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1 Introduction

Innovative materials

that can simultaneously meet the

Innovative multi-layered FesO4-Gr/carbon/
polypyrrole nanofiber composite: “a new frontier in
dielectric enhancement and EMI shielding”

Ujala Anwar, @2 Muhammad Rafi, ©® Naveed A. Noor, & € Sadia Nazir, © *
Sohail Mumtaz © ¢ and Ihab Mohamed Moussa’

This study presents the synthesis and comprehensive characterization of an FezO4-Gr/carbon/polypyrrole
nanofiber composite, highlighting its morphology as determined through Field Emission Scanning Electron
Microscopy (FE-SEM) analysis, which reveals the small rod-like shape of the nano-fibers with an average
diameter of 68 nm calculated from Image J software, contributing to a high surface area. X-ray
diffraction (XRD) analysis confirms the effective formation of FesO4-Gr nanofibers, graphene, carbon,
and polypyrrole (PPy), showcasing distinct crystallographic phases that strengthen the material's
magnetic and conductive properties. The impedance plane plot indicates two relaxation processes at
low and high-frequency regions from low to high-temperature ranges of 273 K to 363 K, reflecting
complex electroactive charge transport dynamics within the nanofiber composite. Dielectric
measurements demonstrate a high dielectric constant (up to 10°) at lower frequencies, with a gradual
decrease at higher frequencies, while tangent loss remains below 1 at higher frequencies and increases
at lower frequencies with rising temperatures. The MVRH (Mott. Variable Range Hopping) model reveals
a localization length of 1.5 A, indicating localized charge carrier hopping, which contributes to the
composite's electrical conductivity. The SPH (Small Polaronic Hopping) model suggests an activation
energy of 1.43 eV, consistent with thermally activated charge carrier transport. In accordance with the
double-well model, the conductivity plot also confirms the existence of dual relaxation peaks at
low and high frequencies. Last but not least, the composite achieves 99.7% absorption and 99.8%
attenuation across the x-band frequency range with a total shielding effectiveness (SEt) of 28.4 dB at

a thickness of 3 mm.

with exceptional performance is being fueled by the fact that
traditional materials frequently fail to meet these numerous
requirements.®* The multi-layered Fe;0,-Gr/C/PPy nanofiber

requirements of high-performance electromagnetic interfer-
ence (EMI) shielding and dielectric properties have been
developed in the rapidly evolving field of materials science.
Due to their unique capacity to synergistically combine the
strengths of each constituent material, nanocomposites con-
taining magnetic, conductive, and dielectric components have
received significant attention.> The search for novel composites
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composite is remarkable in this context because it provides
a flexible platform that bridges the gap between conventional
materials and the next generation of multifunctional compos-
ites.* The creation of sophisticated nanofiber composites with
multiple functional components integrated into a single,
synergistic framework has been made possible by recent
advancements in nanotechnology.” Due to their unique
combination of dielectric properties and EMI shielding inter-
ference, multi-layered Fe;0,-Gr/C/PPy nanofibers have emerged
as promising candidates.® To improve electrical conductivity
and stability, graphene (Gr) and carbon layers are combined
with Fe;0,-Gr nanofibers, which are renowned for their
magnetic properties.” In addition to providing additional
dielectric support, the outer PPy coating also contributes to the
composite's overall structural integrity.®

Due to its low cost, extensive application, and strong
magnetic saturation strength, tri-iron tetraoxide (Fe;0,),
sometimes referred to as magnetic ferroferric oxide, is a potent
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microwave enhancer furthermore, the field of microwave
absorption has extensively employed and validated Fe;O,'s
magnetic loss capability.® Fe;O, (iron oxide) nanofibers are an
important part of improving dielectric performance because of
their outstanding charge storage capacity and inherent
magnetic characteristics.’ The electrical characteristics of
nanofiber composites are greatly enhanced by graphene (Gr),
owing to its exceptional electrical conductivity and large surface
area." While PPy, a conductive polymer, provides exceptional
flexibility and tunable conductivity, carbon layers add further
mechanical strength and conductivity.’* The combination of
these elements to create Fe;0,-Gr/C/PPy, a single nanofiber
composite, is a novel method in material science.” This
composite construction offers exceptional EMI shielding effi-
ciency in addition to improving the dielectric constant and
synergistically reducing tangent loss. To achieve unparalleled
performance in both dielectric and EMI shielding applications,
the layered architecture makes sure that each component's
special qualities are fully utilized.* These mechanisms include
interfacial polarization between graphene (Gr) and Fe;O,,
conductive loss from the high conductivity in the composites,
and magnetic loss from the magnetic oxides.

Materials with a carbon basis are widely utilized as dielectric-
type microwave absorbers. Graphene (Gr), carbon nanotubes
(CNTs), carbon fibers (CF), and carbon black (CB) are a few
examples of these materials.'® These materials primarily rely on
strong conductivity and dielectric relaxation to dissipate elec-
tromagnetic wave energy.'® Gr has garnered significant interest
from scientists recently due to its exceptional properties, such
as its exceptional electrical conductivity and high specific
surface area.'”” However, it's crucial to remember that relying
solely on one kind of graphene might not be sufficient to
produce the necessary microwave absorption effect."® In order
to get around these challenges, scientists often combine Gr with
magnetic oxide materials in order to increase impedance
matching, decrease conductivity, and incorporate a range of
loss processes.” Researchers are quite interested in this
composite material as a potential means of enhancing electro-
magnetic absorption.*

The production and characterization of these sophisticated
nanofiber composites are explored in this publication, along
with how they can transform EMI and dielectric shielding
technologies. We hope to offer an extensive study that demon-
strates how Fe;0,-Gr/C/PPy nanofibers can establish new
benchmarks in material performance, opening the door for
future advancements in electronic materials science by utilizing
the synergistic benefits of each component within the
composite.”* In the field of advanced technology, the multi-
layered Fe;0,4-Gr/C/PPy composite is well-positioned to tackle
some of the most critical problems. It is the perfect option for
EMI applications due to its remarkable qualities, which include
high dielectric constants, reduced tangent losses, excellent
charge transport mechanisms, and great EMI shielding effec-
tiveness. A variety of methods, such as hydrothermal synthesis,
electrospinning, and oxidative polymerization of pyrrole, are
used to carefully control the morphology and chemical
composition of the nanomaterials to optimize the EMI
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performance characteristics. When the electrical properties are
well understood, it will be easier to correlate dielectric proper-
ties with electro-active regions over a wide range of tempera-
tures and frequencies.

