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Abstract: Contemporary electronic device usage generates significant electromagnetic pollution, affecting nearby electronics and human
health. Conventional shielding materials are inadequate, necessitating innovative solutions. This study developed a multilayered composite
with iron(Il, III) oxide (Fe,0,) nanoparticles, polythiophene (PTh) nanofiber arrays, and a gold nanolayer. The synergistic combination of
magnetic nanoparticles and conductive polymer nanofiber arrays resulted in an electromagnetic interference (EMI) shielding effectiveness
(SE) exceeding 30 dB in the X-band when Fe,0, was used in moderate concentrations. This surpassed the EMI SE of a comparable compos-
ite prepared through a similar process but lacking Fe,O, by approximately 10 dB. The enhanced EMI SE can be attributed to the magnetic
nanoparticles, which introduced magnetic loss to attenuate electromagnetic radiation and improved the impedance match between the arrays
and epoxy resin (EP) layers. Furthermore, the inclusion of nanoparticles enabled the material to exhibit an absorption-dominant EMI shield-
ing mechanism, significantly reducing the secondary reflection of electromagnetic waves. Consequently, this novel eco-friendly EMI shield-
ing composite shows promise for application in high-power electronic devices.
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1. Introduction

The contemporary pervasive utilization of devices such as smart-
phones, Wi-Fi routers, and Bluetooth devices engenders substantial
EMI in the circumambient environment during operation. More-
over, electronics manufacturers prioritize the optimization of de-
vice miniaturization and the enhancement of processing speeds.
The increased density of electronic components within individual
devices has culminated in a marked increase in EMI generated by
ubiquitous products such as mobile phones, liquid crystal display
monitors, and laptop computers. ' Consequently, electromagnetic
pollution has emerged as the fourth most significant pollution issue
after water, air, and noise pollution.? This interference compromises
the normal function of proximal electronic devices and amplifies
health risks including headaches, depression, and immunodeficien-
cy populations routinely exposed to these emissions.** However,
conventional EMI shielding materials such as metals possess sever-
al disadvantages, including high density, low elasticity, poor corro-
sion resistance, and exorbitant processing costs. © Furthermore,
abundant surface reflection can propagate secondary electromagnet-
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ic wave contamination.” The development of novel EMI shielding
coatings and devices to surmount these limitations is critical to sus-
tain the proper operation of electronic devices and safeguard hu-
man health.*"

In recent years, polymer-based EMI shielding materials have gar-
nered incremental adoption as alternatives to conventional metallic
shielding materials. This increased prevalence is attributable to
polymeric substrates exhibiting favorable physicochemical proper-
ties, including low density, resistance to corrosion, cost-effective-
ness, and facile processability.'"'* However, the inherent insulating
characteristics of many polymers limit their applicability in scenari-
os demanding significant EMI shielding performance, such as elec-
tronic devices, electric vehicles, medical instruments, and flexible
printed circuit boards.'>'® To circumvent this limitation, researchers
have incorporated fillers possessing high magnetic or electrical con-
ductivity into polymer matrices to fabricate conductive polymer
composites (CPC)."” Compared to metallic materials, current CPC
still suffers from drawbacks such as limited electrical conductivity
and inferior EMI SE. Consequently, it is imperative to investigate
methodologies for optimizing the EMI shielding performance of
CPC through judicious structural design.'

