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Abstract

Objectives: This study investigates the magnetic and dielectric properties of nanocomposites composed of cobalt ferrite
(CoFe,0,) nanoparticles embedded in a polyvinyl alcohol (PVA) matrix.

Experimental: CoFe,0, nanoparticles were synthesized via a sol-gel auto-combustion method and subsequently calcined
at 600 and 900 °C. X-ray diffraction results indicated that increasing the calcination temperature from 600 to 900 °C led
to an increase in crystallite size from 23.3 nm to 48.5 nm. This was accompanied by an enhancement in saturation
magnetization (Ms) from 68.7 emu/g to 81.3 emu/g and a decrease in coercivity (Hc) from 1150 to 860 Oe.

Conclusions: Most importantly, the PVA/CoFe,0, composites exhibited enhanced dielectric properties compared to pure
PVA. At 100 Hz, the dielectric constant (¢’) of the composite increased from approximately 18 (for PVA/CF600) to 42 (for
PVA/CF900), values significantly higher than that of pure PVA, which was approximately 9. This enhancement highlights
a synergistic effect between the ferrite nanoparticles and the polymer matrix, opening possibilities for designing composites
with tunable dielectric responses for applications such as embedded capacitors and electromagnetic wave absorption
devices.
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1. Introduction

Polymeric magnetic nanocomposites are
of great scientific and technological interest
since they can incorporate the inherent physical
and chemical strength of organic polymers and
gain the magnetic properties that are peculiar
to nanoparticles [1-3]. These materials have
benefits compared to traditional composites such
as superior mechanical, thermal, and electrical
characteristics and controllable magnetic
action. Their versatility allows them to be used
in a wide range of industries including water
purification, medicine, dentistry, energy storage,
environmental remediation, and delivering drugs
[4-11]. Nanocomposites offer a promising field
of study in the development of complex useful
materials because particular design opportunities
are offered through the incorporation of the
magnetic nanoparticles in polymer matrices.
Spinel ferrite nanocrystalline structures have
received a lot of attention as they exhibit unique
physical and chemical characteristics due to
their surface effects and quantum confinement
[12-17].

Cobalt ferrite (CoFe,0,) has been identified
to be versatile and finds various uses including
magnetic biosensing systems, drug delivery, and
magnetic resonance imaging, alongside other
magnetic ferrites. These nanoparticles can also be
incorporated with polymers in nanocomposites
with the magnetic particles being embedded in a
non-magnetic matrix to make a soft ferrite system.
This incorporation adds functional attributes to
the material, and the material can be used in
advanced biomedical and electronic gadgets [18].
The process of calcification of nanoparticles is
effective in affecting the magnetic properties,
particularly for those containing iron oxide,
cobalt, nickel, and their compounds because of
its explicit influence on the size and distribution
of the nanoparticles by taking into account
the changes that take place during the steps of
nucleation and growth [19].

Magnetic characteristics are greatly affected
by the size of the nanoparticles and changes
in size distribution by modifying some of
the parameters, including the coercivity (H),
remanent magnetization (M), and saturation
magnetization (M,). Moreover, the surface and
interface properties of the nanoparticles might
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be changed during the calcification process
which in turn alters the magnetic behavior of
the nanoparticles in addition to the above-
mentioned processes; the surface oxidation,
surface reconstruction, spin disorder, and
magnetic coupling processes taking place on
the surface of nanoparticles are all related
to the calcification process, which is closely
related them [20]. The calcification process
is also accompanied by phase transitions
and alterations in the crystalline structure of
magnetic nanoparticles as is found with the phase
transition of iron oxide maghemite or hematite
into maghemite or hematite, respectively, in the
presence of heat [21].