The electrical properties of solid-state nanofiber composite
systems are investigated using impedance spectroscopy (IS), the
most active and widely used method for studying electrical
transport mechanisms through different electroactive regions
(grains, grain boundaries, interfaces, and contact effect).
Among the promising candidates, Fe;0,-Gr/C/PPy nanofibers
stand out due to their unique structural and well-designed
attributes. Fe;0,4-Gr/C/PPy nanofiber composites represent
a significant leap forward by merging the high magnetic
permeability of Fe;O4-Gr, the exceptional conductivity and
mechanical strength of graphene and carbon, and the versatile
electrochemical properties of PPy. This unique tri-layer struc-
ture not only improves dielectric performance but also offers
enhanced EMI shielding capabilities, making it a powerful
solution for contemporary electronic and electromagnetic
applications.

2 Experimental section

2.1. Materials

The following materials and chemicals were obtained from
commercial sources for this investigation: polyvinylpyrrolidone
(PVP), molecular weight: 1 300 000, iron(m) nitrate nonahydrate
(Fe (NO3)3-9H,0, analytical reagent grade, 98%), (C3H,NO) N,N-
dimethylformamide (DMF), glucose (C¢H;,04), urea (CH4N,O),
ferric chloride hexahydrate (FeCl;-6H,0), n-hexane (CgHy4)
pyrrole (C4H;N) and ethanol (C,H5;OH). All chemicals are of the
highest purity available from Sigma-Aldrich and used as
received. Deionized (DI) water is used to prepare solutions.

2.2. Preparation of Fe;0,-Gr nanofiber

The process involves the production of fibers through electro-
spinning with diameters ranging from nano to micrometers.
First, 9% weight of PVP is dissolved in 50 milliliters of DMF and
50 milliliters of isopropanol at room temperature. The mixture
is then stirred for one hour to create a transparent solution.
Next, 9% weight of iron nitrate and 0.2% weight of graphene are
added to the ready solution. Finally, the mixture is stirred for
twelve hours, loaded into a 20 milliliter syringe (20 mL) and
pumped to the multi-needle spinneret (needles of 19-gauge).
The aluminum foil collector plate is positioned nine centime-
ters from the needle tip. The electrospinning process is carried
out at a voltage of 12 kV, a solution feed rate of 4 mL h™?,
a temperature of 30-35 °C, and relative humidity below 22%. An
electrically charged solution is stretched through the needle tip
when a high voltage is applied between the needle tip and the
conducting collector plate. This happens because the electric
field is stronger than the surface tension of the droplet. The
stretched droplet is ejected as a jet toward a conducting col-
lecting plate with an opposing charge due to the strong electric
field. The solvent progressively evaporates during the jet's
journey, causing charged fibers to build up on the conducting

© 2024 The Author(s). Published by the Royal Society of Chemistry
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collection plate. For one hour, the electrospun fibers placed on
the collector plate are heated at 200 °C to ensure full drying.
Then, the nanofibers are annealed at 450 °C for two hours, with
a temperature ramping rate of 3 °C min—", to form Fe;0,-Gr
nanofibers.*

2.3. Preparation of Fe;0,4-Gr/carbon nanofibers composite

In 100 milliliters of water, 0.03 moles of glucose and 0.3 moles
of urea are combined to form a Fe;0,-Gr/carbon nanofibers
composite. The synthesized Fe;O,-Gr nanofiber was then
spread throughout the mixture. After that, the mixture is
transferred to a 100 mL Teflon autoclave and heated at 180 °C
for 12 hours. The resulting blackish-brown (Fe;O,-Gr/carbon)
nanofibers are extracted and then repeatedly cleaned in
ethanol and DI water before being dried for ten hours at 50 °C in
a vacuum oven.?

2.4. Preparation of Fe;0,-Gr/carbon/polypyrrole nanofibers
composite

This process involves ultrasonically dispersing blackish dark
Fe;0,-Gr/carbon powder for one hour in a solution of pyrrole
monomers (12 mL) and n-hexane (60 mL). A 12 g FeCl;-6H,0
solution is chilled after being dissolved crosswise in 100 mL DI
water. For the oxidative polymerization of pyrrole monomer, the
precooled oxidant solution (FeCl;-6H,0) is added to the black
suspension and agitated for a whole day. The black precipitates
that result (Fe;0,-Gr/C/PPy) nanofibers composite is dried at
50 °C after being repeatedly cleaned with ethanol and DI water
(Fig. 1).>*

3 Results and discussion

The FE-SEM analysis of Fe;0,4-Gr nanofibers reveals a striking
rod-like morphology, with an average diameter of approxi-
mately 68 nm calculated by image J software, showcasing the
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successful synthesis of highly uniform and well-defined nano-
structures. The Fe;0,-Gr nanofibers are homogeneously
distributed along the graphene backbone, adhering closely to
the rod-like nanofiber structure as shown in Fig. 2(a). This
intimate integration ensures that the magnetic properties of
Fe;0,-Gr are effectively harnessed while maintaining the
mechanical strength and flexibility imparted by the graphene
layers. The small diameter and rod-like shape of the nanofibers
increase their surface area, making them highly reactive and
ideal for applications where surface interactions are crucial,
such as in sensors, catalysis, or energy storage. The surface of
these nanofibers exhibits a slightly textured appearance, likely
due to the protrusion of Fe;0,-Gr nanofibers from the graphene
matrix, which enhances the overall surface roughness. This
roughness is advantageous for applications that require strong
adhesion or interaction with other materials or interfaces.

