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Abstract. The increasing demand for miniaturization, high-power density, and high-
frequency electronic devices highlights the importance of polymer composites with high
electromagnetic interference (EMI) shielding. These composites are crucial to
maintaining devices, reducing communication errors, and protecting human health. In
this study, we developed a mechanically pressed composite of polystyrene, MXene, and
boron nitride nanosheets (BNNSs) with a 3D structured filler network through
electrostatic interactions and the hot-pressing technique. Constructing a 3D filler
network within the composite led to a significant EMI shielding effect, particularly in the
low-frequency range. Furthermore, it was observed that the BNNSs-coated sample
contributed to superior EMI shielding effectiveness compared to the non-coated sample.
This suggests that BNNSs improve the EMI shielding effectiveness by providing
additional interfaces within the composite and help prevent the degradation of MXene.
We expect our study to provide valuable insights into the development of 3D structured
filler networks within composites while contributing to improvements in thermal
conductivity and EMI shielding performance.
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1. INTRODUCTION

Owing to the development of 5G wireless communication, coupled with high-frequency
and high-power density devices, advanced electronic devices induce electromagnetic waves,
which can adversely impact human health and the environment [1-6]. Furthermore, due to the
interference of the generated electromagnetic waves, electromagnetic interference (EMI)
influences the stability and accuracy of devices. This poses a significant issue, especially
in areas where devices are densely packed or in high-precision equipment and sensitive
electronic systems. For example, malfunctions due to EMI in medical equipment, aircraft,
and military systems can lead to severe consequences [7-10].

Polymers are widely used as matrices to fabricate functional composites due to their
advantages such as their lightweight nature, low cost, and processability. However, pure
polymers have electrically insulating properties. Theoretically, to prepare composites with
outstanding EMI shielding effectiveness (EMI SE), high electrically conductive materials
are required. Therefore, fillers are introduced into polymer matrices to attain high electrical
conductivity. Selecting an appropriate filler is a crucial factor in optimizing the EMI SE of
composites.

In this study, we used two types of 2D materials as fillers: TisC,Tx MXene and boron
nitride nanosheets (BNNSs). MXene, an emerging 2D material for EMI shielding, is the
general name of transition metal carbides/carbonitrides and has the general formula of
Min+1XnTx, Where M is an early transition metal (e.g., Ti, Zr, V, Nb, Ta, and Mo) and X is C
or N. Tx represents functional groups such as -O, -F, or -OH [11]. In the MXene family, the
most studied TisC,Tx has a high specific surface area, high electrical conductivity, and
abundant functional groups [12-15]. These groups make MXene polar, making it hydrophilic
and allowing it to disperse in water without a dispersant, thus making it easy to react with
other materials. Despite these excellent properties of MXene, it is known to oxidize easily,
which is a significant obstacle for practical use. This deteriorates MXene’s performance over
time, dramatically reducing the EMI shielding effect. BNNSs, another type of 2D materials,
have gained prominence as thermally conductive fillers due to their high thermal conductivity,
electrically insulation properties, high thermal stability, and chemical resistance [16, 17].
Notably, BNNSs possess the quality of being oxidation-resistant and inert to most chemical
reactions, which can delay the oxidation of MXene [18, 19]. Therefore, we expected the
synergistic effects between MXene and BNNSs to enhance EMI SE and oxidation stability.

To realize durable and outstanding EMI SE, we proposed polystyrene
(PS)@MXene@BNNSs microspheres and then fabricated the composite with a 3D structured
filler network using the hot-pressing method. To prepare PS@MXene@BNNSs microspheres
like the core-double-shell structure, we introduced electrostatic force by fabricating positive-
charged PS, negative-charged MXene via various functional groups, and positive-charged
BNNSs by surface modification. After constructing the 3D filler networks through hot pressing,
the composite with the 3D continuous networks exhibited excellent EMI SE.

2. MATERIALS AND METHODS
2.1. Synthesis of Polystyrene (PS)

PS was synthesized through the dispersion polymerization reaction of styrene monomer
(Duksan). Dispersion polymerization is a type of precipitation polymerization where the
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monomer and initiator are entirely dispersed [20, 21]. However, as polymerization progresses
and the molecular weight of the polymer exceeds a certain level, it does not disperse and
precipitate. First, the styrene monomer was reacted with activated alumina (Daejung Chemical)
for activation. To prepare PS with a positive surface charge, 4 ml of purified styrene monomer,
215.9 mg of polyvinyl pyrrolidone (Daejung), 18.9 mg of 2,2-azobisisobutyronitrile (99%,
Daejung), and 0.1 ml of [2-(methacryloyloxy)ethyl]trimethylammonium chloride solution
(DMC, 75 wt.%, Sigma-Aldrich) were dispersed in a three-necked flask containing 40 ml of
ethanol and 4 ml of deionized (DI) water. DMC provided a positive functional group on the
PS surface, making the surface charge of the entire molecule positive. This solution was
reacted at 70 degrees for 30 min while purging with nitrogen and then stirred at 500 rpm for
18 h while continuously supplying nitrogen. The resulting solution was washed thrice with
ethanol using a centrifuge. Finally, it was dried under vacuum at 50 degrees for 24 h to obtain
PS with a positive charge.

