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The combination of two-step synthesis processes is employed for the fabrication of
(NiO).5/(Fe;05) 05 @C@MoS, (NFCM) nanofibers composite through electrospinning
and hydrothermal techniques. This nanofiber composite is designed for tunable dielectric
materials and electromagnetic interference (EMI) shielding applications. Using impedance
spectroscopy, the electrical properties of an NFCM pellet are analyzed using an equivalent
circuit model (R1Q1), with a primary focus on the variation of relaxation time with frequency
at different temperatures. Utilizing the Mott. variable range hopping (MVRH) model, and
small polaronic hopping model, the localization length of the hoping carriers is determined
to be 0.98 A and the activation energy of thermally activated charge carriers is determined
to be (Es=.0.27eV). The activation energy calculated from the impedance, SPH model, and
conductivity plot are inaudibly comparable representing the conduction and relaxation
process associated with the same electroactive regions. The (NFCM nanofibers composite
exhibits higher conductivity at all temperature ranges, which is a crucial attribute for
effective EMI shielding applications. In the X-band frequency range (8.2-12.4 GHz),
the calculated EMI shielding effectiveness of NFCM nanofibers composite is 24.25 dB, this
qualifies them for use in high frequency applications.
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1. Introduction

In recent decades, there has been a notable increase in the interest in magnetic (core)
dielectric (shell) nanofiber materials owing to their distinctive electromagnetic response
characteristics and versatile applications in the realm of energy storage materials and
electromagnetic shielding [1]. The concurrent presence of dielectric (shell) and magnetic (core)
physical characteristics in these materials can be excellently tweaked by adjusting synthesis
methods to manipulate the morphology, size, and shape of nanomaterials [2]. The development of
novel nanofiber materials with distinct features has garnered substantial attention and proven
valuable across a wide spectrum of applications [3]. Among the crucial areas of contemporary
research and innovation, electrospun metal oxide nanofibers hold particular significance [4].
One-dimensional (1D) magnetic nanofibers have attracted considerable attention owing to their
unique combination of electrical and magnetic capabilities, chemical and thermal stability, and
appealing structural features. Various techniques have been devised for the production of
composite nanofibers [5], with electrospinning emerging as the most economical method for
creating nanofibrous magnetic composites compared to alternative approaches [6]. The composite
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material (NiO)(g5/(Fe;03)0.5@C is noteworthy for its high conductivity, aligning with the well-
established reputation of metals and metalized materials for remarkable EMI shielding capabilities.
However, the inherent impedance mismatch of a single magnetic material hinders it from exhibiting
exceptional EMI shielding characteristics [7].

Addressing the impedance mismatch inherent in single magnetic materials, an effective
strategy involves combining magnetic and carbon-based materials to engineer the core-shell
structures or other distinctive configurations [8]. Carbon materials, characterized by their
lightweight nature, excellent chemical stability, and electrical conductivity, prove instrumental in
mitigating dielectric loss in microwave absorbers [9]. To exemplify, a core-shell heterostructure
nanofibers composite, denoted as (NiO)s/(Fe,05)05@C, was crafted through a sequence
of surface etching, carbonization, and electrospinning processes [10]. The demonstrated
exceptional EMI shielding performance of this composite underscores its efficacy [11]. In
this composite, the magnetic characteristics of the (NiO) 5/(Fe,O5) o 5) core are accentuated, while
the presence of the carbon shell not only fortifies the structural integrity of the nanofibers but also
provides a robust platform for potential functionalization [12]. These attributes can be strategically
harnessed to optimize the scattering properties of nanofiber composites, thereby tailoring EMI
shielding across broad frequency ranges [13]. Core-shell nanomaterials, typically characterized
by a dielectric shell and magnetic core, are particularly promising candidates for this purpose
[14]. The altered properties arising from the interplay between the dielectric shell and magnetic
core, or their coexistence, contribute to the high utility of these materials. Given the extensive body
of literature on core/shell nanomaterials, current research in the EMI shielding field emphasizes
the intricate relationship among defect chemistry, phase coexistence, and interface correlations [15].

In the realm of EMI shielding, recent attention has been directed toward MoS,, a two-
dimensional semiconductor material distinguished by its high conductivity and noncentrosymmetric
structure [16]. The amalgamation of its conducting characteristics with its two- dimensional
morphology positions MoS, as a promising material for a diverse array of electronic and
nanoelectronics applications [17]. Notably, despite possessing a certain level of electronic
conductivity (10-100 S cm™), MoS, can also form distinctive nanostructures, such as flower-like
configurations, endowed with unique surface properties that enhance microwave dispersion [18].
This enhancement is achieved by facilitating numerous microwave reflections and dispersions.
Remarkably, at a thickness of 3 mm, the unique heterostructure exhibited a significantly
heightened efficacy in EMI shielding within the (X-band) frequency region. Recognizing the
advantages of MoS,, a pragmatic approach involves combining MoS, nanocomposite with
magnetic materials in a core-shell configuration to tailor electromagnetic properties [19].
Furthermore, the outermost layer, primarily composed of MoS,, contributes exceptional
electrical conductivity, thereby expanding the material's efficiency to shield against EMI a critical
requirement in contemporary electronic devices and communication systems.