From the FE-SEM analysis, the morphology of the multi-
layered Fe;0,-Gr/C/PPy nanofiber composite consists of inter-
connected stacked nano-spheres with considerable agglomer-
ates. These particles are perfectly integrated into the carbon and
graphene layers, which together provide structural support and
conductor. As seen in Fig. 3(a and b), the presence of PPy wraps
around the sapphire-like formations and ensures uniform
coverage and integration across the whole nanofiber, adding
flexibility and further conductivity to the composite. Addition-
ally, the FE-SEM pictures show a beautifully textured surface
where the durability and functional adaptability of the
composite are enhanced by the interaction of the carbon and
graphene layers with the PPy matrix. The multi-layered Fe;O,-
Gr/C/PPy nanofiber composite's creative design, where the
distinct sapphire-like features are deftly incorporated into the
fibrous matrix, is highlighted by the FE-SEM analysis.*

In order to assess the crystal structure and crystallinity of the
composites, Fig. 4 displays the XRD diffractogram of the
microspheres. The XRD analysis of Fe;0,-Gr/C/PPy nanofibers
composite unveils a complex yet highly ordered crystalline
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Fig. 1 Pictorial representation of synthesis processes of FezO4-Gr/C/PPy nanofibers composite.
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crystal faces, align with the standard cubic spinel structure of
Fe;0, indicating that the magnetic nanofibers maintain their
structural integrity during the composite formation process.”
The amorphous phase of carbon and PPy is responsible for the
low-intensity broad diffraction peak at 24°.%° Since amorphous
carbon lacks long-range crystalline organization, its diffraction
peaks are unclear. The literature reports that a large hump
about 24° is seen in amorphous carbon. Regarding PPy, various
investigators have documented that its diffraction peak lies

Fig. 2
SEM HV: 10.0 kV 'WD: 7.08 mm MAIA3 TESCAN
SEM MAG: 10.0 kx Det: SE 2pm
Fig. 3 (a and b) FE-SEM images of multi-layered FesO4-Gr/C/PPy nanofiber composite at 10kx and 5kx.
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Fig. 4 XRD exploration of multi-layered FesO4-Gr/C/PPy nanofiber
composite.

structure, reflecting the successful integration of each constit-
uent material. The characteristic diffraction peaks corre-
sponding to Fe;O0,-Gr are distinctly visible, confirming the
presence of well-crystallized magnetite nanofibers within the
composite matrix. These peaks typically observed at 26 values of
approximately 30.1°, 35.4°, 43.1°, 53.5°, 57.1°, and 62.6°,
equivalent to the (220), (311), (400), (422), (511), and (440)

37486 | RSC Adv, 2024, 14, 37483-37497

within the 24° to 26° range.””*® The polymer structure's doping
and degree of crystallinity are responsible for this discrepancy.
The literature also reports that a large peak observed at 24° in
this instance shows amorphous PPy caused by scattering from
PPy chains at the interplanar gap. Superimposed on these peaks
are the broad diffraction patterns attributed to graphene and
amorphous carbon, which manifest as a diffuse hump around
26 = 24-26°. This broad peak signifies the presence of few-layer
graphene sheets, which contribute to the overall conductivity
and mechanical strength of the composite. The absence of
sharp graphene peaks suggests a well-distributed, exfoliated
graphene phase, ensuring that the conductive network is effi-
ciently embedded within the composite. The incorporation of
PPy is evidenced by the appearance of broad, less intense peaks,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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typically around 26 = 20° and 25°, indicative of the semi-
crystalline nature of the polymer. These peaks are character-
istic of the m-7 stacking interactions within the PPy chains,
which are crucial for maintaining the polymer's conductivity
and flexibility.

Using Zview software, the impedance plan plots are analyzed
to better understand the conduction process in the nanofiber
composite by comparing experimental data with an equivalent
circuit. As seen in the inset of Fig. 5(a), impedance plane plots
obtained in the temperature range of 273-363 K are fitted using
an equivalent circuit model (R;Q,) (R,Q) to fit the experimental
data. The suffix 1 & 2 designates the two electro-active areas in
the present sample. The departure of capacitance from ideal
behavior, which resulted from the existence of several relaxation
processes with comparable relaxation periods, is represented by
a constant phase element (Q). The corresponding circuit of
carbon-coated Fe;0,-Gr is shown by R;Q;.*° A second semicircle
that is fitted by adding a second R,Q, circuit appears at lower
frequencies with PPy, indicating a major change in the
conduction process as shown in the inset of Fig. 5(a). As the
temperature rises, hopping carriers can interact with the elec-
tron density of PPy by diffusing from Fe;O,-Gr via the carbon
layer. The multi-layered Fe;O,-Gr/C/PPy nanofiber composite
exhibits a decrease in resistance due to a strong coupling
produced by the increased number of linked channels between
the oxide particles and polymers. An increase in carrier mobility
causes an impedance to decrease with temperature up to 363 K,
as evidenced by the modulation of the impedance plane plot.
This shifting behavior of the impedance plane plot can be
explained by the existence of an interface between the carbon
coating and Fe;0,-Gr, as well as between PPy in the case of the
lower impedance values. Two phases of Fe;0,-Gr and PPy with
an interface between them are responsible for the occurrence of
depressed semicircles with temperature (see Table 1). The
Fe;0,-Gr/C/PPy nanofiber composite's bigger semicircle arc,
which is evident at lower frequencies, indicates that more
charge is transmitted in the presence of a PPy polymer chain.*®

The Fe;0,-Gr/C/PPy nanofiber composite's impedance plane
plot displays intriguing dual relaxation processes that show the
intricate interactions between its component materials over
a wide temperature range of 273 K to 363 K. Due to the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(a) Impedance plane plot and (b) modulus plane plot for FesO4-Gr/C/PPy nanofibers composite.