In addition to the quantity and species of conductive fillers exert-
ing a profound influence on the EMI shielding performance of
CPC, the structural configuration of the composite and the spatial
distribution of the conductive fillers within the polymer matrix are
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equally consequential. Investigations have demonstrated that the
structural design of EMI shielding materials plays a critical role in
determining their effectiveness.' The fabrication of multiple inter-
faces has been proven as an efficacious approach to enhancing the
EMI SE of CPC, including porous CPC, segregated CPC, multi-
phase CPC, multilayered CPC, and CPC with prefabricated conduc-
tive networks.” Multiple interfaces in CPC are recognized to aug-
ment shielding performance through mechanisms such as interfa-
cial polarization, multiple reflection, interfacial dielectric loss, and
interfacial electronic resonance. *'* Multilayered CPC is particular-
ly advantageous, as they facilitate the controlled distribution of con-
ductive fillers with multiple interfaces.*** This enables the forma-
tion of reliable conductive pathways and multiple reflection at inter-
faces, resulting in significant absorption loss of electromagnetic
waves. *** Even with a relatively low loading of conductive fillers,
multilayered CPC demonstrate superior EMI shielding properties
compared to conventional counterparts. * Common fabrication
techniques for multilayered EMI shielding CPC films include vacu-
um filtration, coating, and polymer-assisted methods. **** The coat-
ing method is employed to synthesize EMI shielding CPC films by
curing a hybrid system comprising conductive fillers and a resin
matrix in an appropriate mold. This simplistic method is widely uti-
lized for practical manufacturing. Furthermore, prefabricated con-
ductive networks can be fabricated by directing the conductive fill-
er into a specific three-dimensional configuration within the resin
matrix using lyophilization, hydrothermal synthesis, chemical va-
por deposition, pyrolysis-carbonization, and template-based tech-
niques.*** These prefabricated networks provide stable conductive
frameworks that are not disrupted by the low viscosity polymer ma-
trix during filling, leading to rapid enhancement of EMI SE at low
filler loadings.*>*" Combining the coating method with template-
based techniques allows for the preparation of multilayered EMI
shielding CPC with prefabricated conductive networks.

In general, there exist two predominant approaches for fabricat-
ing polymer nanostructures: template-based and template-free
methodologies.” The hard template technique represents the most
prevalent and efficacious means of synthesizing highly regulated
and oriented nanostructures. This approach utilizes either chemical
polymerization or electrochemical polymerization, with the latter
being more readily modulated by varying the current density, ap-
plied potential, and polymerization duration.*® Vertically aligned
PTh nanofiber arrays, with exceptional environmental stability and
structural versatility, have been successfully synthesized utilizing
nanoporous anodic aluminum oxide (AAO) with gold plating on
one surface as a hard template.*** Fe,O, nanoparticles possess ex-
ceptional magnetic loss properties with respect to electromagnetic
waves and have been extensively utilized as electromagnetic wave
absorbers for EMI shielding CPC.* However, due to their relatively
poor electrical conductivity, Fe,O, nanoparticles tend to diminish
the dielectric loss of EMI shielding CPC. Therefore, it is imperative
to integrate them with conductive fillers to achieve heightened EMI
shielding performance.*’

In this study, we developed novel multilayered Carbon-Polymer
Composites with pre-fabricated conductive networks through the
integration of electrochemical hard templating and coating method-
ologies. By incorporating Fe,O, magnetic nanoparticles onto PTh
nanofibers, we significantly augmented the Electromagnetic Inter-
ference Shielding Effectiveness (EMI SE) of the composite within
the X-band. Concurrently, we observed a notable increase in ab-
sorption loss, contributing to the composite's enhanced environmen-

tal friendliness. Subsequently, we elucidated the mechanism
through which the composite attenuates EMI, providing insights for
the rational design of EMI shielding CPC structures.

2. Experimental section

2.1. Materials

The nanoporous AAO utilized was procured from Hefei Jinghui
Nanotechnology Co. and possessed nominal pore diameters of ap-
proximately 90 nm and a thickness of 100 um. Gold evaporation
sources (Au, 99.999%) were acquired from Beijing Purui New Ma-
terial Technology Co. The EP E-51 and its curing agent set (YT-
CC302Q) were obtained from Kunshan Yituo Composites Co. An
aqueous dispersion of Fe,O, nanoparticles (I812059) encompassing
particle diameters ranging from 10 to 30 nm and a concentration of
25wt% was purchased from Shanghai Macklin Reagent Co. Unless
otherwise specified, all other chemical reagents employed in this
study were obtained from Shanghai Aladdin Biochemical Technolo-
gy Co. and utilized as received.