This study successfully synthesizes an electromagnetic heterostructure nanofiber
material, denoted as NFCM, utilizing a straightforward two-step methodology involving

electrospinning and hydrothermal techniques. Notably, the ((NiO)qs/(Fe,Os)¢s mnanofibers
composite represents a distinctive material system wherein nickel oxide (NiO) and iron (III) oxide
(Fe,0;) coexist within a well-defined nanostructured architecture. This unique composition serves
as a robust platform for the exploration of multifunctional properties, particularly in the realm
of electrical characteristics. The EMI shielding attributes of NFCM, the temperature and frequency-
dependent conduction mechanisms within electro-active regions present in the nanofiber materials,
and the coexistence of NiO/Fe,O; metal oxide nanofibers materials have not been hitherto
reported. Impedance spectroscopy is a key device used to clarify the temperature and frequency-
dependent conduction mechanisms of the heterostructure nanofiber materials, providing
information about the source of their EMI shielding properties.

The synthesis, structural characterization, and subsequent electrical property modulation
of NFCM nanofiber composites are thoroughly examined in this work. The primary objective of
most EMI shielding research is to diminish electromagnetic radiation within specific frequency
ranges. Temperature and frequency-dependent impedance spectroscopy (IS) are employed to
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investigate the electrical properties of NFCM nanofiber composite. This method provides valuable
insights into the frequency and mobility of charge carriers. However, an understanding of charge
carrier mobility derived from impedance dimensions and the conduction mechanism within the low-
frequency realm holds promise for comprehending the variation of EMI shielding presentation. The
association of electrical characteristics, dielectric constant, conductivity, and tangent loss with the
EMI shielding properties of the NFCM heterostructure nanofibers composite contributes to a
comprehensive understanding. A detailed comprehension of the electrical properties facilitates a
comparative analysis of EMI shielding properties within a broad frequency range.

2. Experimental

2.1. Materials

The materials employed in this study included Polyvinylpyrrolidone, nickel nitrate
hexahydrate iron (III) nitrate nonahydrate, glucose, urea, thiourea (SC(NH,),), ammonium
molybdate, N, N-dimethylformamide (DMF), and ethanol. All chemicals were sourced from
Sigma-Aldrich, possessing the highest available purity, and utilized without further purification.
Deionized (DI) water was exclusively employed for solution preparation.

2.2. Preparation of (NiO) (.5) /(Fe203)0.5) nanofibers

The fabrication of nanofibers, ranging in size from nanometers to micrometers, is achieved
through the electrospinning process. At ambient temperature, an electrospinning solution is
organized by dissolving 8% by weight of PVP in a mixture of 40 mL of DMF, and 60 mL of
isopropanol, resulting in a 9% by-weight solution. This solution undergoes magnetic stirring for one
hour. Subsequently, the solution is combined with 50% by weight of iron nitrate nonahydrate
and 50% by weight of nickel nitrate hexahydrate after which it is stirred for 12 hours, yielding a clear
mixture [ 14]. The resultant solution is then loaded into a 10-milliliter syringe and injected to a multi-
needle spinneret. The distance between the needle tip and the aluminum foil collecting plate is
maintained at 10 centimeters. Essential parameters for the electrospinning process include a
temperature range of 35 to 40 degrees Celsius, relative humidity below 30%, a 12-kilo voltage, and
a solution feed rate of five milliliters per hour. The electrically charged solution is elongated over
the needle tip under the influence of high voltage applied to the needle tip and the aluminum
foil conducting collector plate. This electric field exceeds the surface tension of the droplet,
propelling the elongated droplet as a jet near a conducting collecting plate with an opposing
charge. As the jet progresses, charged fibers accumulate on the aluminum foil (collecting plate),
facilitated by the gradual evaporation of the solvent. Post-collection, the electrospun fibers are
thoroughly dried in an oven set at 200 °C for one hour. To produce (NiO),q 5/(Fe,05) 5 nanofibers,
an annealing process is subsequently implemented. The nanofibers undergo annealing at 450 °C for
2 hours, employing a temperature ramping rate of 2 °C min™' [1].