Table1 Depictsthe parameters that have been fitted at a few selective
temperatures

T(K) R (Q) R (Q m Q1 ny Q2

273 723818 3351 0.77 114 x 107 0.63 1.99 x 10’
288 485490 3043 074 331 x10°' 062 127 x1077
303 228040 2890 071 311 x10°* 0.60 3.59x 107’
323 156789 2211 0.70 419 x10° 0.58 5.55x10°°
348 89273 2015 0.69 428 x10° 0.55 4.19x10°°
363 56778 1732  0.63 5.82x10° 0.51 3.10 x 10°°

significant conductivity disparities between the PPy matrix and
the Fe;0,-Gr nanofibers, the interfacial polarization effect
dominates the relaxation process at low frequencies.** As
a result, charges build up at the interfaces, causing the
impedance plot to clearly show a semicircle. A second relaxation
phase appears at higher frequencies, mostly due to the dipolar
polarization of the carbon and graphene layers, which react
faster to the alternating current. This high-frequency relaxation
suggests effective charge transport mechanisms made possible
by the excellent electrical conductivity and large surface area of
graphene.?” These relaxation processes' temperature-dependent
behavior highlights the material's resilience and plasticity. This
high-frequency relaxation indicates excellent charge transport
and conductive capabilities inside the polymer network by
pointing to the quick alignment and realignment of dipoles in
response to the alternating electric field. This high-frequency
response is further enabled by the presence of graphene,
which offers effective routes for charge carriers.*® The imped-
ance plane plot shows two semicircular arcs, which suggest the
existence of two relaxation processes. One important feature of
these processes is their relaxation time (t = RC). In this case, the
symbols R, 7, and C stand for the resistance, relaxation period,
and capacitance that correspond to the charge carriers in the
broad relaxation process. Fig. 5 shows a regular increase in
temperature rather than an arbitrary variation. Arithmetic
progression is used to set the temperatures, which increase by 5
K every time, spanning from 273 K to 363 K. The controlled and
homogeneous temperature changes that are ensured by this
step-by-step method are crucial for examining the material's
impedance response. As previously mentioned, temperatures

RSC Adv, 2024, 14, 37483-37497 | 37487
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increase from top to bottom in descending sequence as repre-
sented by the peaks in Fig. 5. Furthermore, a decrease in
resistance is shown by the semicircular arcs' increasing short-
ening as the temperature rises, which is consistent with the
behavior of materials where charge transport is facilitated by
thermal activation.

With real (M) and imaginary (M”) components, the complex
modulus (273K-363 K) modulus plane plot offers a more
nuanced knowledge of the composite's energy storage and
dissipation capabilities when an electric field is applied. As seen
in Fig. 5(b), the modulus values are comparatively high at lower
temperatures within this range, suggesting that the composite
is stiffer and that fewer mobile charge carriers are contributing
to the dielectric response. This behavior suggests that the
Fe;0,-Gr nanofibers, combined with the graphene and carbon
components, create a robust network that resists deformation
under an electric field, thereby storing energy efficiently. As the
temperature increases towards 363 K, a noticeable shift occurs
in the modulus values, particularly in the imaginary component
(M"), where a peak emerges.* This peak signifies a relaxation
process within the composite, corresponding to the tempera-
ture at which the motion of dipolar groups and charge carriers
becomes more significant. The rise in M” with increasing
temperature reflects the enhanced mobility of charge carriers
and the increased conductivity within the composite matrix,
facilitated by the thermally activated hopping mechanisms
between localized states.*®

The conduction mechanism is explained by using the resis-
tance values (R; and R,) inside the electro-active zone in an
equivalent circuit model approach. For our investigation, we
used the MVRH model in concurrence with the SPH model in
the temperature range of 273 K to 363 K. Formula for the MVRH
model.

In(plpo) = (T '™ (1)

The MVRH model provides a profound understanding of the
charge transport mechanisms within the Fe;0,-Gr/C/PPy
nanofiber composite, particularly in the low to high-
temperature range of 273-363 K. A localization length of 1.5 A

14

111 1a=15A
0.230 0235 0240  0.245
T-1/4 (K-1/4)
Fig. 6
composites.
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is revealed by the MVRH model and is representative of the
quantum mechanical constraints controlling electron motion
through the nanofiber composite's disordered and heteroge-
neous matrix, as Fig. 6(a) illustrates. This relatively short
localization length indicates that the Fe;0,-Gr nanofibers and
graphene sheets have formed potential wells that are tightly
confined to charge carriers, resulting in a hopping conduction
mechanism that is heavily influenced by the microstructure of
the composite. Charge transport at this localization length is
primarily aided by hopping between localized states, which is
a process that gets more effective at higher temperatures.®®
According to the MVRH model, electrons must locate states
with energies near the Fermi level at lower temperatures
because the hopping distances are constrained.

But when the temperature rises, the thermal energy permits
electrons to reach a greater variety of states, increasing the
composite's total conductivity and hopping probability. To
facilitate the delocalization of charge carriers, the graphene
layers offer routes, and the PPy matrix adds flexibility and
preserves structural integrity, guaranteeing consistent transport
qualities throughout the temperature range.*” Due to their
magnetic characteristics, the Fe;0,-Gr nanofibers aid in the
creation of localized states, which are necessary for the hopping
mechanism.