2.2. Synthesis route

The multilayered EMI shielding CPC with prefabricated conduc-
tive networks was fabricated via a meticulously designed multi-
stage process, in which the EP was situated within the upper and
lower strata. Interposed was a multilayered nanocomposite mem-
brane composed of Fe,O, nanoparticles, PTh nanofiber arrays, and
an Au layer. As depicted in Fig. 1, the procedure for synthesizing
this EMI shielding composite consisted of five stages: electropoly-
merization, membrane attachment, chemical etching, dispersion im-
mersion, and coating.

Before electrochemical deposition, one surface of the AAO tem-
plate needed to be transformed into an electrode to facilitate the
synthesis of PTh within the nanochannels. As a result, a 50 nm
thick layer of gold was evaporated onto one side of the template in
a high vacuum environment at 5x107* Pato 8x10™ Pa. The gold lay-
er served as the working electrode for electro-polymerization, facil-
itating the direct growth of PTh nanofibers. This process was
achieved through electrochemical oxidation at a consistent poten-
tial of 1.5 V relative to Ag/AgCl, utilizing a three-electrode one-
compartment cell equipped with a computer-controlled potentiostat-
galvanostat (CH Instruments electrochemical system, CHI660E)
for 50 minutes. The schematic of the electrochemical cell utilized
for fabricating the polythiophene nanofiber arrays is presented in
Fig. 2. Within this cell, PTh nanofibers were synthesized electro-
chemically via electrolysis with 0.03 mol/L thiophene in boron fluo-
ride diethyl ether (98%). During the process of electrosynthesis of
the PTh nanofiber arrays, a clean and polished stainless steel (AISI
304) sheet slightly oversizing the AAO template was utilized as the
counter electrode,* while an Ag/AgCl electrode immersed directly
within the solution functioned as the reference electrode. All solu-
tions were deoxygenated with high-purity argon, and a slight posi-
tive pressure of argon was maintained during fiber development. *
The composite of PTh nanofibers and the AAO template was
washed repeatedly with anhydrous ethanol and deionized water sub-
sequent to electropolymerization.

The secondary stage entails securing the film, which is impera-
tive for maintaining the integrity of the film during etching to pre-
clude rupture due to inadequate mechanical robustness. This signi-
fies that the composite of the template and fibers is positioned on
the uncured EP such that the gold surface adheres firmly to the EP
as it cures. In other words, the PTh nanofiber arrays in conjunction
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Fig. 1. Synthesis route of Fe,O,/PTh/Au/EP multilayered EMI shielding CPC with prefabricated conductive networks.

with the AAO template were affixed to the EP layer via the adhe-
sion between the gold layer and the EP. This is attributable to the
AAO template purchased encompassing a protective ring of high-
purity aluminum, which will react with potassium hydroxide
(KOH) to evolve hydrogen gas during chemical etching. The sub-
stantial quantity of bubbles will compromise the fiber film and in-
duce rupture. As for the detailed preparatory methodology and pro-
cess parameters, EP and its cure agents were mixed at a mass ratio
of 1:3, agitated thoroughly, and allowed to stand for 10 minutes to
eliminate air bubbles. Subsequently, approximately 7 g of EP was
dispensed into a 90 mm diameter mold to completely cover the
floor of the mold. The mold was then situated on a flat surface such
that the EP was uniformly distributed across the floor of the mold.
The high-purity aluminum situated at the periphery of the AAO
template was trimmed to enable the AAO template to rest flatly
within the mold. The gold surface of the template with PTh nanofi-
bers was oriented face down on the uncured EP, and the EP was per-
mitted to cure for 24 hours.

Reference Working Counter
electrode electrode electrode

RS

Gas inlet

Electrolyte

Fig. 2. Schematic of three-electrode one-compartment electrochemical
cell used for electropolymerization.