Nanoparticles grow in a directed manner
during the calcification process resulting in
different magnetic properties with the magnetic
moments existing along the crystallographic
directions. Conversely, conditioning creates
defects and disturbances on the magnetic
properties. E.g., lattice vacancies, dislocations,
grain boundaries, which are created during the
calcination process influence the magnetic field
structure, the rotational process and the magnetic
relaxation process of the magnetic nanoparticle.
The calcification process influences the thermal
stability and coercive strength and also promotes
crystallization and granular development.
The calcification process is regarded as an
essential and significant action in enhancing the
characterization of magnetic nanoparticles to
be used in numerous applications like magnetic
recording, magnetic sensors, and biomedical
imaging among others because it is attained by
enhancing the magnetic parameters [22—-34].

PVA cobalt ferrite composites have already
been prepared and investigated. As an example,
Rashidi et al., 2016 [35] prepared the composite by
mechanical alloying, which resulted in magnetic
properties according to milling time. On the same
note, Garcias-Cerda et al. (2007) [36] also made
composite films and showed the reliance of their
characteristics on the concentration of ferrite.
The current work is characterized by the emphasis
it placed on the pre-calcination temperature
of the ferrite nanoparticles on the ultimate
characteristics of the composite, a factor that has
not been fully elaborated in the previous works.
We show that the temperature of calcification can
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be employed as an accurate means of modulating
the dielectric constant of the composite.

This research is important as it provides
valuable insights into how calcination temperature
affects the magnetic and dielectric properties
of cobalt ferrite nanoparticles embedded in a
polyvinyl alcohol matrix. Understanding these
effects is crucial for improving the performance
of nanomaterials in a variety of applications,
including sensors, magnetic storage, and
biomedical devices. The study helps us to better
understand how to optimize the properties
of these nanocomposites, offering potential
solutions for advanced technological and medical
uses.

2. Experimental

Using an aqueous solution of cobalt nitrate
and iron nitrate, with citric acid as a fuel, an
ammonia solution was added until a pH of 7
was attained in the sol-gel auto combustion
process. The mixture of metal nitrates and fuel
(often in a molar ratio of 1:2:3). This mixture
was heated to 80 °C on a magnetic stirrer while
being continuously stirred to generate a viscous
gel. After two hours of heating at 150 °C the gel
undergoes self-propagating combustion that
enabling the formation of ferrites. The resulting
loose powder was thoroughly crushed and then
calcined at 600 and 900 °C.

PVA granules (20 g) was added slowly to 100 ml
of distilled room temperature water while stirring
to prevent clumping. For complete dissolution,
the solution put on a heated plate of magnetic
stirrer at temperature 60 to 80 °C. The solution
was held at this temperature for approximately
five to seven hours to ensure full solubilization,
by which point it turned transparent.

X-ray diffraction (XRD) was used to analyze
the crystalline structure of the prepared powders
using a Shimadzu XRD-6000 diffractometer
with a voltage of 40 kV and a current of 30 mA,
with CuKa (1.5406 A) radiation. The scan was
carried out in the 26 (20-80)° range. A JEOL
JSM-6390LV Scanning Electron Microscope
(SEM) was used to find out the morphology and
the particle size. The Brunauer-Emmett-Teller
(BET) method of surface area determination was
used on a Quantachrome NOVA 2200e surface
area analyzer to determine the specific surface
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area of the powders. Measurement of magnetic
properties at room temperature was done with a
Lake Shore 7404 Vibrating Sample Magnetometer
(VSM). The dielectric characteristics of the PVA/
CoFe,0,composites were measured at a frequency
of 100 Hz to 5 MHz on Agilent 4284A Precision
LCR meter.

The experimental conditions were carefully
selected based on established chemical principles
and previous studies to ensure the synthesis of
high-quality nanoparticles. The pH was adjusted
to 7 to ensure the complete precipitation of
metal ions and the formation of a homogeneous
gel, which is optimal for the hydrolysis and
condensation reactions in the sol-gel method.
The 1:2:3 molar ratio of Co/Fe/fuel was chosen to
provide a sufficient amount of fuel (citric acid) for
a complete auto-combustion process, promoting
the formation of the pure spinel phase while
minimizing secondary phases. The calcination
temperatures of 600 and 900 °C were selected to
study the effect of the structural evolution from a
nanocrystalline phase (at 600 °C) to a more well-
defined crystalline structure (at 900°C) on the
final properties of the nanocomposite.

