fields as high as 90 kOe, suggesting the presence
of antiferromagnetic interactions between ions of A and B
sub lattices [26,27]. Similar results have been observed in
the coated Mn,Co;_,Fe,0O4 nanoparticles prepared by
the glycothermal reaction [27] and Mng»Nij gFe,O4 nano-
particles synthesized by a PEG-assisted hydrothermal
route [28]. While the magnetization reaches to saturation
by means of ferromagnetic contribution, it linearly
increases due to antiferromagnetic contribution with the
magnetic field. This results in unsaturated magnetization
behavior [26].

Fig. 6 shows the variation of the saturation magnetiza-
tion (M) values of the PVP/MnFe,O4 nanocomposite with
temperature. The M, values were determined by extra-
polating M versus 1/H plot to 1/H=0. As seen from the
figure, as the temperature rises, the M, values of the
MnFe,0,4 nanoparticles because of an increasing thermal
fluctuations on magnetic ions as a function of temperature.
The MnFe,O4 nanoparticles prepared by the sol-gel
autocombustion method in this study have saturation
magnetization of 40.4 and 52.1 emu/g at 300 and 10 K,
respectively. The observed magnetization values are less
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Fig. 4. SEM micrographs of PVP/MnFe,O4 nanocomposite with different magnifications.

than the value for bulk MnFe,O,4 (80 emu/g) [29] and
significantly higher than the values found for the MnFe,Oy4
nanoparticles of 15-23 nm synthesized by a thermal treat-
ment method [30] and the MnFe,O, nanoparticles of
12 nm prepared by reverse micelle microemulsion method
[31]. It is known that the decrease in saturation magnetiza-
tion of the nanoparticles is due to the surface spin disorder
[32], spin canting occurring in nanoparticles [33], non-
magnetic coating [34]. In this study, the reduction of
saturation magnetization of the MnFe,O, nanoparticles
compared to that of the bulk can be ascribed to the non-
magnetic PVP type polymer coating shell. Previous studies
on magnetic nanoparticles have revealed that after non-
magnetic coating, the saturation magnetization values
decreases. For example, the M value of the magnetite

nanoparticles  synthesized through an oxidation—
precipitation method decreases from 92 to 22.6 emu/g after
poly(thiophene) coating [35]. The M; value of the mono-
disperse cobalt ferrite nanomagnets decreases from 73.6 to
59.5 emu/g after silica coating [36]. The M, Value of the
Zng ¢Cug 4Cry sFe; sO4 nanocomposite prepared by a rheo-
logical phase reaction method from 28.3 to 5.9 emu/g after
polyaniline (PANI) coating [37]. The PVP shell encapsu-
lating on the surface of the nanoparticles and weakens
magnetic dipole—dipole interactions between neighboring
nanoparticles, which significantly decreases the saturation
magnetization of the MnFe,O4 nanoparticles in this work.

Fig. 7 shows field cooled (FC) and zero field cooled
(ZFC) magnetization curves of the PVP/MnFe,0,4 nano-
composite measured at temperatures between 10 and
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Fig. 5. Hysteresis loops of the PVP/MnFe,0O4 nanocomposite measured at different temperatures.

400 K with an applied magnetic field of 100 Oe. The ZFC
magnetization increases in the beginning as the tempera-
ture rises from 10 to 287 K. When the temperature is
287 K, it reaches a maximum and finally starts to decrease
with increasing temperature. This particular temperature
of 287 K at which the magnetization reaches a maximum is
called the blocking temperature, 7. Also, the FC curve
remains almost constant below the blocking temperature.
Such temperature dependence of the ZFC and FC magne-
tizations further confirms that the MnFe>O4 nanoparticles
used in this work show superparamagnetic behavior at
room temperature. At temperatures above Ty the thermal
energy overcomes the anisotropy energy barrier and the
direction of the magnetic moment of each nanoparticle

randomly fluctuates from one easy direction to another.
Thus, the magnetization decreases above Tg. This phe-
nomenon is known as superparamagnetism [38]. It is also
obvious that ZFC curve of the MnFe,O,4 nanoparticles
exhibits a broad peak at around Ty (287 K). This broad
peak of ZFC curve is related with particle size distribution
[39]. The broad peak observed in ZFC curve of the
MnFe,0,4 nanoparticles indicates broad size distribution
of the particles used in this study.

Fig. 8 shows the thermal variation of the remanence
magnetization for the PVP/MnFe,O4 nanocomposite.
The inset of Fig. 8 shows the change in the reduced
remanent magnetization (M./M;) for the PVP/MnFe,04
nanocomposite with temperature. It is observed from
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Fig. 6. Dependence of the saturation magnetization on temperature for
the MnFe,O,4 nanoparticles.
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Fig. 7. ZFC-FC magnetization curves for the PVP/MnFe,0, nanocom-
posite under an applied magnetic field of 100 Oe.
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Fig. 8. Variation of the remanence magnetization, M, with temperature
of the PVP/MnFe,O4 nanocomposite. Inset shows variation of the
reduced remanent magnetization (M,/M;) with temperature.