The subsequent stage encompasses chemical etching. To liberate
the PTh nanofiber arrays aligned vertically, the template was treat-

ed with 1 mol/L KOH for 24 hours and subsequently rinsed thor-
oughly with deionized water and anhydrous ethanol prior to further
processing. Thereafter, the composite was immersed in a dispersion
of Fe,O, nanoparticles diluted to 1.25wt% for 4 hours to facilitate
the nanoparticles to adsorb onto the surfaces of the nanofibers, be-
fore being extracted from the dispersion and dehydrated in a blast
drying oven at 40 °C. Employing an identical methodology and pa-
rameters as previously described, an EP coating was overlaid above
the arrays, ultimately resulting in the fabrication of the Fe,O,/PTh/
AU/EP composite with a thickness of approximately 2.5 mm.

2.3. Characterization

X-ray diffraction (XRD) analyses were performed utilizing Cu
Ko radiation with an X-ray diffractometer (Smartlab (3), Rigaku
Co., Ltd., Japan). Scanning electron microscopy (SEM) images
were acquired using an FEI Inspect F50 field-emission scanning
electron microscope (Thermo Fisher Scientific Co.) at an accelerat-
ing voltage of 20 kV. Before SEM imaging, the sample was sputter-
coated with gold to enhance its electrical conductivity. ** Raman
spectra were obtained using a WITec alpha300 RA microscope (Ox-
ford Instruments plc) equipped with a 633 nm excitation laser with
optical power below 0.7 mW to preclude sample degradation.*
EMI shielding parameters were determined via a vector network an-
alyzer (VNA, Ceyear 3656D, Ceyear Technologies Co., Ltd.). Elec-
trical conductivity was calculated from the measured resistivity us-
ing a four-point probe (Model HPS2661, Helpass Electronic Tech-
nologies, Inc.).

3. Presentation of results

Fig. 3 illustrates the SEM images of the PTh nanofiber arrays be-
fore and after the inclusion of Fe,O, nanoparticles. Figs. 3(a)-(c)
display SEM images of the PTh nanofiber arrays in the absence of
Fe,O, nanoparticles at 1000x, 3000x, and 160000x magnification,
respectively. As evident in Fig. 3(a), while certain fibers do not re-
main strictly perpendicular following the removal of the template
due to insufficient rigidity, the majority of the PTh nanofibers are
aligned vertically in a relatively orderly fashion, forming arrays of
large domains with high density. Figs. 3(b)-(c) demonstrate that the
nanofibers have adhered uniformly and securely to the gold film,
with lengths of approximately 20 um and diameters of roughly 85
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nm, which is marginally smaller than the pore size of the AAO tem-
plate. This phenomenon can be attributed to the fact that the pore
diameters of the template govern the nanofiber diameters, which re-
main relatively homogeneous despite irregularities in the template
that result in fluctuations of these diameters.* Given that deposi-
tion was conducted at a constant potential, the nanofiber lengths are
determined by the electropolymerization duration and rate, with
longer deposition periods yielding longer nanofibers until the tem-
plate thickness is attained.” The rate of electrochemical deposition
is governed by the current density during the reaction, particularly
in constant potential mode, which is primarily influenced by the so-
lution concentration, electrode conductivity, and the applied poten-
tial. The morphology of the nanofiber arrays following the inclu-
sion of Fe,O, nanoparticles is depicted in Fig. 3(d). A comparison
of Fig. 3(d) with SEM images prior to nanoparticle addition reveals
successful deposition onto the nanofibers. This success can be at-
tributed to the favorable adhesion properties of the PTh nanofibers,
enabling secure attachment of magnetic nanoparticles to the nanofi-
ber surfaces without the need for surfactants.*>*-*

As evidenced in Fig. 4, the XRD spectrum of the pristine EP E-
51 exhibits a broad peak centered at 20°, which arises from the
amorphous characteristic peak of the EP.”' Analogously, the XRD
patterns of PTh/Au/EP and Fe,O,/PTh/Au/EP demonstrate charac-
teristic peaks at approximately 20°, corresponding not solely to the
amorphous characteristic peaks of the EP but also to the amorphous
characteristic peaks of PTh. According to previous studies, the
semi-crystalline PTh could be obtained via electropolymerization at
a constant current, whereas the amorphous PTh could be obtained
via electropolymerization at a constant potential. ® The peaks ap-
pearing at 38°, 44°, 65° and 78° in Fe,O,/PTh/Au/EP and PTh/Au/