Expression for SPH Model.

In(p/T) = In A + WIKT 2)

In particular, the SPH model provides a detailed under-
standing of the charge transport dynamics of the multi-layered
Fe;0,-Gr/C/PPy nanofiber composite at temperatures between
273 K and 363 K. As demonstrated in Fig. 6(b), the SPH model,
which has an activation energy of 1.43 eV, indicates that the
conduction mechanism is mainly controlled by the hopping of
tiny polarons, which are localized charge carriers that move
through the lattice by interacting with the surrounding atomic
vibrations (phonons). This unusually large activation energy is
consistent with the material's complex and heterogeneous
structure.”” Fe;04-Gr nanofibers produce potential wells that
allow electrons to get trapped and generate tiny polarons. The

0.050

— Linear Fit

(b)

Ea=143eV
0.030

26 28 30 32 34 36

103/T (K-1)

(@) MVRH model versus the inverse of temperature (b) SPH model versus the inverse of temperature for FesO,4-Gr/C/PPy nanofiber

© 2024 The Author(s). Published by the Royal Society of Chemistry
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electrical network created by the surrounding graphene and
carbon layers makes hopping easier, while the PPy matrix gives
the nanofiber composite more structural flexibility so it can
withstand the local distortions required for polaron movement.
The thermal energy supplied to the system allows the polarons
to get beyond the energy barriers related to hopping when the
temperature rises from 273 K to 363 K. The contact between
polarons and phonons is improved by the higher temperature,
which raises the possibility of successful hopping events.*® This
temperature-dependent behavior aligns with the SPH model,
where the activation energy of 1.43 eV represents the energy
required for polarons to move from one localized site to
another.

The dielectric constant behavior of the Fe;0,-Gr/C/PPy
nanofiber composite at 273K-363 K presents an intriguing
profile, where exceptionally high dielectric constant values
reaching up to 10° are observed at lower frequencies as seen in
Fig. 7(a). This pronounced dielectric response at low frequen-
cies is primarily driven by strong interfacial polarization effects,
also known as Maxwell-Wagner-Sillars (MWS) polarization.
Within the nanofibers composite, Fe;O,-Gr nanofibers, gra-
phene, and carbon create numerous interfaces, leading to
significant charge accumulation.*® The conductive PPy matrix
facilitates efficient charge transport, further enhancing the
polarization effect. The dielectric constant gradually decreases
with increasing frequency, indicating that the polarization
mechanisms are frequency-dependent. Higher frequencies
cause a decrease in overall polarization and, as a result, a lower
dielectric constant because the charges have less time to align
with the quickly oscillating electric field.** This frequency-
dependent reduction is typical of the material's loss of electric
field response during the shift from interfacial polarization
dominance to intrinsic dipolar polarization.**

It's interesting to note that this pattern gets stronger when
the temperature rises above 273 K. Elevated temperatures
supply thermal energy that causes dipole alignment to be dis-
rupted and decreases interfacial polarization's effectiveness.
Higher temperatures can also cause faster relaxation processes,
which lower the dielectric constant even more at higher
frequencies. The dynamic dielectric behavior of the composite
is highlighted by its thermal sensitivity, which can be precisely
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adjusted for particular applications by manipulation of
temperature and frequency parameters. The multi-layered
Fe;0,-Gr/C/PPy nanofiber composite is a versatile material for
a variety of electronic applications because of its ability to
demonstrate a high dielectric constant at low frequencies and
a controlled drop with growing frequency and temperature.

The dielectric response of the multi-layered Fe;0,-Gr/C/PPy
nanofiber composite exhibits a complex and subtle tangent
loss behavior between 273 and 363 K, especially when examined
in conjunction with its impedance properties. The nanofibers
composite shows consistently sub-1 tangent loss values at
higher frequencies, indicating low dielectric loss and effective
energy storage. This material's capacity to preserve its dielectric
integrity in the face of fast electric field oscillations is demon-
strated by its low tangent loss at high frequencies, which
guarantees that energy dissipation is kept to a minimum.** On
the other hand, tangent loss is seen to gradually grow with
decreasing frequency, especially as temperature increases as
seen in Fig. 7(b). The impedance plane plot indicates that there
are two separate relaxation processes, which are closely related
to this increase. The initial relaxation process, which takes place
at lower frequencies, is linked to Maxwell-Wagner-Sillars
(MWS) polarization, also known as interfacial polarization,
where there is a more noticeable buildup of charges at the
interfaces between Fe;O,-Gr nanofibers, graphene, and PP.*
The increasing tangent loss at lower frequencies as temperature
rises is a reflection of the greater energy dissipation caused by
this charge accumulation.

The second relaxation step is associated with intrinsic
dipolar relaxation in the composite material and happens at
higher frequencies. Higher frequencies cause some energy loss,
but not as much as at lower frequencies because dipoles in the
PPy and graphene matrix find it difficult to line up with the
quickly oscillating electric field. The interplay between these
two relaxation processes creates a complex frequency-
dependent dielectric response, where the tangent loss
remains low at high frequencies due to efficient dipolar align-
ment, but increases at lower frequencies as the interfacial
polarization dominates.** The temperature dependence of the
tangent loss further accentuates this dynamic behavior. As the
temperature rises, thermal energy disrupts the polarization

(b) 363K

|

Tan(Delta)

10° 10° 105 107

Freq. [Hz]

(a) The dielectric constant and (b) tangent loss analysis of the FezO4-Gr/C/PPy nanofiber composite.
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mechanisms, particularly at lower frequencies, where the
increased thermal agitation enhances the MWS polarization
and leads to higher dielectric losses. This temperature-induced
enhancement of the lower-frequency relaxation process
contributes to the overall increase in tangent loss with
decreasing frequency.