2.2. Synthesis of TisC2Tx MXene Nanosheets

Ti3C,Tx MXene can be obtained by selectively etching the Al layers of titanium aluminum
carbide (TisAIC; MAX, >90%, <40 um particle size, Sigma-Aldrich). For etching, acidic
solutions of fluorides, such as hydrofluoric acid [22], ammonium hydrogen bifluoride [23],
or a solution mixed with hydrochloric acid (HCI) and lithium fluoride (LiF) [24], are used.
Among these, the HCI and LiF method provides a high yield, is safe, and can be synthesized
quickly and easily. 4.8 g of LiF (Fujifilm) and 60 ml of 9 M HCI were added into a Teflon
container and stirred until LiF was completely dissolved. The temperature of the solution was
raised to 35 degrees, and 3 g of TizAlC, was slowly added. Then, the mixture was reacted at
350 rpm for 24 h. The reacted solution was repeatedly centrifuged at 8000 rpm for 10 min
using DI water until the pH was about 6. When the pH of the supernatant reached about 6,
unreacted substances and impurities were removed, and single-layer or few-layer TisC,Tx
MXene was obtained by centrifuging at 1000 g for 20 min. The supernatant that did not settle
was filtered using a vacuum-assisted filtration device with cellulose ester membrane filter
(MCE, pore size: 20 um, Hyundai micro) and dried at room temperature under vacuum for
36 h. The dried MXene was mixed with DI water to attain a concentration of 1 mg/ml. The
mixed solution was purged with Ar gas (99.99%of purity) for over 30 min. Subsequently,
while continuously supplying Ar, it was put into an ultra-sonicator filled with ice and
ultrasonically treated. Consequently, the Al layers were removed, and each layer of the
layered structure of MXene was exfoliated. MXene nanosheets with a negative surface charge
were thus obtained.

2.3. Synthesis of Boron Nitride Nanosheets (BNNSs)

1.5 g of bulk hexagonal-boron nitride (h-BN, 98%, Sigma-Aldrich) was put into a
solution mixed with 150 ml of DI water and 150 ml of isopropanol (IPA, 99.8%, Samchun
Pure Chemicals) and ultrasonically treated for 12 h. h-BN exists in a hexagonal columnar
layered structure. After ultrasonication, each layer was exfoliated to obtain thin layers of
BNNSs. After ultrasonic treatment, it was centrifuged at 2000 rpm for 20 min, and the
supernatant that did not settle was vacuum-assisted filtered using an MCE filter to obtain
sufficiently exfoliated BNNSs. The filtered BNNSs were dried at a temperature of 100
degrees for 10 h. The surface of the obtained BNNSs had a -OH functional group, which
was formed when each layer was separated, thus lending it a negative surface charge. To



604 C. CHOI, N. QAISER, B. HWANG

change this to a positive charge, it was reacted with (3-Aminopropyl)triethoxysilane
(APTES, 99 %, Sigma-Aldrich). APTES reacted with the -OH on the surface of BNNSs,
and the -NH; functional group at the end changed the surface charge to positive [25]. 0.015
g of APTES was put into 25 ml of ethanol and reacted at 60 degrees for 30 min. Then, 0.5
g of BNNSs was added and stirred at 80 degrees for 6 h. After the reaction, it was washed
three times with ethanol to remove impurities. Finally, it was dried at 100 degrees for 12 h
to obtain BNNSs-APTES with a positive surface charge.

2.4. Fabrication of Polystyrene@MXene@Boron Nitride Composite

PS has a positive charge and MXene has a negative charge; therefore, when the two
materials react, they attract each other due to electrostatic forces. Moreover, PS has a
spherical 3D structure and MXene has a planar 2D structure, so MXene can stick to PS like
a shell, resulting in a core-shell structure of PS@MXene. If a sufficient amount of MXene
reacts with PS, MXene covers the surface of PS, giving it a negative surface charge. When
these PS@MXene particles with a negative charge react with BNNSs-APTES with a
positive charge, the same electrostatic forces work to obtain PS@MXene@BNNSs
microspheres with a double-core-shell structure.

