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Abstract

In contributing to the improvement of Ferrite Magnetic nanoparticles, the
effects of Poly (Vinyl Pyrrolidone) (PVP) and annealing on the structural and
magnetic properties of Zinc ferrite nanoparticles (ZFNPs) synthesis were in-
vestigated in this work. The effects were evaluated using the X-ray diffraction
(XRD) spectroscopy, Scanning electron microscopy (SEM), Fourier trans-
form infrared spectroscopy (FTIR) and Vibrating sample magnetometer
(VSM). The XRD analysis confirms a good formation of the inverse spinel
crystal structure with an average particle size of 1.3 nm to 15.2 nm and from
1.6 nm to 21.1 nm for the ZFNPs as-prepared and PVP mediated ZFNPs for
the un-annealed and annealed samples, respectively. The SEM image reveals
an increase in the particle size for both the as-prepared and PVP mediated
samples after annealing at 500°C. The FTIR also reveals the inverse spinel
structure for the as-prepared and annealed samples, which witnesses a vibra-
tional red shift towards a higher wave number for the annealed samples. The
VSM analysis indicates the superparamagnetic behavior of PVP mediated and
annealed sample with zero remanence magnetization (Mr) and Coercivity
(Hc). The saturation magnetization (Ms) increases from 1.31 emu/g, for the
as-prepared samples, to 4.31 emu/g after the annealing and from 1.18 emu/g,
for the PVP mediated, to 6.38 emu/g after annealing. These effects have been
attributed to the cationic re-arrangement on the lattice site after the anneal-
ing. This presents a superior material for various applications in nanotech-
nology.
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1. Introduction

The advancement of Nanoparticles (NP) in recent times has been superior, espe-
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cially due to the enhancement of their properties in relation to their bulk mate-
rials [1] [2]. The Ferrite Magnetic nanoparticles (FMNP) are grouped as the spi-
nel, the hexagonal and the garnet, respectively, based on their crystal structure.
Their distinct special crystal structure and magnetic properties are applied in
various biomedicine, industries and material science such as the encapsulation
of drug for drug delivery to a targeted site to circumvent side effect problems [3]
[4], cancerous cell/tumor treatment via magnetic resonance imaging (MRI), in-
formation storage in modern technology [5], and therapeutics via hyperthermia
[2] [6]. This is achieved using various synthetic methods such as hydrothermal
[2] [7], sol-gel [8], microemulsion [9], thermal decomposition [10] [11], and
chemical co-precipitation [12]. Their adopted procedures in the synthesis me-
thods have a significant influence on the morphology, size and the shape of the
NP [13]. Co-precipitation method has been shown to be the most appropriate
for biomedical application since it does not require any complex reactants or
toxic materials and is often conducted under room temperature [14].

However, the most commonly studied FMNP is the spinel ferrite (SF) nano-
crystals. These are very important inorganic nanomaterials when compared to
their bulk counterpart as well as their optical, electronic, electrical and magnetic
properties, respectively [14] [15] [16] [17]. The cubic structured SFs belong to
the class of oxides with exceptional magnetic properties that have no preferred
directions of magnetization [18] [19]. They have the crystal structure of the nat-
ural spinel of AB,O, in which A (Zn, Mn, Co, or Ni) and B (Fe) display tetrahe-
dral and octahedral cation sites respectively, whereas, O indicates the oxygen
anion site [3] [17] [20]. They occur as magnetic semiconductors capable of ge-
nerating magnetic nanospheres as a result of their simplicity and are
non-toxicity in preparation [21]. The Zinc ferrite nanoparticles (ZFNPs) are SF
nanoparticle.

There are challenges in controlling the shapes and dispersibility of the ZFNPs
due to their large surface to volume ratio, which induces the large surface energy
that is thermodynamically unstable and then produces an aggregation [22]. The
application of this NP is limited, sequel to the large size. However, it has been
shown that to increase the saturation magnetization in the super-paramagnetic
region of materials is a superior method to advance their improvement [23]. To
enhance the optimal applications of the NPs, polymer encapsulation is needed to
reduce the agglomeration effect [14] [24]. ZFNPs encapsulated with polymers
enhanced their stability, biocompatibility, conjugating ability and as well reduce
the agglomeration for various applications. The hydrophilicity, non-toxicity,
dispersibility, and biocompatibility properties of Poly (Vinyl Pyrrolidone) (PVP)
make it an excellent capping agent of ZFNPs [14].

In one of such studies, [9] has shown that it is possible to prepare designed
oxide nanoparticles using stable colloidal solution as an aqueous pseudophase.
In their work, [25] showed in the nonstoichiometry of ZFNPS as a function of
the particle size that, with a decrease in the particle size, the compositional range

of the zinc-ferrite spinel broadened. Also, [26] in their study showed that in the
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absence of PVP, the ZFNPS exhibited a paramagnetic behavior, whereas in the
presence of PVP, they have super-paramagnetic behavior. However, these
ZFNPS has shown to have improved colloidal aqueous stability as well as ade-
quate antibacterial activities [7] [27].