EP can be attributed to the diffraction planes (111), (200), (220)
and (311) of gold.” The diffraction peaks at 30°, 36°, 57° and 63°
correlate to the (220), (311), (440), and (511) crystal planes of
Fe,0,, present in Fe,0,/PTh/Au/EP."** As the composite become
more complex, the characteristic peaks of both the added compo-
nent (i.e. Fe;0,) and the initial component become less distinct, re-
sulting in certain peaks being challenging to identify unambiguous-
ly. Nevertheless, the majority of the characteristic peaks of Fe,O,
confirm the presence of Fe,O, in the composite. This indicates the
successful incorporation of Fe,0, into the PTh/Au/EP composite.

The molecular architectures of the PTh nanofibers and Fe,O,/
PTh composite were investigated through Raman spectroscopic
analyses. The Raman spectra depicted in Fig. 5 were obtained by
focusing the laser excitation beam on the surface of the specimens
under study. The most intense vibrational band in the Raman spec-
trum of the PTh nanofibers was located at ca. 1456 cm™, which can
be attributed to the symmetric stretching vibration of the aromat-
ic C=C bond within the ring, associated with neutral conjugated
PTh segments.* > Two additional substantially weaker bands at
1045 cm™ (C-H bending) and 703 ¢cm™ (C-S-C ring bending) were
also observed, which correlate with oxidized PTh or structural de-
fects. ¥ In the Raman spectra of the Fe,O,/PTh composite, the
most prominent band was assigned to PTh, at 1456 ¢m™, while
three other major Raman bands were detected at around 365, 512,
and 671 cm™, corresponding to the E,, T,,(2), and A,, vibrational
modes of Fe,0,, respectively.”-*** However, due to the poor signal-
to-noise ratio and interference from the PTh signal, these bands ex-
hibited minor shifts relative to the standard Raman bands of Fe,O,,
particularly the E, mode which demonstrated a blue shift of approx-
imately 50 cm™.

Fig. 3. (a-c) SEM images of PTh nanofiber arrays, (d) SEM images of Fe,O, nanoparticles adhered to PTh nanofiber arrays.
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Fig. 5. Raman spectra of PTh nanofibers and Fe,O,/PTh.

Fig. 6 depicts the hysteresis loops of PTh/Auw/EP and Fe,O,/PTh/
Au/EP measured at ambient temperature. As evidenced in the fig-
ure, the measured saturation magnetization (M) prior to and subse-
quent to the addition of magnetic nanoparticles was 5.95 x 10~ and
7.24 x 107 emu/g, respectively, and the measured remanent magne-
tization (M,) was 2.40x107° and 7.01x10™ emu/g, respectively. The
calculated squareness ratios (M/M,) were 4.04x107 and 9.67x107,
and the measured coercive forces (H,) were 7.22 and 13.23 Oe, re-
spectively. Based on the H, we can speculate that the measured
specimens are soft magnetic materials. The M, of the specimens is
low, which can be attributed to the fact that the majority of the spec-
imens comprise non-magnetic EP. After the addition of magnetic
nanoparticles, the M of the specimens increased substantially.

As evidenced in Fig. 7, the average electrical conductivity of
PTh/Au was approximately 227 S/m with a standard deviation of
12 S/m, indicating the successful formation of an adequate conduc-
tive network. In contrast, the average conductivity of Fe,O,/PTh/
Au exhibited a negligible increase to 239 S/m after the addition of
Fe,O, nanoparticles, which may primarily result from the poor con-
ductivity of the added Fe,O, nanoparticles themselves. Although
the standard deviation of the conductivity increased with the incor-
poration of nanoparticles, the error remained within an acceptable
range. This suggests that while the introduction of nanoparticles
amplifies the inhomogeneity within the film, they adhere to the
nanofiber surface in a relatively uniform manner, resulting in a gen-
erally homogeneous distribution of conductivity throughout the
nanofilm.