2.3. Preparation (NiO).5)/(Fe203)0.5@C composite

To synthesize the (NiO) 5/(Fe,05) 5y @C nanofibers composite, a solution is prepared by
mixing glucose (0.03 moles) and urea (0.3 moles) in 100 mL of water. Subsequently, the
previously prepared (NiO)q 5y/(Fe;03)0.5@C nanofibers are dispersed in this solution. The resulting
mixture is then transferred to a 100 mL Teflon autoclave and subjected to thermal treatment in an
oven for 10 hours at 200 °C. The resultant product, denoted as (NiO) g 5,/(Fe,03)9.5@C, is subjected
to multiple washes with deionized water/ethanol and subsequently dried in a vacuum oven at 50 °C
for 10 hours.

2.4, Preparation of (NiO).s/(Fe203)0.5@C@MoS; composite

In this procedure, a solution is prepared by dissolving 2.5 g of ammonium molybdate and
15.2 g of thiourea in 100 mL of deionized water. A blackish (NiO) s/(Fe,05) 5@C composite
powder is introduced into this solution. The resultant mixture is then transferred to a 250 mL
Teflon autoclave and subjected to a 24-hour thermal treatment at 200 °C. Following this, the
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resulting black precipitates, denoted as NFCM, undergo multiple rinses with deionized water
and ethanol before being dried at 40°C [20]. For the determination of crystallite dimensions and
phase identification of the NFCM nanofibers composite, X-ray diffractometry is performed using

Cu Ko radiation and employing a step size of 0.03 and a scanning speed of 4 min™.

The nanostructures and morphologies are examined through field emission scanning
electron microscopy (FE-SEM). Temperature and frequency-dependent impedance spectroscopy
dimensions are conducted using a dielectric analyzer. Pellets are fabricated by squeezing the
NFCM powder using a hydraulic press under a pressure of 6 tons for at least three minutes, resulting
in pellets with a diameter of 10 mm and a thickness of approximately 2 mm. These pellets undergo
a thorough cleaning, and silver gum is applied to equal sides to ensure effective ohmic contact. AC
electrical properties are investigated across a wide frequency range (1 Hz-10" Hz) within a
temperature span of 73 K to 163 K, utilizing an Alpha-N Novo control dielectric analyzer. An AC
signal of 0.2 V is applied during these measurements, and a custom-made sample holder containing
the pellet is positioned inside a liquid nitrogen Dewar to maintain low temperatures. Furthermore,
to assess the EMI shielding ability, materials are crinkled into fine particles, uniformly combined with
paraffin at a mass ratio of 1:1, and shaped into slabs measuring 22.4 mm X 10.2 mm. Shielding tests
are conducted using a Vector Network Analyzer spanning a frequency range of 10 MHz to 40 GHz.

3. Results and discussion

Fig.1 presents FE-SEM images depicting the morphological characteristics of the samples
fabricated in this study. The morphology of the NiO/Fe,O3 nanofibers is observed in detail in Fig. 1
(a, b). The average distribution of the diameter of the nanofibers is illustrated in Fig. 1(c), with the
average diameter determined using Image J software. These nanofibers exhibit a notable aspect ratio,
with lengths extending to several microns and an average diameter of approximately £ 90 nm.
Following the carbonization and MoS; coating on the surface of the nanofibers, Fig. 2 (a, b) reveals
a distinct aggregated nano-flower-like configuration of MoS; on the composite material of
NiO/Fe,O3@C nanofibers core-shell composite [6].
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Fig. 1 (a,b) represents the FE-SEM images of (NiO) y5/(Fe;03) 5 nanofibers at 15kx and 30kx, and (c)
average diameter of fibers.
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A substantial quantity of MoS; nano-flower uniformly assembles on the surface of the
NiO/Fe;O03;@C nanofiber composite, as illustrated in Fig. 2 (a, b). These nano-flowers, in
conjunction with the NFCM nanofibers, collectively form a three-dimensional (3D) conductive
network. The surface of the flower-shaped MoS; nanostructure is distinguished by a profusion
of nano-petals, owing to elevated concentrations of sulfur and molybdenum elements. Notably,
these nano-petals exhibit conspicuous aggregation and stacking on the nanofiber's surface. FE-
SEM characterization reveals that the limited presence of NiO/Fe,O3@C does not compromise
the integrity of the 3D flower-like structure, as depicted in Fig. 2 (a, b). The amorphous carbon
layer, serving as a bridge between MoS, and the NiO/Fe>O3 nanofibers, significantly enhances the
uniform loading of MoS; by providing numerous active sites.

Fig. 2. (a,b) represents the FE-SEM images of NFCM nanofibers composite at 15kx and 30kx.