In this work, we report on the surface effect of PVP mediated and the anneal-
ing on the structural and magnetic properties of ZFNPs using the co-precipitation
method. The objectives include evaluating the effect of the PVP and the anneal-
ing on the particle size, determining the degree of crystallinity and the phase
composition, and establishing the presence of the metal oxide bands. The results

should present a superior material for the various applications.

2. Materials and Method

The analytical grade, without further purification, of iron (III) nitrate nonahy-
drates (Fe (NO,);-9H,0) 99%, zinc nitrate hexahydrate (Zn (NO,),-6H,0) 99%,
poly (vinyl pyrrolidone) (C6HINO)n 99.9% (MW = 29,000) were used as pre-
cursors in the experiment. These were purchased from Sigma Aldrich and used
without further purification. Distilled water (DW) was used all through the syn-
thesis procedures.

2.1. Preparation of Zinc Ferrite Nanoparticle-Mediated with PVP

An aqueous solution of 0.2 mm of iron nitrate in 100 ml of DW and 0.1 mm of
Zinc nitrate in 50 ml of DW were prepared. The mixed reaction was obtained in
the stoichiometric ratio (Fe:Zn = 2:1) and stirred with a magnetic stirrer for 2
hours to obtain a homogeneous solution. The obtained solution was added, in a
dropwise, into a reaction container of 100 ml of DW at 90°C of 0.1 g PVP. The
mixture was poured into an evaporating dish and heat at 80°C in an evaporating
heater to evaporate the water and later transferred to the oven for 24 hrs to
complete the drying. The dried orange colored solid ZFNPs, and the PVP me-
diated ZFNPs that remained, were pulverized to form a powder. The ZFNPs
powder and the polymer mediated ZFNPs were washed several times and later
annealed at 500°C for 3 hrs to enhance the crystallinity of the nanocrystals and

the decomposition of organic compounds in an air atmosphere.

Zn** +Fe** +H" — ZnFe,0, + H,0 (1)

2.2. Characterization

The PVP mediated ZFNPS samples were characterized by powder X-ray diffrac-
tion (XRD). The powder crystallite samples were used at room temperature, em-
ploying a Shimadzu diffractometer model XRD 6000 with the CuK, (0.154 nm)
radiation source in a 20 range of 10° - 80°. The surface morphology and the ele-
mental composition of the samples were determined by the Scanning Electron
Microscope (SEM) obtained using JEOL_SEM1010 SEM instrument. The ele-
mental compositions of the samples were obtained by the energy-dispersive

X-ray spectroscopy (EDX) attached to SEM microscope. The Fourier Transform
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Infrared (FTIR) (PerkinElmer FT-IR spectra 1650, version 10.03.02) model
spectrometer with 256 scans and 6 cm™' resolution in the range of 4000 cm™ to
500 cm™' gave the functional groups. The magnetization via hysteresis loop at
room temperature was conducted using a vibrating sample magnetometer
(VSM) (lake shore 4700) with a magnetic field range from -5 KOe to +5 KOe.
Noteworthy is that the microstructure and morphology of the nanoparticles is
not within the scope of this study hence the samples were not exposed to the

transmission electron miscroscopy.

3. Results and Discussions
3.1. SEM and EDX Analysis

The SEM images in Figures 1(a)-(d) shows the size distribution of the ZFNPs
as-prepared, the PVP mediated samples and the annealed samples at 500°C. The
ZFNPs as-prepared is highly agglomerated with an average particle size of 52
nm, which decreases to 41 nm after the annealing. The effect of the PVP on the
ZFNP is in reducing the agglomeration to an average particle size of 51 nm,
whereas, after the annealing the particle reduces to 30 nm. It is obvious that the
samples obtained at 500°C were uniform in their morphology and decreased in
particle size. The decrease in size is as a result of the melting of their surfaces,
which were also observed in nickel ferrite and cobalt ferrite [6]. The EDX analy-
sis shows strong signal in the iron and zinc region, which emphasized the pres-
ence of iron and zinc nanoparticles with optical absorption peak = 6.4 keV and =
1.0 keV, respectively, sequel to the Surface Plasmon Resonance (SPR). Along
with iron and zinc in the EDX graph are oxygen and carbon, which might be
caused by content present in the polymer. The percentage of the Fe and Zn con-

tent increases, respectively, after the annealing.

3.2. XRD Analysis

In the XRD result is shown the formation of cubic spinel structures without the
noticeable traces of impurity phases for the PVP mediated samples coupled with
annealing (Figure 2). The backgrounds of the un-annealed samples (Figure 2(a)
and Figure 2(c)) are seen to be different. The index peaks at (220), (311), (400),
(422), (511), (440) and (533), respectively, reveals the cubic spinel of Zinc ferrite
without the impurity phase (JCPDS card no. 36-0398). Further analysis on the
XRD outputs was carried out using the Scherer formula, given by the equation,

_ 094 2

P coscosd

where D is the crystalline size (nm), A is the X-ray wavelength (1 = 1.5406 A),
is the full width at half maximum (FWHM) intensity measured in radians and 0
is the Bragg diffraction angle [28]. The strain has been considered during the
calculation of the crystallite size [29]. The analysis result confirms the average
particle size of 1.3 nm to 15.2 nm and from 1.6 nm to 21.1 nm in the ZFNPs
as-prepared to the annealed samples, as well as in the PVP mediated sample
(Table 1).
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Figure 1. The SEM micrograph (left panels) and the EDX analysis (right panels) of (a) ZFNPs as-prepared (un-annealed), (b)
ZFNPs as-prepared (annealed), (c) ZFNPs PVP mediated (un-annealed), and (d) ZENPs PVP mediated (annealed).