A deliberate two-step methodology was
employed to fundamentally understand the
relationship between the nanoparticle filler and
the final composite material. First, the standalone
cobalt ferrite (CoFe,0,) powder was characterized
(via XRD, SEM, BET) to establish its intrinsic
properties (crystallite size, morphology, surface
area) and their dependence on calcination
temperature. These baseline properties are
critical as they govern the subsequent behavior
of the nanoparticles. Second, these well-
characterized nanoparticles were embedded into
the polyvinyl alcohol (PVA) matrix to investigate
the composite’s properties. The role of PVA is
not passive but critical to the measurements.
For the magnetic characterization (VSM), the
PVA matrix acts as a separator, preventing
nanoparticle agglomeration. This allows for the
measurement of the magnetic response of largely
isolated particles, thus providing a more accurate
reflection of the size-dependent effects. For the
optical measurements (UV-Vis), the measured
band gap is a property of the composite system as
a whole, arising from the electronic interactions
between the ferrite filler and the polymer matrix.
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Therefore, PVA is not merely a transparent
medium but an active component that influences
the final optical properties of the system.

3. Results and discussions

Fig. 1 shows the XRD results of the cobalt
ferrite nanoparticles as-dried particles obtained
at different temperatures (room temperature, 600,
and 900 °C). XRD verified that the synthesized as-
prepared and calcined CoFe,O, were their crystal
structure face-centered cubic (FCC) and phase
identification with JCPDS card no. 22-1086 as
shown in Fig. 1. The XRD analysis indicates that
the result mostly indexed to CoFe,O, with the
miller indices of the reflection planes of (220),
(311), (222), (400), (422), and (511). This pattern
was also validated by previously studies [25, 26].

In comparison to the pure ferrite sample, the
XRD peaks are wider, and this is correlated with
the size of the nanocrystallite. As demonstrated
in Fig. 1, calcination was carried out to eliminate
secondary phases and remove internal stress that
accompanying with the preparation of nanocobalt
ferrite. When cobalt ferrite is calcined, the highest
peak associated with the (311) plane which
exhibits a higher diffraction angle increases
with calcination as shown in Fig. 1. Also, Fig. 1
clearly illustrates shift of the highest peak (311)
towards to higher 26 angles, which suggests
that there is a change in lattice constant with
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CF 900°C A } A
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rising calcined temperature. When the calcined
temperature reaches 600 °C, the peaks in the XRD
pattern for CoFe,O, become sharper, and their
FWHM (full width at half maximum) decreases,
indicating an increase in crystallite size. Based on
the Williamson Hall (W-H) plot [27-29] (Fig. 2),
the crystallite size and strain of the prepared
CoFe,0, are 44 nm and 0.00133 respectively. As
seen in Fig. 2, it is observed that the crystallite
size and strain also changes with the calcined
temperature.

The crystallite size increased from 44 nm
at room temperature to 56.68 and 73.1 nm at
600, and 900 °C as shown in Table 1. The growth
of crystal size is attributed to the calcination
process. This growth causes internal strains
within the material. Due to differences in thermal
expansion rates and grain boundaries, the
characteristics of cobalt ferrite changed as the
calcination temperature increased. The resulting
lattice constants (a) of all powders are displayed
in Table 1. It is evident that as the calcined
temperature increased, the lattice constant
increased. Thermal expansion of the crystal
lattice resulted from increasing temperature,
causing an increasing in the lattice constant. The
X-ray density (p,) results are illustrated in same
Table. A slight decrease in X-ray density value
is indicated with increasing temperatures. This
result may be attributed to changes in crystal size
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A =
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Fig. 1. XRD of CF (a) at room temperature, calcined at 600 and 900 °C
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Fig. 2. W-H plot of CF at room temperature, calcined at 600 and 900 °C