The XRD patterns of the as-synthesized NFCM nanofibers composite are depicted in Fig.
3. Notably, distinct diffraction peaks are observed at 26 values of 37.05°, 62.76°, and 79.16°,
corresponding to the crystalline planes of (111), (220), and (222), respectively, thereby confirming
the presence of NiO nanofibers (Fig.3). The observed NiO nanofibers align with the known
crystallographic pattern (JCPDS 47-1049) [2]. Additionally, the existence of Fe,O; nanofibers is
substantiated by diffraction peaks observed at 20 values 0f 24.1°,218 33.1°, 40.7°, 57.6°, and 75.5°,
corresponding to the (012), (104), (113), (122), and (220) planes, respectively. These diffraction
peaks align with the expected crystallographic pattern for Fe,O; nanofibers (JCPDS: 33-0664) [21].
Furthermore, characteristic peaks at 14.1° and 26° in the XRD patterns are indicative of the
presence of carbon and MoS,, respectively. These distinct peaks affirm the successful
incorporation of carbon and MoS, components within the nanofiber composite [18].
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Fig. 3 XRD pattern of NFCM nanofibers composites.
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The investigation of the conduction mechanism within heterostructure nanofibers,
specifically comprised of (NiO)s/(Fe;05)5@C@MoS,, is conducted through impedance
spectroscopy (IS). Illustrated in Fig. 4 (a) is the impedance plane plot for the nanofiber composites
within a low-temperature range (73—163 K). The total resistance of these heterostructure
nanofibers is delineated by the intersection of a singular semicircle and a left-side extension, crossing
the origin. This singular semicircle indicates the presence of a sole electro-active region within
the specified low-temperature range. To enhance the understanding of the conduction mechanism,
ZView software is utilized for a comprehensive analysis of impedance plane plots, involving a
comparison between empirical data and an analogous electrical circuit.

The impedance plane plot acquired within the temperature zone of 73 K to 163 K is fitted
using a single equivalent circuit model, denoted as (R;Q,) [2]. The inset of Fig.4 (a) showcases
the parameters, where Q symbolizes the constant phase element and R represents resistance.
This choice of model allows for a nuanced examination of the conduction behavior. The departure
of capacitance from ideal behavior is elucidated through the utilization of a constant phase element
(Q), attributed to the coexistence of multiple relaxation processes with comparable periods. The
impedance spectroscopy analysis provides valuable insights into the nuanced conduction
mechanism within the NFCM nanofiber composites. The observed singular semicircle and the
subsequent model fitting contribute to a refined understanding of the electro-active region and the
intricate capacitance behavior, furthering the comprehension of the composite material's electrical
properties.
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Fig. 4 (a,b,c) depicts the impedance (Z) plane for nanofiber composites of NFCM the manifestation of the
MVRH model and the solid lines represent optimal fits to the SPH model.

In the temperature interval spanning 73 K to 163 K, the impedance plot reveals a singular
semicircle, indicative of a pronounced relaxation phenomenon within the NFCM composite.
Notably, the dominant influence on the conduction mechanism emanates from the NiO/Fe,0;
phase. The singular semicircle observed in Fig. 4 (a) implies a predominantly resistive electrical
response of the composite within this frequency range, underscoring the prevalence of resistance to
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electrical current flow. This behavior may arise from the notable conductivity of the MoS, layer or
the composite's overall structural arrangement. The semiconducting nature of NiO and Fe,O;
components can substantially contribute to the overall resistance, with their concentration and role
in the nanofiber composite significantly impacting the observed resistance in the impedance plot.
The lower resistance values are attributed to augmented hopping mobility, particularly facilitated
by the increased Fe*" — O — Fe** and Ni** — Ni** network [22]. Carbon, particularly in the form of
the carbon shell, may bolster the structural integrity of the composite and is likely to exhibit
relatively low resistance.

However, its influence on the resistive behavior observed in the impedance plot may be
comparatively subdued when contrasted with other semiconducting constituents. The known
high electrical conductivity of MoS, assumes a pivotal role in contributing to the observed
low resistance. MoS,, serving as a conductive pathway, is anticipated to dominate the electrical
response of the composite across the broad frequency range examined [19]. The nuanced interplay
of these components underscores the intricate electrical characteristics of the NFCM composite
within the specified temperature range.

Table 1. Summary of the fitted factors corresponding to the (R;Q;) model for the NFCM nanofiber
composite at selected representative temperatures.