We prepared a solution of PS dispersed in DI water at 3 mg/ml and a solution of
BNNSs-APTES dispersed in DI water at 5 mg/ml. The previously prepared MXene
solution was slowly added to the PS solution at 33.3 ml with varying amounts (3, 5, 7, 10,
13, 15 wt%) and then stirred at 500 rpm for 2 h. At this stage, PS@MXene microspheres
were formed, and various MXene concentrations were tested to determine the sufficient
amount that could react with BNNSs-APTES. Subsequently, an amount of BNNSs-APTES
solution, equal to the amount of the MXene solution, was slowly added and reacted at 500
rpm for 2 h. After the reaction, the particles and DI water were separated using vacuum
filtration with an MCE filter. When dried at 50 degrees for 12 h, PS@MXene@BNNSs
microspheres were obtained. A composite with a 3D structure of filler network was
obtained by adding 0.1 g of PS@MXene@BNNSs microspheres into a mold for hot
pressing and pressing at a temperature of 130 degrees with a pressure of 10 MPa for 30
min.

2.5. Characterization

The zeta potential was measured with a particle size and zeta potential analyzer (Delsa
Nano C particle analyzer, Beckman Coulter) to determine the change in charge on the
material surface. X-ray photoelectron spectroscopy (XPS, K-alpha+, ThermoFisher
Scientific) was used to confirm whether each material was synthesized, and surface
modification was performed correctly. A particle size analyzer (PSA; S3500, Microtrac)
was used to confirm whether the polymerization of PS occurred uniformly. Field-emission
scanning electron microscopy (FE-SEM; SIGMA 300, Carl Zeiss) was used to analyze the
surface morphologies of all the materials. Additionally, X-ray diffraction (XRD; New D8-
advance, Bruker-AXS) was utilized to analyze the MXene and confirm whether the Al
layer in the TisAIC, MAX phase was completely etched. Fourier-transform infrared
spectrometer (FT-IR; Nicolet 6700, Thermo Scientific) was used to determine whether
APTES worked adequately on the surface of BNNSs, and the EMI SE was measured using
a vector network analyzer (VNA; 8720D, Hewlett-Packard, Palo Alto, USA).



Mechanically Pressed Polymer-Matrix Composites with 3D Structured Filler Networks... 605

3. RESULTS AND DISCUSSION

Fig. 1 illustrates the fabrication process of the PS@MXene@BNNSs composite.
Dispersion polymerization was used to synthesize PS, incorporating an initiator, monomer,
and the positive agent DMC to create PS with a positive surface charge. MXene initially
exists in the MAX phase, where MX layers alternate with A layers. By etching the Al layers
with a LiF/HCI solution, layered MXene was obtained. Delaminating these layers produced
MXene flakes. BN typically exists in a bulk layered structure, but BNNSs was produced
by exfoliating BN with DI water and IPA. These BNNSs contain -OH groups, which
reacted with APTES to yield silanized BNNSs-APTES. Using self-assembly driven by
surface charges, the materials were sequentially assembled as MXene and BNNSs-APTES
onto the PS microspheres, forming PS@MXene@BNNSs microspheres. Finally, hot
pressing these microspheres resulted in the PS@MXene@BNNSs composite.

N, gas
- Styrene monomer T + L:<
- AIBN *
.PVP - " "
- DMC (positive agent) o, "+ -

Al Etching ' Exfoliation Y

MAX powder (Ti;AIC;)  Multi-layered Mxene (Ti,CT,) Few-layered Mxene (Ti,CT,)

BNNSs-OH BNNSs-APTES

PS@MXene PS@MXene@BNNSs

Fig. 1 Schematic illustration of the fabrication of PS@MXene@BNNSs
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During synthesizing PS, DMC was added to change the PS surface so that it could be
positively charged. The functional group -N(CHs)s* in DMC imparted a positive surface
charge, which was confirmed through XPS analysis and zeta potential measurements. Fig.
2(a) compares the zeta potential values of the normal PS without DMC and the charged PS
with DMC. The zeta potential represents the potential at the slipping plane of a particle
[26]. When charged particles are dispersed in a solution, counterions in the solution adsorb
onto the particle to neutralize the particle’s charge, forming an electrical double layer. This
double layer comprises a stern layer and a diffuse charge layer. The slipping plane is
defined as the outer boundary where the particles move, and the potential at this plane is
known as the zeta potential, indicating the electrical properties of the interface. Normal PS
showed a negative zeta potential (-22.94 mV), but with the addition of DMC, the charged
PS exhibited a positive zeta potential (26.5 mV), confirming the effective functionalization
of PS with DMC. Fig. 2(b) displays the XPS results for the N 1s region of the charged PS.
The peak intensity of around 403 eV corresponds to the -N(CHz)s* functional group, which
is the terminal part of DMC, confirming the presence of DMC on the PS surface.