3.3. FTIR Analysis

The FTIR analysis results of the ZFNPs as-prepared, the PVP mediated samples
and the annealed samples are presented in Figure 3. The peaks at 750 cm™ and
704 cm™" are due to the stretching vibration mode for Fe-O and Zn-O, respectively.
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Figure 2. The XRD analysis of the (a) ZFNPs as-prepared (gray line), (b)
ZFNPs as-prepared and annealed at 500°C (red line), (¢) PVP mediated

ZFNPs (blue line), and (d) PVP mediated ZFNPs and annealed at 500°C
(green line).

Table 1. Crystalline sizes of the ZFNPs as-prepared, the PVP mediated and the calcined
samples, respectively.

Average particles size (nm)

Samples Dopant T.(°C) 20 FWHM ” -
ZFNPs - - 32.8399 6.43522 1.300 -
ZFNPs - 500 35.2463 0.56863 - 15.200
ZFNPs PVP - 36.2015 5.32252 1.600 -
ZFNPs PVP 500 35.2806 0.41042 - 21.100

r* before annealing; r** after annealing.

The peaks at 1055 cm™ in the ZFNPs as-prepared and 1066 cm™ in the PVP
mediated ZFNPs are attributed to the C-C stretching that changes to 1030 cm™
after the annealing, respectively. The Carbonyl group (C=0) absorbs energy at
1634 cm™ in the ZFNPs as-prepared and at 1622 cm™' in the PVP mediated
samples, which increased to 1634 cm™' and 17131 cm™ after the annealing. The
peaks at 1429 cm™ in the ZFNPs as-prepared and at 1330 cm™ in the PVP me-
diated ZFNPs are attributed to CH, bending, which increases to 1490 cm™ and
1525 cm™ after the annealing. The broadest peaks observed at 3204 cm™ in the
ZFNPs as-prepared and at 3216 cm™ in the PVP mediated ZFNPs are due to an
O-H group, which gives no peak for ZFENPs as-prepared and is 2975 cm™ in the
PVP mediated ZFNPs. The presence of the functional groups; C=0, C-N, C-C,
C-H and O-H, confirms the presence of the PVP compound in ZFNPs.

3.4. VSM Analysis

Figure 4 shows the relationship between the magnetic field and the magnetiza-

tion of the sample as-prepared, and at 500°C. The result indicates that the samples
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Figure 3. The FTIR analysis of the (a) ZFENPs as prepared (black line), (b)
ZFNPs annealed at 500°C (red line), (c¢) ZFNPs mediated with PVP (blue
line), (d) ZFNPs mediated with PVP and annealed at 500°C (green line).
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Figure 4. The VSM analysis of the un-annealed and the annealed (a) ZFNPs as-prepared
(left), and (b) PVP mediated ZFNPs (right).

showed zero coercivity and zero remanent magnetization (no hysteresis) at the

500°C annealed temperature when compared with the un-annealed sample. This

suggests that the superparamagnetic (SPM) behavior is in consonance with the

state-of-the-art results of [30]. The hysteresis loop of the samples confirms that
the magnetic behavior of the ZFNPs is highly influenced by the mediating PVP
and the annealing, moving it from the ferromagnetic (un-annealed) to the SPM

behavior (annealed).
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4. Conclusion

The ZFNPs as-prepared, the PVP mediated and the annealed were synthesized
via the co-precipitation method. The effects of the PVP and the annealing at
500°C on the structural and magnetic properties, respectively, have been ana-
lyzed. The XRD analysis reveals the increase in the crystallite size after the PVP
mediation and the annealing of the samples, respectively. The XRD analysis of
the annealed samples indicates the intense and sharp peaks when compared to
the un-annealed samples. The SEM images reveal increment in the particle size
of the PVP mediated and the annealed samples, respectively. The EDX analysis
has revealed the strong signals of the component elements in the samples. The
FTIR analysis has confirmed the presence of the PVP on the surface of ZFNPs
with a red shift of the annealed sample as a result of the cationic distribution on
the lattice sites. The magnetic properties of the samples changed from a ferro-
magnetic to an SPM as an effect of the PVP mediated and the annealing. This
SPM behavior of the ZFNPs as-prepared and the PVP mediated, respectively,
has been achieved by annealing the samples at 500°C for 3 hrs. The PVP me-
diated and annealing effects on the structural and magnetic properties of ZFNPs
present a superior material for sundry applications. However, further studies on
the morphology and the microstructure of ZFNPs are imperative in enhancing

the applicability.
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