T(K) R Q n
(2)

73 10490 4.29 10710 0.81

98 4780 1.07 x10°1° 0.80

113 485 1.01 x10°1° 0.71

143 170 2.27 x10” 0.66

Based on the equivalent circuit model approach, the resistance R; is utilized to illuminate
the conduction mechanism. Two distinct models, specifically the MVRH model and the SPH model,
were applied across the temperature zone of 73 K to 163 K. The expression for MVRH is as follows:

In (p /pg) = (T /T) 1 M

Here, po represents resistivity, and To is Mott’s temperature. The previously mentioned
expression for p (T) can be represented mathematically as follows:

p= poexp [2.06(c3/N (E) KT) 4] ©)

kT, = 18 o’/N (E) 3)

In this formulation, a is the reciprocal of the localization length, and N(E) signifies the
density of states. A physically small confinement length of 1/a is achieved when the density of
states encompasses the entire value of the e, electron density. Considering these variables, the
equation yields the following result:

kTy=171 *'Umv 4)

In this context, v (lattice volume) is equal to 0.54 x 1072 m?, and Um (the magnitude of the

magnetic potential) is 4 eV, representing their respective values. The expression for SPH is as
follows:

In(p/T)=InA+W /T )

The MVRH model is employed to characterize the hopping of charge carriers in a system
where active charge carriers face constraints due to random potential changes [23]. Ideal hopping
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arises among sites within a specific energy range. In the temperature zone of 73 K to 163 K, Fig. 4
(a) depicts the plot of resistance (R:) in contrast to the inverse of temperature, utilizing the MVRH
model built on fitted equivalent circuit parameters. The fitting process results in a characteristic
temperature Ty of (7 x 10° K) as determined by the variable range model. This information is then
used to calculate the localization length (1/c), which is found to be 0.98 A. This distance signifies
the nearest-neighbor hopping distance among Fe?* and Fe** ions at the octahedral site and Ni** and
Ni** ions. At lower temperatures, where random potential changes are prevalent, active charge
carriers are more probable to step with various activation energies, extending farther a distance than
their neighboring.

In parallel, the SPH model is used within the temperature range of 73K to 163K, as
depicted in Fig.4 (b). The obtained activation energies (E.) values of 0.27 eV support the
occurrence of Polaronic conduction in this nanofibers composite Fig. 4 (c) [24]. At this
temperature, numerous trap centers act as pockets for charge carriers, enhancing the SPH model by
facilitating effective connections between Fe?*, Fe3* and Ni**, Ni** channels. Analysis based on the
fitted data parameters suggests that the MVRH model provides a superior fit compared to the SPH
model for the NFCM nanofibers composite. To investigate the temperature-dependent electro-active
sites in the composite of NFCM heterostructure nanofibers and appreciate the frequency dependence
of M" and Z", various electro-active sites were examined. It is important to note that modulus
formalism was employed to mitigate electrode polarization effects. In Fig. 5 (a, b), the spectra of Z"
and M” are depicted, revealing a singular response based on relaxation. Fig. 5 (a) displays a single
relaxation peak in the Z" spectrum within the temperature range of 73 K to 163 K at approximately
10° Hz. The relaxation period (t = 1/2xfmax) is plotted compared to the temperature, directly
proportional to the peak frequency (fimax) of Z”. Using the Arrhenius equation, the activation energy
of the NFCM heterostructure nanofibers composite is calculated to be 0.24 eV.
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Fig. 5 (a,b,c) shows the frequency-dependent imaginary part of impedance (Z") and modulus (M"), and the
relaxation period is plotted against the inverse of the temperature.
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In Fig. 5 (b), a singular relaxation peak is evident in the M” spectrum within the temperature
range of 73 K to 163 K at approximately 10° Hz. Notably, the peak frequency shifts from 10° Hz to
107 Hz as the temperature increases, as depicted in Fig. 5 (a, b). The frequency-dependent electrical
spectra of both imaginary part of modulus and impedance offer insights into the relaxation
progressions are overseen by the flexibility of short-range or long-range active charge carriers. The
noticeable separation in peak frequencies of Z” and M"” at different temperatures suggests that the
flexibility is influenced by the movement of short-range active charge carriers. Conversely, at higher
temperatures, the peak frequencies of Z" and M” converge, indicating that the mobility of carriers is
controlled by the flexibility of long-range charge carriers [26]. Fig. 5(c) presents a logarithmic
representation of relaxation time (t) against the reciprocal of absolute temperature. Following
the Arrhenius law, the logarithm of t demonstrates a linear relationship with T, as per the
equation T = 1, exp (—E,/*T), where 1), Ea, kP, and "T" represent the pre-exponential factor, the
activation energy of thermally activated processes, Boltzmann constant, and absolute temperature,
respectively [27]. The value of peak position, f,,,, was used to evaluate relaxation time, T (= 1/2xnf,,,),
followed by activation energy. As the ambient temperature of the nanofiber composite rises, the
relaxation time reduces, as shown in Fig. 5 (¢). The linear fit between the data points reveals a
reduction in relaxation time as the ambient temperature of the nanofiber composite increases.