Fig. 8 that the M, and M /M, continuously decrease as the
temperature increases. This behavior is due to the decrease
of magnetic anisotropy strength with increasing tempera-
ture [40,41]. In the Stoner—Wohlfarth model for non-
interacting single domain particles with the easy axis
randomly oriented, the M,/M, is given by 0.5 for uniaxial
anisotropy, and 0.832 for cubic anisotropy [42]. As seen
from the inset of Fig. 8, at all temperatures the M,/M;
value of the sample used in this study does not exceed the
theoretical value of 0.5. The bulk MnFe,O,4 is a magnetic
material with cubic magnetocrystalline anisotropy [43].
However, according to the Stoner—Wohlfarth model, these
M,/ M values are more consistent with uniaxial anisotropy
instead of the expected cubic anisotropy. Thus, the
MnFe,04 nanoparticles used in this study have uniaxial
anisotropy. Similar results have also been reported for
cobalt substituted ferrite nanoparticles synthesized using
reverse micelles [44] and ultrafine cobalt ferrite particles
synthesized by hydrolysis in a polyol medium [45]. The
uniaxial anisotropy seen in the magnetic nanoparticles is
attributed to surface effects [46].

Fig. 9 shows variation of the coercive field, H. of the
PVP/MnFe,O4 nanocomposite with temperature. The H,
significantly depends on temperature and continuously
decreases with increasing temperature. This is due to the
decreasing of the effective magnetic anisotropy with
increasing temperature. At room temperature, the H. of
the MnFe>O4 nanoparticles is almost negligible, indicating
the superparamagnetic behavior. The coercivity is known
to be a measure of the strength of the magnetic field that is
required to overcome the energy barrier connected with the
magnetocrystalline anisotropy energy. The magnetic ani-
sotropy energy (E,) for non-interacting single-domain
particle with uniaxial anisotropy is defined by the
Stoner—Wohlfarth theory [47]:
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Fig. 9. The temperature dependence of the coercive field, H. of the PVP/
MnFe,0,4 nanocomposite.
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where K, V" and 6 are magnetic anisotropy energy constant
and volume of the particles, and the angle between
magnetization direction and the easy axis of a nanoparti-
cle, respectively. The magnetic anisotropy energy barrier
decreases as well as the magnetic anisotropy decreases,
resulting in lower magnetic field strength for magnetization
reversal (or lower H.). The H. value of the MnFe,Oy4
nanoparticles synthesized by the sol-gel autocombustion
method in this study is 716; Oe at 10 K. Similar H, values
have also been observed for the nanosized MnFe,O,
ferrites synthesized by solid state ball- milling and calcina-
tions of nitrate precursors and citric acid [47]. The
magnetic anisotropy constant K.y of the magnetite nano-
particles can be calculated using Eq. (2) give below [48];

KoV =25kpTp 2)

Where V, kg, Tp are the volume of a single particle,
Boltzmann constant, and blocking temperature of the
sample, respectively. The calculated magnetic anisotropy
constant K¢ of the MnFe,O4 nanoparticles in this study is
about 1.42 x 10° erg/cm® which is significantly higher than
K. value of the bulk MnFe,0,4 [43]. The surface spins of
the magnetic nanoparticles affect the magnetic properties
of the nanoparticles due to high surface to volume ratio of
the nanoparticles [27]. The strong magnetic coupling
occurring between magnetically ordered core spins and
disordered surface spins of the nanoparticles with core-
shell structure increases the effective magnetic anisotropy
[49]. This can be the reason of large effective magnetic
anisotropy observed in the MnFe,O4 nanoparticles pre-
pared by the sol-gel autocombustion method in this study.

4. Conclusion

In this study, the synthesis and detailed characterization
(using XRD, FT-IR, TGA, SEM and VSM techniques) of
PVP/MnFe,O4 nanocomposite were presented. The crys-
talline phase was identified as MnFe,O,4 and the size of
crystallites was estimated as 11 +3nm by X-ray line
profile fitting. Morphology analysis by SEM revealed
spherical agglomerates of 15 nm, which indicates nearly
single crystalline character of nanoparticles in the compo-
site. The hysteresis loop with almost negligible coercive
field indicates a superparamagnetic behavior of the
MnFe,0,4 nanoparticles at room temperature. The ZFC—
FC curves further confirm the superparamagnetic behavior
with a blocking temperature Ty of 287 K. The M|, H., M,
and M,/M; values decreases with increasing temperature.
The observed M, /M, values lower than theoretical value of
0.5 indicate the MnFe,O4 nanoparticles, prepared by the
sol-gel autocombustion method in this study, have uni-
axial anisotropy rather than the expected cubic anisotropy
according to the Stoner—Wohlfarth model. The calculated
magnetic anisotropy constant K. of the MnFe,O,4 nano-
particles in this study is about 1.42 x 10° erg/cm® which is
significantly higher than that of the bulk MnFe,O4. This
higher anisotropy is attributed to the strong magnetic

coupling occurring between magnetically ordered core
spins and disordered surface spins of the nanoparticles.
These materials may be promising candidates for applica-
tions and the devised fabrication route is rather versatile
that can be applied for the fabrication of other ferrite or
oxide nanoparticle-nanocomposite systems.
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