PSA and FE-SEM analyses were performed to verify the uniform particle size of the
synthesized PS via dispersion polymerization. Fig. 2(c) shows the particle size distribution
of the charged PS measured by PSA, indicating that most particles were around 0.7 pum in
size, with a D50 value of 0.741 um. Fig. 2(d) provides an FE-SEM image, revealing
uniformly sized spherical PS particles with smooth surfaces.
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Fig. 2 Characterization of the positively charged polystyrene particles: (a) zeta potential
measurements, (b) XPS analysis, (c) particle size distribution profile, and (d) FE-
SEM image
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When the MAX phase transformed into the MXene phase, the existing Al layers were
removed, and various functional groups formed, which altered the surface characteristics.
These functional groups, such as -OH and -F, carried negative charges, resulting in the
etched MXene having a negatively charged surface. Fig. 3(a) shows the zeta potential of
MXene, measured at -52.26 mV, indicating a negative surface charge. Additionally, the
zeta potential provides insights into dispersibility, suggesting that MXene has good
dispersion stability in water. Fig. 3(b) and 3(c) demonstrate the successful etching from the
MAX phase to the MXene phase. Figure 3(b) presents the MAX and MXene XPS analysis.
The disappearance of the Al peak after transformation to MXene confirms that Al was
entirely etched away by the acidic solution. The structural change from MAX to MXene is
evident in the XRD patterns (Figure 3(c)). As the transformation progressed, the Al layers
were removed by LiF/HCI, causing the characteristic peaks at (101), (103), (104), and (105)
to disappear [27]. The broadening of the (002) peak was also observed, which can be
attributed to the increased interlayer distance after Al removal. The etched MXene
exhibited an accordion-like layered structure, which was delaminated through simple
sonication. This delaminated MXene was very thin and flexible, as shown in Figure 3(d).
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Fig. 3 Characterization of TisC,Tx MXene and TisAIC; MAX: (a) zeta potential
measurements, (b) XPS analysis, (¢) XRD analysis, and (d) FE-SEM image

The layered structure of BN transitioned to BNNSs as the interlayer bonds broke during
sonication in a mixture of IPA and DI water. During this process, -OH functional groups
formed on the surface of BNNSs, imparting a negative charge. To facilitate interaction with
PS@MXene, which also had a negative charge, it was necessary to change the surface
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charge to positive. This was achieved by reacting the -OH groups with APTES. Figure 4(a)
shows the zeta potential measurements of BNNSs and BNNSs-APTES. BNNSs had a value
of -36.7 mV, which changed to +37.1 mV after reacting with APTES, indicating that the -
NHz* groups of APTES effectively modified the surface of BNNSs to a positive charge.
Figures 4(b) and 4(c) present the XPS and FT-IR results of BNNSs and BNNSs-APTES,
respectively. Since BNNSs consist of boron and nitrogen, no Si peak was observed. The
XPS results show that Si, present in APTES, was detectable in BNNSs-APTES.
Additionally, the FT-IR results reveal a -CH,-related peak, which was absent in BNNSs
but appeared in BNNSs-APTES, further confirming the presence of APTES on the BNNSs
surface [28, 29]. This demonstrates that APTES effectively reacted with the surface of
BNNSs, converting the surface charge from negative to positive. The FE-SEM image (Fig.
4(d)) also shows the well-exfoliated appearance of BNNSs-APTES, confirming successful
exfoliation.
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Fig. 4 Characterization of boron nitride nanosheets (BNNSs) and BNNSs-APTES: (a) zeta
potential measurements, (b) XPS analysis, (c) FT-IR analysis, and (d) FE-SEM image