The activation energy, calculated from the slope of the linear fit, is established to be 0.24
eV. Fig. 6 (a) illustrates a log-log plot of conductivity versus temperature within the
temperature range of 73 K to 163 K. The conductivity plot unveils a frequency-independent
conductivity region at lower frequencies, transitioning into frequency-dependent conductivity at
higher frequencies. Notably, as the temperature increases, the frequency at DC conductivity
transforms into AC conductivity and shifts towards higher frequencies. This shift signifies the
hopping of active charge carriers in the NFCM heterostructure nanofibers composite. The observed
increasing trends in conductivity with frequency for all temperatures indicate that the presence
of hopping channels is essential for hopping conduction. The higher frequency stimulates the
opening of these channels, facilitating the hopping of electrons and holes between the Fe** — Fe?*
and Ni** — Ni** ions, respectively [28]. When conductivity is frequency-dependent, the behavior
can be elucidated by the equation: (w) = g, + Aw®, where angular frequency (2xf) is denoted by "m,"
AC conductivity is represented by "o(w)," DC conductivity is represented by "o,," the pre-

exponential factor is represented by "A," and the slope is represented by "s" [29]. With increasing
temperature, the pre-exponential factor (A), determining the strength of polarizability, rises, leading
to a rise in polarizability and dielectric properties. The electrical conductivity of NFCM nanofibers
material is measured as 2.1x10* S/cm. This conductivity may result from doping effects, electron
density shifts, and matrix expansion induced by the effective integration of NiO and Fe,Os
nanofibers into the MoS, matrix.

In Fig. 6 (b), a conductivity plot is presented at a frequency of 10" Hz across various
temperatures. Utilizing the Arrhenius model, the activation energy is computed, yielding a value of
0.2 eV. This determination aligns with the activation energies derived from impedance,
relaxation constants, and the SPH model. At lower temperatures, the majority of carriers, lacking
the energy required to fulfill the potential, are situated in the charged space zone. The discernibly
distinct activation energies for conduction and relaxation processes are associated with the
integration of hopping energy, disorder, and polaron into the conduction mechanism.
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Fig. 6. (a,b) Variation of the AC conductivity (o) as a function of frequency and total conductivity for NFCM
nanofibers composite at 10 MHz at all temperatures.

Fig. 7 (a) illustrates the temperature-dependent real component of the dielectric constant
spanning the temperature range of 73K to 163K. These plots reveal the existence of diverse
polarizations within the NFCM nanofibers material, encompassing interfacial, atomic,
electronic, and dipolar polarization In conducting composites, polaron and bipolaron represent the
two primary charge carrier types. A heightened dielectric to localized or immobilized dipoles that
can traverse extensive distances, predominantly observable at low frequencies [30]. As depicted in
Fig. 7 (a), the dielectric constant experiences an increase at lower temperatures, indicating the
polarization of dipoles at these frequencies over sufficient time. In the high-frequency domain, the
dielectric constant diminishes with temperature. This reduction with rising frequency is attributed
to the dipoles lagging behind the applied AC field based on their mobility. The rotational
displacement of these dipoles prevents them from adequately tracking the AC field around the
relaxation frequency, resulting in a significant reduction in the dielectric constant of around
10° Hz [31]. The presence of highly conductive materials such as MoS, and carbon can influence
the dielectric constant. Materials with elevated electrical conductivity can efficiently dissipate
electric fields, potentially leading to a lower dielectric constant. In this scenario, MoS, and carbon
may exert dominance over the electrical response, contributing to the observed decrease in the
dielectric constant.
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Fig. 7. (ab) the dielectric constant () and dielectric loss (tand) for NFCM nanofibers composites.
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Elevated values of tangent loss are notably observed at lower frequencies during the
polarization process, stemming from the alignment shift of these dipoles (short-range migration), as
depicted in Fig. 7 (b). The interfaces within the nanofiber composite can induce losses due to
interfacial polarization, contributing to a pronounced tangent loss at low frequencies. Defects
within the composite may introduce additional loss mechanisms, resulting in heightened tangent
loss and potential disruption of the composite's regular electrical behavior. The relaxation process
induces a decline in the dielectric constant at higher frequencies due to the clustering of NiO
nanofibers into the MoS, conducting matrix. Within this frequency range, the electric field
undergoes directional changes before the dipoles line up themselves with the field, achieving
frequency independence and consequently yielding a reduced dielectric loss [32].