and lattice parameters. Surface area per unit mass
is called specific surface area (S) and its results
are also listed in Table 1. The specific surface area
values of room temperature and calcined powders
have been reported to range between 26.1-15.6
(m?/gm) as the calcined temperature increases.
This reduction is attributed to crystal size
growth and particle agglomeration. In addition,
the calculated values of hopping lengths for

A-site (L,) and B-site (L) are listed in Table (1).
The hopping lengths of A-site and B-site are
influenced by temperature. L, and L, were
increased due to an expanding lattice parameter
because of thermal expansion in which greater
spacing between ions. The results of ionic radii
(r,) and (r,) depending on oxygen positional
parameter p (= 0.0375 nm) and its radius of
0.135 nm are given in Table 1. Increasing
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Table 1. Crystallite size D, strain, lattice constants (a), X-ray density (p,), Specific area (S), the hopping
lengths for A-site (L,) and B-site (L,), packing factor (p), and the tetrahedral (r,) ionic radii and

octahedral ionic radii (r,)

Samples CF1 CF600 CF900
Crystallite size D (nm) 44.001 56.681 73.123
Strain 0.001338 | -0.00005 0.00127
Lattice constant a (A) 8.374 8.404 8.420
X-ray density p_ (g/cm?®) 5.306 5.268 5.219
Specific area (S) (m?/gm) 26.125 19.914 15.615
L, (A) 3.646 3.626 3.634
L, (A) 2.977 2.961 2.967
r.(A) 0.463 0.467 0.473
r. (A) 0.743 0.748 0.755
packing factor (p) 17.421 22.413 28.912

the calcination temperature of cobalt ferrite
(CoFe,0,) leads to a larger ionic radius due to the
expansion of the lattice. The packing factor (P) is
a measure of how efficiently atoms are arranged
in a crystal structure. The value of packing factor
increases with higher calcination temperature
due to enhanced crystallinity and particle growth
as shown in Table 1. This growth leads to improve
bulk density and higher packing factor, which
is attributed to the heating of nanoparticles.
The angle and the distance between atoms was
determined with the help of the analysis using
the HighScore Expert software. Also, the same
program produced the Texture Coefficients
and they were calculated using the following
relationship provided in Equation [30, 31]:

dy, =1/ (0 1 a®)+(K* / b*)+ (I / cP)). 1)

Where I, is the identified phase’s XRD peak
intensity, the peak intensities for all XRD are I,
L,..I.

’ FESEM images of CF nanoparticles annealed
at various temperatures are displayed in Fig. 3.
Images taken at room temperature showed that
the fine particles were clumped together and had
a spherical form. Due to the significant volume
of gases released during combustion, pores or
cavities were visible in the photographs of every
sample. The porous network shown in Fig. 3 is
a confirmed finding that is closely related to
those powders prepared by combustion. As seen
in Fig. 3, the nanoferrite particle size increased
with the calcined temperature. At 900 °C, it is
about 57.32 % (= 900/1570) of CoFe,O, melting
point (1570 °C), it is seen that the particle