To comprehend the temperature-dependent frequency
dependence of Z" and M", various electro-active sites are
investigated in the multi-layered Fe;O0,-Gr/C/PPY nanofiber
composite. The Z” vs. frequency plot of the Fe;0,-Gr/C/PPy
nanofiber composite offers a detailed insight into the complex
relaxation dynamics within the material across the temperature
range of 273 K to 363 K as shown in Fig. 8(a). This plot, which
represents the imaginary part of the impedance (Z”), is partic-
ularly revealing of the energy dissipation mechanisms and the
relaxation processes that occur as the material responds to an
alternating electric field.*> At lower temperatures, specifically
between 273 K and 338 K, a prominent relaxation peak emerges
at lower frequencies around 10> Hz. This peak signifies the
presence of a relaxation process predominantly driven by
interfacial polarization, also known as Maxwell-Wagner-Sillars
(MWS) polarization. In this temperature range, the composite's
heterogeneous structure comprising Fe;O, nanofibers, gra-
phene, and PPy facilitates significant charge accumulation at
the interfaces. The energy associated with the alignment and
relaxation of these interfacial charges manifests as the observed
peak in Z”, reflecting the material's energy dissipation in
response to the applied field as explained in the previous
section of the impedance plane plot.*®

As the temperature increases from 343 K to 363 K, a second
distinct relaxation peak becomes evident at higher frequencies
around 10" Hz. This shift to higher frequencies indicates the
activation of another relaxation process, likely linked to dipolar
polarization within the composite. At these elevated tempera-
tures, the thermal energy available to the system enhances the
mobility of dipoles within the PPy matrix and graphene layers.
The faster dynamics of these dipoles allow them to respond
more effectively to higher-frequency electric fields, leading to
the observed peak in Z". This higher-frequency relaxation is
characteristic of the material's intrinsic dipolar response, which
becomes more prominent as the temperature rises and the
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dipoles gain sufficient energy to align and relax quickly with the
oscillating field.”” As seen in Fig. 8(a), it is noted that the
frequency of the peak shifts from 10> Hz to 10* Hz when the
temperature is increased from 333 K to 363 K. The curve with
the peak at 10* Hz would be the one that corresponds to the data
at 333 K in Fig. 8(a). The peak shifts from 10* Hz at 333 K to
10" Hz at 363 K, as shown in the statement. As a result, the
measurement at 333 K is represented by the curve with the peak
at 10% Hz. By comparing the frequency-dependent spectra of Z,
one can determine whether the relaxation processes are domi-
nated by the mobility of long-range or short-range charge
carriers. The peak frequencies of Z" at various temperatures are
separated, as seen in Fig. 8(a), from which it can be deduced
that short-range charge carriers are what create the mobility.
The close range of the Z” peak frequencies around higher
temperatures indicates that long-range charge carriers domi-
nate carrier mobility. The activation energy of the composite
nanofibers in the inset of Fig. 8(a) is 0.9 eV, as determined from
the slope using the Arrhenius equation (k = Ae *'%") this value
is consistent with the explanation provided by the SPH model.

The modulus vs. frequency plot of the Fe;O,-Gr/C/PPY
nanofiber composite offers a revealing look into the material's
dielectric relaxation dynamics, particularly through the obser-
vation of a relaxation peak at 10°® Hz as shown in Fig. 8(b). The
modulus, which emphasizes the bulk properties of the material
by minimizing the effects of electrode polarization, allows us to
focus on the intrinsic relaxation behavior within the composite.
The appearance of the relaxation peak at such a high frequency
indicates that the composite exhibits a rapid response to the
applied electric field, characterized by the swift alignment and
subsequent relaxation of dipoles within the material.>® This
peak is strongly indicative of the involvement of localized
electric fields within the nanofiber matrix, where the combined
effects of Fe;0,-Gr nanofibers, graphene, and PPy create
a complex environment for dipole movement.

The conductivity behavior can be explained by the formula
0y = 04c + Aw’. Where o, is the AC conductivity, w is the angular
frequency (27tf), where A is the polarizability factor and “s” is the
temperature-based exponent.”® The conductivity vs. frequency
plot for the Fe;O0,-Gr/C/PPy nanofiber composite across the
temperature range of 273-363 K provides an intricate picture of
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Fig. 8 The frequency dependence of (a) Z” and (b) M" versus frequency with the temperature.
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its charge transport dynamics, particularly through the lens of
the double well model as shown in Fig. 9(a). This model, which
describes the movement of charge carriers between two energy
minima separated by a potential barrier, is key to under-
standing the two distinct relaxation peaks observed at low and
high frequencies. The first relaxation peak indicates a slower,
thermally stimulated process at low frequencies. Here, the
Fe;0,-Gr nanofibers and the surrounding carbon/graphene
network localize charge carriers, which are probably tiny
polarons. The carriers can hop between these localized states
due to the thermal energy present at these temperatures, which
allows them to pass through the energy barrier outlined by the
double-well model. As a result, conductivity increases as
frequency drops, indicating the material's improved capacity to
carry charges over extended periods.