Fig. 8 illustrates the EMI SE of typical EP E-51, PTh/Au/EP, and
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Fig. 6. Hysteresis loops of PTh/Au/EP and Fe,;O,/PTh/Au/EP.
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Fig. 7. Electrical conductivity of PTh/Au and Fe,O,/PTh/Au.

Fe,O,/PTh/Au/EP specimens within the X-band frequency range.
As shown in Figs. 8(a)-(d), the EP sheet exhibited negligible EMI
shielding capability (~1.5 dB). Upon the incorporation of the PTh/
Au nanofilm, the total shielding effectiveness (SE;) of PTh/Au/EP
improved substantially to approximately 24 dB, which satisfies
commercial requirements (SE; > 20 dB) but remains within the
classification of a low-level EMI shielding material (10-30 dB) suit-
able only for rudimentary shielding applications.'”" When electro-
magnetic radiation is incident upon the PTh/Au/EP surface, it first
encounters the EP layer, which possesses negligible shielding ca-
pacity, enabling the electromagnetic waves to traverse the EP layer
with slight loss to interact with the PTh nanofiber arrays. Although
PTh is a conjugated polymer where m-7 stacking interactions result

%37 most incident microwaves penetrate the

in polarization loss’
PTh layer and interact with the gold layer with minor loss due to
the impedance matching between PTh and EP®, indicating the
nanoarray structure provides negligible contribution. The imped-
ance matching can be primarily attributed to the poor conductivity
and absence of magnetism in semiconducting PTh, which yields
comparable complex permittivity and permeability.” Therefore, the
EMI shielding properties of the PTh/Au/EP composite originate pri-
marily from the gold layer. The excellent electrical conductivity of
gold induces a significant impedance mismatch between PTh and
gold, resulting in the reflection of most electromagnetic radiation
incident upon the gold surface. The minority of electromagnetic
waves penetrating the gold layer undergo dielectric loss, including
polarization loss from interfacial polarization and relaxation, and
ohmic loss from microcurrents via charge carriers.*-* Polarization
loss in PTh and dielectric loss in the gold layer constitute the prima-
ry sources of absorption shielding effectiveness (SE,) in the PTh/
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Au/EP composite. As shown in Fig. 8(d), the reflection shielding ef-
fectiveness (SE;) of PTh/AuWEP is comparable to the SE,. Al-
though the EMI shielding performance of the PTh/Au/EP compos-
ite satisfies commercial requirements, the substantial reflection
may lead to secondary environmental pollution from electromagnet-
ic radiation. Furthermore, certain limitations exist in the structural
design of the PTh/Au/EP composite, introducing constraints on
their EMI shielding performance. Optimization of the PTh/Au/EP
structural design to enhance the absorption is, therefore, necessary
to fulfill environmental friendliness requirements and improve EMI
shielding performance.

Upon incorporation of Fe,O, nanoparticles exhibiting inferior
electrical conductivity yet superior magnetic properties, an imped-
ance mismatch transpired between the nanoarrays and the EP ma-
trix. The majority of incident microwaves were reflected at the
nanoparticle-EP interface, propagating repeated reflection across
the multi-interfacial nanoarray geometry, thereby eliciting severe
multiple reflection loss. Moreover, the introduction of magnetic
nanoparticles led to a predominant magnetic loss, primarily attribut-
ed to natural resonance phenomena.® Magnetic materials possess-
ing enhanced anisotropy commonly display elevated natural reso-
nance frequencies.” In this study, the embedded magnetic nanopar-
ticles exhibited substantial natural resonance effects due to their
high saturation magnetization and anisotropy arising from the one-
dimensional nanofiber arrays. Consequently, the SE; of the Fe,O,/
PTh/Au/EP increased markedly to approximately 33 dB, fulfilling
the criteria for intermediate EMI shielding materials (30-60 dB)