developed from separated single nanoparticles to
compact nanoparticle granules. The micrometric
aggregation shown in Fig. 3 can be explained by
the occurrence of interaction between magnetic
particles, especially at high temperatures, which
could be primarily responsible for the occurrence
of agglomerations [32-33]. Therefore, these
nanoparticles exploit the thermal energy resulting
from the calcination process to agglomerate,
which results in the formation of larger granular
particles. Fig. 4 displays the UV spectra of the
PVA and PVA/CF composite. PVA’s absorbance
spectrum exhibits a distinctive peak at 200 nm
that is related to the remaining acetate groups
[34]. With a minor band position variation, the
CF embedded PVA solutions exhibit every band
seen in neat PVA and CF. As a result, the UV-vis
spectra revealed relatively little absorbance in the
visible wavelength range and primarily in the UV
region. Using the Tauc plot as shown in Fig. 5, the
energy gap for the PVA was found to be 3.87 eV,
whereas it dropped to 3.1 eV for the PVA/CF
composite where the cobalt nanoferrite was
calcinated at 600 °C. As the degree of calcification
of the ferrite increased, the energy gap began to
increase, reaching 3.33 eV at 900 °C as shown in
Fig. 6. Increasing the degree of calcination can
cause significant changes in the crystal structure.

At low degrees of calcination, the degree
of agglomeration in the nanoparticles is high,
with crystallization being incomplete (as shown
in Fig. 1 (XRD)), which leads to limiting the
role and effectiveness of these nanoparticles.
These obstacles can be overcome by increasing
the degree of calcination, which in turn leads
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Fig. 3. Field Emission Scanning electron microscopy (FESEM) of CF at room temperature, calcined at 600 and
900 °C
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to an increase in the energy gap due to the
phenomenon of quantum confinement. On the
other hand, increasing calcination can affect
the surface chemistry, as it leads to the removal
of contaminants and surface defects such as
oxygen vacancies, thus increasing the energy
gap. Hysteresis loops (M-H curves) for PVA/CF
composites are displayed in Fig. 6. The loops show
saturation at 10000 Oe applied field. While the H_
values were noticeably high, the M_and M_values
are low, most likely due to the influence of the
small particle size. As the calcination temperature
of cobalt ferrite increased, the saturation and
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Fig. 6. M-H loop of PVA/CF composites
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remnant magnetizations increased, while the
coercivity decreased,as showninFig.6.Calcination
improves the crystallinity and intermolecular
interaction of ferrites, where the crystallized
materials mean a more efficient alignment of
magnetic moments within the crystalline lattice,
leading to higher magnetization. Also, calcination
can reduce structural defects such as vacancies,
dislocations, and grain boundaries in the CF that
disrupt the alignment of magnetic moments.
The calcination of CF at high temperatures
resulted in minimized defects. Together, these
factors provide calcined ferrite materials with
their improved magnetic characteristics and
increased magnetization. The reduction of
internal stresses, enhanced crystallinity, reduced
structural defects, and composition optimization
brought about by the calcination process are
responsible for the overall decrease in coercivity
seen with calcined CF. The effect of calcination
temperature on the dielectric constant (g) and
dielectric loss of CF is shown in Fig. 7 and 8. The
Fig. 7 shows the decrease of ¢ with increasing
frequency and it increase with increasing degree
of ferrite calcination. The Fig. 7 also shows
that the dielectric constant of the PVA/CF600
composite appeared higher than that of the

=
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% 14 PVA/CF 600
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Fig. 7. Dielectric constant of PVA and PVA/CF com-
posites
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pure PVA, and its value increased more when the
degree of calcination of the ferrite increased to
900 °C (PVA/CF900).

Table 2 summarizes the key magnetic
parameters derived from the hysteresis loops
for all samples. As indicated in the table, the
saturation magnetization (M) exhibits a clear
increase with rising calcination temperature,
from 55.3 emu/g for the as-prepared sample
(PVA/CFRT) to 81.3 emu/g for the sample treated
at 900 °C (PVA/CF900). This enhancement is
attributed to the improved crystallinity and
growth of the nanoparticles. In contrast, the
coercivity (H) decreases from 1350 to 860 Oe.
This reduction is a typical behavior for ferrite
nanoparticles as they grow larger and transition
from a single-domain to a multi-domain magnetic
structure.