The second relaxation peak, observed at high frequencies,
corresponds to a much faster dynamic where the charge carriers
experience rapid oscillations within the potential wells. With
charge carriers that are nimble enough to sustain conductivity
even under fast oscillations, the material can respond to high-
frequency electric fields at these frequencies, where the
energy from the electric field is enough to enable the carriers to
tunnel through or hop across the barrier more frequently,
resulting in a sharp increase in conductivity. This behavior is
indicative of a nanofiber material that can effectively respond to
high-frequency electric fields, with electroactive charge carriers
that are agile enough to maintain conductivity even under rapid
oscillations. When the temperature rises from 273 K to 363 K,
the thermal energy supports both the high-frequency and low-
frequency relaxation processes, lowering the potential barrier
in the double-well model and enabling more effective charge
transport.*® The composite's ability to control charge transport
across a broad frequency range from sluggish, thermally acti-
vated hopping at low frequencies to fast, field-driven dynamics
at high frequencies is demonstrated by this dual relaxation
behavior. The dual relaxation peaks of the double well model
highlight the versatility of multi-layered Fe;0,-Gr/C/PPy nano-
fiber composite. Interfacial polarization and charge carrier
hopping dominate the material's conductivity at low frequen-
cies, while dipolar relaxation and rapid carrier dynamics take
center stage at high frequencies. Because of its dual

© 2024 The Author(s). Published by the Royal Society of Chemistry

conductivity characteristic, the composite is especially well-
suited for uses requiring strong performance across a broad
frequency range, including shielding against electromagnetic
interference (EMI).>

A conductivity plot at 10” Hz at various temperatures is dis-
played in Fig. 9(b). Activation energy is computed for two
distinct segments using the Arrhenius model. The activation
energy in the high-temperature zone is determined to be 1.2 eV,
in agreement with activation energies derived from relaxation
constants and the SPH model. The slope is computed from the
high-frequency area, indicating a shift in the slope values that
points to the possibility of an alternative conduction mecha-
nism. The relatively differing amounts of activation energies for
conduction and relaxation processes have been linked to the
fact that the conduction mechanism incorporates hopping
energy in addition to disorder and polarons. When strong
cation-anion—-cation interactions outweigh weak cation-cation
interactions, these materials display semiconducting or
metallic characteristics.

Using the rectangular waveguide approach (x-band), a vector
network analyzer determined the overall shielding effectiveness
created on the scattering parameters Si4, S12, Sz1, and S,,. The
SEg, SE,, and SEt can be expressed as follows.>

SEa = —101log(1 — Aery) (3)
SEg = —10log(l — R) (4)
SEr=—10log T (5)

The SEg, SE, and SE; values over the x-band are calculated
using eqn (3)—(5). The shielding effectiveness due to absorption
(SE,) of the Fe;0,-Gr/C/PPy nanofiber composite across the x-
band frequency range showcases its exceptional capability to
mitigate electromagnetic interference (EMI) through energy
absorption. With a peak SE, of 24.6 dB at a 3 mm thickness, this
composite stands out as a highly efficient absorber, particularly
within the x-band spectrum, which is critical for radar and
communication systems as seen in Fig. 10(a). The impressive
SE, performance in the x-band can be attributed to the syner-
gistic interaction between the composite’'s magnetic and
conductive components. The Fe;0,-Gr nanofibers contribute
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http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra06928e

Open Access Article. Published on 22 November 2024. Downloaded on 4/3/2026 2:35:08 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

30
—e— 1 mm
(a) —e— 2 mm
25 - W
2 2.
< W
1]
) 15+
10 -
8.0G 10.0G 12.0G

Frequency (Hz)

View Article Online

Paper
10
(b) —<—1 mm
84 —e—2 mm
—+—3 mm
m 6.
=
14
w 4
7
24
0 - r
8.0G 10.0G 12.0G
Frequency (Hz)

DV VO Ty
—~— N VN

30 (c)
— 25'
11]
=
~ 20 4
L
w
15-
—®—2mm
10 4 —e—3mm
8.0G

10.0G

12.0G6

Frequency (Hz)

Fig. 10

significantly to magnetic losses, interacting with the incident
electromagnetic waves by inducing eddy currents and hysteresis
losses.”* These magnetic interactions are especially strong in
the x-band frequencies, where the material's magnetic perme-
ability increases the absorption of electromagnetic energy.>> At
the same time, the graphene and carbon networks inside the
nanofibers form highly conductive pathways that sustain
additional absorption mechanisms. These conductive pathways
enable the creation of multiple internal reflections within the
composite, trapping the electromagnetic waves and converting
them into heat through dielectric and ohmic losses.*® The PPy
matrix, which is already known for its intrinsic dielectric
properties, reinforces this effect by polarizing in response to the
electric field component of the incident waves, which helps with
dielectric relaxation losses.

With a recorded value of 3.6 dB at a thickness of 3 mm, the
Fe;0,-Gr/C/PPy nanofiber composite's shielding effectiveness
due to reflection (SEg) across the x-band frequency range offers
important insights into the composite's ability to reflect inci-
dent electromagnetic waves, as shown in Fig. 10(b). The 3.6 dB
value at 3 mm thickness, SEx shows that the nanofiber
composite efficiently contributes to EMI shielding by reflecting

37492 | RSC Adv, 2024, 14, 37483-37497

(a) Absorption-based shielding effectiveness (b) reflection-based shielding effectiveness (c) overall shielding effectiveness.

a portion of the incident electromagnetic energy into the envi-
ronment, even though reflection-based shielding is frequently
given less attention than absorption. Multi-layered Fe;O4-Gr/C/
PPy nanofiber composite at a thickness of only 3 mm has a total
shielding effectiveness (SEy) of 28.4 dB across the x-band
frequency range (8.2 to 12.4 GHz), which is impressive
evidence of this material's comprehensive electromagnetic
interference (EMI) shielding capacity as shown in Fig. 10(c).
This material's capacity to efficiently attenuate incident elec-
tromagnetic waves by combining absorption, reflection, and
several internal scattering mechanisms in a synergistic manner
is indicated by its high SEt value.** The composite's unique
multi-phase architecture, which combines conductive graphene
and carbon, dielectric PPy, and magnetic Fe;0,-Gr nanofibers,
is the main factor contributing to its remarkable SEt. Every
element contributes significantly to the total shielding effec-
tiveness.”® Magnetic permeability, which is brought about by
the Fe;0,-Gr nanofibers, increases magnetic losses and
strengthens the material's capacity to interact with and atten-
uate the magnetic component of electromagnetic waves. In the
x-band, where the material's permeability greatly enhances the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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total shielding efficacy, this magnetic interaction is especially
beneficial.