The interaction between the electronic structures of Ni?* and Fe** ions in the matrix can have
a considerable impact on the electrical characteristics of a composite when NiO (nickel oxide) and
Fe,Os (iron oxide) are integrated as nanofibers. Ni** (Nickel lon) has the electrical configuration
[Ar] 3d*. This indicates that the partially filled d-orbitals of nickel ions in the NiO structure permit
some electrical conductivity because electrons can flow between these orbitals. Iron ion Fe** has the
electrical configuration [Ar] 3d°. Half-filled d-orbitals, as opposed to partially or fully filled ones,
are less conductive and more stable in this arrangement. Nickel oxide (NiO) is a p-type
semiconductor. The conductivity in NiO is mainly caused by holes, or positive charge carriers,
which are produced in the valence band by partial filling of the 3d orbital of NiO [33] .These holes
allow electrons to jump between Ni** sites, which increases electrical conductivity. However,
because of the stable, half-filled 3d orbitals of Fe*", Fe»Os (hematite) is a poor conductor. Compared
to Ni*" ions, Fe** ions are less likely to take part in conduction activities because of their more stable
electronic structure. The electrical characteristics of the composite are mostly determined by the
interaction between the Ni** and Fe*" ions when NiO is introduced into Fe,O3 nanofibers. Ni** ions
are accountable for electrical conductivity because they permit electron hopping between partially
filled 3d orbitals, however, when Fe** ions are present, the electron hopping mechanism is impeded.
Fe*" ions, with their half-filled 3d orbitals, tend to trap or lock electrons, making them less mobile.
This decrease in overall charge mobility in the material results in an increase in the resistivity of the
composite. Fe** ions with a half-filled d® configuration create a more localized electron environment
[34]. The electrons in Fe*" ions are more stable and less likely to engage in electron hopping,
particularly when interacting with Ni?" ions. Because the Fe** ions efficiently trap electrons, the
introduction of NiO into Fe,Os nanofibers results in decreased electron mobility and increased
resistivity or more insulating behavior in the composite. Semiconducting and insulating properties
will probably coexist in the composite of NiO/Fe,Os nanofibers. The Fe,Os phase will
counterbalance this by trapping electrons and lowering total charge carrier mobility, but the NiO
phase will contribute to some degree of conductivity. The electrical characteristics of the composite
are largely determined by this interaction between the d-orbitals of Ni *" and Fe?'. The electron
locking action of Fe** ions results in a decrease in electrical conductivity. Because the Fe*" and Fe**
states, which predominate in the Fe>O; structure, impede the flow of charge carriers (electrons), the
overall resistivity increases [35].

Within the X-band frequency range, the total shielding efficiency was quantified using a
vector network analyzer, employing scattering parameters. Taking into consideration the SEg, SEa4,
and SEt may be explained as follows by using equations 13, 14 and 15 [36].

SEt (dB) =SE, +SEg +SEur (6)
SEt (dB) =SE, +SEg @)

R =S| + 185! ®)

T= |S%2|+|S%1| ©)
T+R+A=1 (10)

A=1-R-T (11)
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1-T-R
1-R

(12)

Actr =

In order to account for the effective power of the incoming electromagnetic wave inside the
shield material, the SEg, SEa, and SEr can be expressed as follows [37].

SE, = —10 Log(1 — Aeg) (13)
SEg = —10 Log(1 — R) (14)
SEr = —10Log T (15)

These phenomena can be elucidated by the intricate microstructure of the material,
encompassing conductive properties (C), magnetic constituents (Fe, Co), and dielectric loss
mechanisms affecting electromagnetic waves [ 3 8 ]. Furthermore, the distinctive attributes of
cobalt ferrite nanofibers, such as their elevated surface area-to-volume ratio, enhanced
permeability and conductivity, structural integrity, and adjustability, collectively contribute
significantly to augmenting their effectiveness of EMI shielding. Among all the scrutinized samples,
S; exhibited the most superior shielding characteristics, as indicated by the conducted analysis.
The results suggest that low-temperature sintering yields additional advantages in terms of
effective EMI shielding.

Using Equations (13), (14), and (15) enables the determination of SEr, SEa, and SEt values
across the energy spectrum. A material exhibiting a substantial reflection coefficient (R) may both
reflect and scatter incoming waves, while a material with a significant absorption coefficient
(A) may dissipate electromagnetic energy due to resistive losses [39]. Fig. 8 (a) illustrates the
shielding efficacy of three distinct samples NFCM nanofiber composites as a function of
frequency, with a specific focus on their absorption properties within the X-band range. The
shielding effectiveness (SEa) for all three nanofiber samples exhibits an ascending trend with
increasing frequency, indicating a notable enhancement in the Specific Energy Absorption (SEa)
of the nanofiber samples attributed to heightened absorption losses [40].