The inhomogeneous microstructure and the
superexchange connections are attributed to the
dielectric behavior. The ascent and descent of the
dielectric constant are significantly influenced by
the grain boundaries. Furthermore, it was shown
that the grain boundaries are more effective at
lower frequencies. The grain effect in dielectric
medium prevails at low frequency because the
grain boundaries are low conductivity, while

3

——PVA
2,5
——PVA/CF RT
[7,]
§ 2 PVA/CF 600
£15 ——PVA/CF 900
(8]
Q
91
o
0,5
o I e ————
2 3 4 5 6

Log f (Hz)

Fig. 8. Dielectric constant of PVA and PVA/CF com-
posites

Table 2. Magnetic parameters of the PVA/CoFe,O, nanocomposite samples

Sample Saturation Magnetization (M) (emu/g) | Coercivity (H ) (Oe) | Remanence (M) (emu/g)
PVA/CFRT 55.3 1350 23.4
PVA/CF600 68.7 1150 28.5
PVA/CF900 81.3 860 22.1

11



Condensed Matter and Interphases / KoHaeHcMpoBaHHble cpeabl M MexdasHble rpaHuLbl

Noor A. Saeed et al.

the grains are conductive. Because of the charge
carriers, polarization becomes much slower in
the high-frequency region when an AC field is
applied. The reason for this result is that the
particle suffers changes from separated single
particles to compact nanoparticle granules. As
frequency increases, dielectric loss decreases
as seen in Fig. 8, where the interface that
separates conductive from insulating nature
plays a significant role. This is shown by the fact
that PVA/CF nanocomposites exhibit a higher
dielectric loss than the PVA, which could be
attributed to the micro-mechanical stress, and
effect of surface depolarization domain wall. The
low conductivity and dielectric loss in pure PVA is
due to the amorphous nature of the surface, which
can be avoided by charge transfer from the ligand
to the metal added in the PVA chain, which leads
to increased packing density and probabilistic,
which supports dielectric behavior.

The observed increase in the dielectric constant
of the composite with higher ferrite calcination
temperature is a highly desirable property for
numerous technological applications. Materials
with a high dielectric constant are required for the
fabrication of embedded capacitors in electronic
devices, as they allow for storing more energy in
a smaller volume. They also play a critical role
in microwave absorption and electromagnetic
interference (EMI) shielding applications, where
the material’s ability to store electrical energy
contributes to the dissipation of unwanted
electromagnetic wave energy. The ability to tune
the band gap of the composite opens doors for
applications in optoelectronics. For instance, a
material with a tunable band gap could be used
in photosensors or in photocatalysis, where
the band gap value determines the wavelength
of light the material can efficiently absorb and
interact with. The increase in the band gap we
observed could enhance the material’s stability
under high electric fields and reduce leakage
currents in electronic devices.

4. Conclusion

The investigation into the magnetic and
dielectric properties of cobalt ferrite (CoFe,O,)
nanoparticles embedded in a polyvinyl alcohol
(PVA) matrix under varying calcination
temperatures has demonstrated the significant
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influence of thermal treatment on the material’s
properties. The study showed that increasing
calcination temperature from room temperature
to 900 °C enhances the crystallinity and
magnetic characteristics of the nanocomposite.
The crystallite size increased, and structural
defects were minimized, leading to improved
magnetization and reduced coercivity. Notably,
the dielectric constant and loss also exhibited
a temperature-dependent enhancement, with
higher calcination temperatures contributing to
superior material performance. These findings
underline the critical role of the calcination
process in optimizing the magnetic and dielectric
behavior of PVA/CoFe,O, composites for potential
applications in areas such as energy storage,
biomedical imaging, and magnetic sensors.
Furthermore, the study highlights the synergistic
effect between the polymer matrix and magnetic
nanoparticles, offering an insight into the design
of advanced nanocomposites with tunable
properties. Thus, the research opens avenues for
further exploration into the tailoring of magnetic
and dielectric properties in nanocomposite
systems for specialized applications.
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