and addressing most industrial shielding requirements.'” This syner-
gistic combination of magnetic nanoparticles and conductive poly-
mer nanofiber arrays resulted in a superior EMI shielding perfor-
mance than carbon-based polymer somposites (about 20 dB®*%)
and ferrite added to other polymer composites. -* Furthermore,
Figs. 8(b)-(d) illustrates that upon nanoparticle addition, the SE, in-
tensified as the SE, diminished, with the former exceeding the lat-
ter significantly. This signifies an absorption-dominated EMI
shielding mechanism after optimization. ' These findings suggest
that the composite meets the criteria for environmentally friendly
EMI shielding materials and effectively mitigates secondary pollu-
tion from electromagnetic radiation in the surrounding environment.

We further investigated the absorption-dominated EMI shielding
mechanism of this CPC from a microstructural perspective. As a
prefabricated conductive network, the EMI shielding nanocompos-
ite film comprises two strata: the upper magnetic array layer en-
compassing Fe,O, magnetic nanoparticles enveloping PTh nanofi-
ber arrays, and the lower gold conductive layer. The EMI shielding
nanocomposite film is encased within EP on its upper and lower
surfaces, constituting a multilayered EMI shielding CPC. As illus-
trated in Fig. 9, upon the incidence of an electromagnetic wave on
the surface of the composite, it initially encounters the EP matrix,
which possesses almost no shielding capacity. Consequently, the
electromagnetic waves propagate through the EP layer to reach the
magnetic array layer. Owing to impedance mismatch between the
magnetic nanoparticles and the EP, the majority of incident electro-
magnetic waves undergo reflection at the nanoparticle-EP interface.
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This is followed by multiple reflections within the arrays, leading
to considerable losses due to multiple reflections, along with mag-
netic losses primarily caused by natural resonance. The magnetic
loss mechanisms of magnetic materials predominantly originate
from hysteresis, domain wall resonance, natural ferromagnetic reso-
nance, and eddy currents.®”* The hysteresis loss is negligible under
weak magnetic fields, whereas the domain wall resonance loss typi-
cally transpires at substantially lower frequencies (MHz order).”
Due to the impedance mismatch between magnetic nanoparticles,
Pth, and Au, electromagnetic waves traversing the interface will re-
flect partially. Therefore, numerous electromagnetic waves will un-
dergo repetitive multiple reflection loss and magnetic loss. The
electromagnetic waves pervading the gold layer will experience
identical dielectric loss as that in the gold layer of the PTh/Au/EP
composite. The multiple reflection loss, dielectric loss, and magnet-
ic loss constitute the primary electromagnetic wave absorption
mechanisms, which can effectively minimize electromagnetic wave
reflection and mitigate secondary electromagnetic pollution of the
ambient environment.
Incident
%electromagnetic %
waves

Reflected waves

Magnetic loss

T Au
Il PTh
= Ep
- Fe,0,

nanoparticles Diclectricloss — |

-~ Transmitted =
5 electromagnetic -
waves
Fig. 9. Schematic diagram of EMI shielding mechanism of the Fe,O,/
PTh/Au/EP composite.

4. Conclusions

In summary, we employed the electrochemical hard-template
technique to construct vertically aligned arrays of PTh nanofibers.
This structural design increases the number of interfaces, facilitat-
ing enhanced multiple reflections of electromagnetic waves. The
multilayered architecture of the magnetic and conductive layers al-
lows for repetitive reflection of electromagnetic waves within the
nano-composite film, thereby amplifying the dielectric and magnet-
ic loss of the EMI shielding composite against incident electromag-
netic waves. By incorporating magnetic nanoparticles to optimize
the impedance mismatch at the array surfaces, our multilayered
EMI shielding composite achieves an EMI SE of approximately 33
dB, a significant improvement compared to the counterpart lacking
magnetic nanoparticle integration (approximately 24 dB). This in-
novative and environmentally friendly EMI shielding composite ex-
hibits proficient absorption-dominated EMI shielding properties,
making it a promising material for high-power device applications.
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