Simplified, at elevated frequencies, the nanofibers exhibit an increased capability to absorb
electromagnetic radiation, resulting in heightened shielding effectiveness. Fig. 8 (b) portrays
the shielding efficiency arising from the X-band reflection of electromagnetic waves, illustrating
its frequency dependence for different samples of NFCM nanofibers. Notably, the 3 mm thick
nanofiber composite displays the most significant SEr values, indicating that electromagnetic wave
absorption constitutes the primary shielding mechanism for NFCM nanofibers [41]. Upon
comprehensive analysis of each sample, the absorption-induced shielding effectiveness (SEa)
surpasses the reflection-induced shielding effectiveness (SEr). The aggregate assessment across
all samples reveals that the shielding achieved through absorption (SEa) prevails over that
achieved through reflection (SEr). The intricate microstructure of the system, encompassing
dielectric characteristics (NiO), conductive materials (MoS,, C), and magnetic components (Ni,
Fe), sheds light on these mechanisms, contributing to various electromagnetic wave loss
mechanisms. In Fig.(c) the histogram for SEa, SEr and SEr is displayed by varying
thickness from 1 to 3 mm

The elevated shielding results are likely attributed to the outermost MoS; layer,
renowned for its exceptional electrical conductivity and EMI shielding properties [20]. Functioning
as a conducting coating, MoS, 1is pivotal in effectively attenuating EMI by redirecting
and dissipating electromagnetic waves. While the core (NiO)( 5/(Fe,05)( 5, contributes magnetic
properties, and the carbon (C) shell enhances nanofiber structural integrity, it is the conducting MoS,
coating that plays a crucial role in EMI shielding interference. MoS,'s high conductivity enables
efficient absorption and redirection of electromagnetic radiation, serving as a key factor in the
observed high shielding results in this nanofiber material [42].
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Fig. 8 (a,b,c) displays the shielding efficiency (SE) due to absorption (SE4), reflection (SEr), and total EMI
shielding effectiveness (SE7). (d,e.f) display histogram for SE4 SEr SET, the percentage attenuation and
percentage of effective absorption.

EMI shielding mechanism. In the X-band frequency spectrum, a peak SEr value of 24.25
dB is achieved, corresponding to a thickness of 3 mm. The material NFCM nanofibers are
suggested as a viable option for EMI shielding in light of the results mentioned above, which
could lead to new opportunities for basic research and applications. The total shielding
effectiveness (SEr) registers at approximately 14.8 dB (95% attenuation) for a 1 mm thick
sample, demonstrating an escalating trend with increasing thickness, as depicted in Fig.8(c). The
thickness-dependent trends in SEa, SEr, and SEr are visually represented using a histogram,
illustrating data acquired at a frequency of 10.1 GHz (Fig. 8 (d)).

Table 2. Compares the overall shielding efficacy and the percentage of attenuation for various
thicknesses of the NFCM nanofiber material.

Thickness of sample (mm) SEr (dB) |Attenuation
ercentage
1 14.89 95.18
18.87 98.30
3 24.25 99.33

The absorption quantifies the reduction in the strength or intensity of the incident
electromagnetic wave upon traversing the shielding material. The active absorption percentage,
denoting the portion of input electromagnetic energy absorbed and scattered by the shielding
material, is a key metric. Variations in attenuation % and effective absorption percentage across
different samples concerning frequency within the X-band are presented in Fig. 8 (e) and 5.8
(). Fig. 8 (e) illustrates the total power absorbed by the EMI shielding material, referred to
as effective absorption, achieving an impressive attenuation percentage of 99.3%. These outcomes
underscore exceptional shielding characteristics, emphasizing the dominance of an
absorption-driven shielding mechanism.
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4. Conclusions

In this work, two processes that combines electrospinning and simple hydrothermal
techniques is used for the synthesis of NFCM nanofibers composite. The resulting composites
exhibit facile synthesis, ensuring high-quality outcomes and stability. Structural and
morphological attributes are scrutinized using XRD and FE-SEM techniques. A thorough
investigation of the electro-active regions within the NFCM nanofibers composite is conducted,
unveiling insights into its temperature-dependent conduction mechanisms using impedance
spectroscopy. The material's impedance and relaxation characteristics find optimal explication
through the MVRH model, predicated on equivalent circuit model attributes. The anticipated
activation energy, derived from the electro-active region, stands at 0.24 eV. The as-synthesized
NFCM nanofibers composite, holding promise for critical applications, showcases good EMI
shielding performance, predominantly driven by an absorption-centric in the x-band frequency range.
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