The graphene and carbon components provide a network of
conductive pathways that promote multiple reflections within
the nanofiber matrix. These internal reflections increase the
path length of the electromagnetic waves within the material,
allowing more of the wave energy to be absorbed and dissipated
as heat through ohmic and dielectric losses. The conductive
nature of these components also contributes to a degree of
reflection at the material's surface, adding to the overall SEr
while ensuring that a significant portion of the energy is con-
tained and absorbed within the material.>® The PPy matrix, with
its high dielectric constant, further enhances the composite's
ability to polarize in response to the electric field component of
the electromagnetic waves. This polarization contributes to
dielectric relaxation losses, effectively converting the electro-
magnetic energy into heat, particularly at lower frequencies
within the x-band.

The Fe;0,-Gr/C/PPy nanofibers composite demonstrates an
astonishing capability in electromagnetic interference (EMI)
shielding, with an effective absorption rate of 99.7% and an
attenuation percentage of 99.8% across the x-band frequency
range as shown in Fig. 11(a and b). The near-total absorption of
99.7% is indicative of the composite's ability to convert almost
all incident electromagnetic energy into heat, effectively
neutralizing the potential for interference. This remarkable
absorption efficiency is largely driven by the composite's multi-
functional architecture. The Fe;O,-Gr nanofibers within the
nanofibers contribute significantly to magnetic losses by inter-
acting with the magnetic component of the electromagnetic
waves, inducing eddy currents and magnetic hysteresis that
dissipate energy as heat. In the x-band frequency region, where
the material's magnetic characteristics are tailored to absorb
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high-frequency waves, this magnetic interaction is most
effective.””

The composite is made possible by the graphene and carbon
components acting as conductive routes that allow for various
internal reflections. The route length of electromagnetic waves
within the material is extended by these internal reflections,
facilitating repeated absorption and decreasing the possibility
of waves escaping the substance. The conductive path network
additionally enhances the absorption capacities of the
composite by contributing to dielectric and ohmic losses. The
composite's 99.8% attenuation rate highlights its capacity to
both absorb and stop electromagnetic waves from propa-
gating.®® The nanofiber material's combined actions of
absorption and reflection lead to this significant attenuation.
This is made possible by the PPy matrix's high dielectric
constant, which polarizes in response to the waves' electric field
component, causing dielectric relaxation and energy dissipa-
tion. Additionally, for a better understanding of absorption
reflection and transmittance phenomenon, a graph is plotted
against frequency collected from experimental data at 3 mm
thickness of nanofibers composite as seen in Fig. 11(c). A
nanofiber material's absorption, reflection, and transmittance
typically vary with frequency, especially in the context of elec-
tromagnetic interference (EMI) shielding. In general, reflection
is established by the nanofiber material's and free space's
impedance mismatch. Reflection tends to be higher at lower
frequencies in the x-band region, but if the material's imped-
ance is well-matched to free space, it can decrease as frequency
increases in the x-band. When the material is tuned for
absorption at higher frequencies, reflection may show a non-
linear curve that progressively declines with increasing
frequency.” Since nanofiber materials are made to absorb more
electromagnetic radiation at higher frequencies, absorption
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frequently rises with frequency. Certain frequency ranges are
likely to see more absorption in materials having conductive
and magnetic characteristics. Generally speaking, absorption
rises with frequency, peaks, and then, depending on the prop-
erties of the nanofiber material, either stabilizes or falls at very
high frequencies. When reflection and absorption rise, trans-
mittance falls. At frequencies where the nanofiber material
functions well, transmittance is often low because the main
objective of EMI shielding materials is to prevent signals.

4 Conclusion

This work uses hydrothermal and electrospinning techniques
to synthesize a multi-layered nanofibers composite made of
Fe;0,4-Gr/C/PPy nanofibers. The FE-SEM analysis reveals that
the nanofibers possess a well-defined small rod-like structure
with an average diameter of 68 nm, contributing to the
composite's high surface area and efficient interaction with
electromagnetic waves. The XRD analysis confirms the
successful incorporation of Fe;0,-Gr nanofibers carbon, and
PPy within the composite. The crystallographic data indicate
the presence of well-defined phases, which contribute to the
composite's magnetic and conductive properties. The imped-
ance plane plot reveals two distinct relaxation processes at low
and high frequencies across the 273 K to 363 K temperature
range. The dielectric constant analysis highlights the
composite's ability to maintain high dielectric constant values
(up to 10°) at lower frequencies, with a gradual decrease as the
frequency increases. Tangent loss measurements indicate that
the composite maintains values less than 1 at higher
frequencies, gradually increasing at lower frequencies as
temperature rises. The MVRH model provides insights into the
composite's charge transport mechanisms, with a localization
length of 1.5 A. The SPH model suggests an activation energy of
1.43 eV, pointing to thermally activated charge transport
within the nanofibers composite. The conductivity plot further
supports the presence of dual relaxation peaks at low and high
frequencies, consistent with the double-well model. The EMI
shielding analysis reveals outstanding performance, with
a total shielding effectiveness (SEr) of 28.4 dB across the x-
band frequency range at a 3 mm thickness. The composite
demonstrates a near-total absorption of 99.7% and attenua-
tion of 99.8%, driven by its synergistic combination of
magnetic, conductive, and dielectric properties.
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