In this study, the surface charge of materials was adjusted through surface modification
for use in the self-assembly method. The adjusted surface charge was confirmed by zeta
potential measurements, as shown in Fig. 5(a). The zeta potential of PS was measured at
+26.5 mV, while MXene exhibited a negative charge of -52.26 mV. BNNSs-APTES had a
positive charge of +37.1 mV. These surface charges facilitated the subsequent reactions.
Initially, PS and MXene were reacted together, with sufficient MXene added to ensure a
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significant negative charge for further reaction with BNNSs-APTES. The zeta potential of
PS@MXene, depending on the MXene concentration, is depicted in Fig. 5(b). The zeta
potential gradually decreased with an increase in the MXene content, indicating the effect
of MXene on the particle surface. The zeta potential saturated around 10 wt% MXene.
PS@MXene containing 10 wt% MXene was then used for further modification. The
morphology of PS@MXene with 10 wt% MXene is shown in Fig. 5(c). The image reveals
that the smooth surface of PS was uniformly covered by thin MXene flakes, resulting in a
negative surface charge. After reacting with BNNSs-APTES, the morphology is shown in Fig.
5(d). BNNSs-APTES was added at five times the amount of MXene to ensure complete
coverage of PS@MXene. The final microspheres, PS@MXene@BNNSs-APTES, show
BNNSs-APTES uniformly covering the negative-charged PS@MXene particles. These results
demonstrate that surface charge modification enabled straightforward coating processes using
surface charge-driven reactions. This approach offers a simple and effective method for
coating materials through self-assembly.
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Fig. 5 (a) Zeta potential of the charged PS, TisC,Tx MXene, and BNNSs-APTES; (b) zeta
potential of PS@MXene as contents of MXene; (c) FE-SEM image of PS@MXene;
and (d) FE-SEM image of PS@MXene@BNNSs-APTES

The initial electromagnetic wave undergoes intensity modulation through various
mechanisms when it encounters the surface and interior of a shield. This phenomenon
arises due to the impedance and refractive index difference between the air and the shield
material. As these electromagnetic waves pass through the shield, they are attenuated,
leading to a decrease in intensity. The impedance difference on the shield’s front and back
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surfaces induces the reflection of electromagnetic waves. The degree to which the shield
blocks and reduces the initial electromagnetic wave is defined as EMI SE (SEr), which is
expressed in logarithmic scale units and represents the reduction in intensity of the
transmitted electromagnetic wave compared to the initial wave. It is defined as follows:

SE; (dB) = 1Olog’;—T =20 logi—T 1)
0 0

where Py and Eg are the initial power density and electric field strength, respectively, and
Pr and Er represent those of the transmitted electromagnetic waves. According to the
Schelkunoff formula[30], the EMI SE occurs through three mechanisms: absorption loss
(SEa), reflection loss (SEg), and multiple reflection loss (SEwm) [31].

As the initial electromagnetic wave passes through the shield, it is absorbed according
to the attenuation constant . The strength of the initial electromagnetic wave decreases
exponentially with the shield thickness d, according to «, and is represented through the
following formula:

E = Eoe_ad (3)

The attenuation constant « is defined as follows:

a=wj§ /1+(§)2—1 4)

where o is the angular frequency, u is the magnetic permeability, ¢ is the dielectric
permittivity, and o is the electrical conductivity. For effective absorption loss of electromagnetic
waves, the shield must possess a high electrical conductivity, large dielectric permittivity, or
high magnetic permeability. Most of the absorbed electromagnetic waves are converted into
thermal energy. The absorption loss SEa is defined by the skin depth ¢ and the shield thickness
d as follows [32]:

SE4(dB) = 20 loge®® = 20 (5) logyoe (5)

Skin depth ¢ is the distance through which the wave decreases to e of the original
incident wave intensity.

Reflection loss (SEr) occurs at the shield’s surface due to the impedance or refractive
index difference between the air and the shield material. This loss can be expressed by the
Fresnel equation, which involves electric conductivity o, frequency of the electromagnetic
wave f, and magnetic permeability .

2
SEg (dB) = 20 log%= 395 + 10 log ;7 (6)
0

where # and 7o represent the impedances of the shield and air, respectively. Reflection loss
is influenced by the impedance difference, electrical conductivity of the shield, magnetic
permeability, and the frequency of the incident electromagnetic waves.

Multiple reflection loss is significantly affected by the shield thickness. The
electromagnetic wave reflected from the shield’s back surface may encounter the front
surface again, causing further reflections. The electromagnetic wave intensity decreases
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progressively as these reflections continue between the front and back surfaces. Multiple
reflection loss can be expressed as follows:

2d
SEy = 20log;o(1 — e 2%4) = 20 logo(1 —e ™~ %) )

Multiple reflection loss becomes negligible if the total EMI SE exceeds 15 dB or if the
shield thickness is similar to or greater than the skin depth.

The total EMI SE can be calculated from the scattering parameters obtained from two
ports using a VNA. Si1 represents the ratio of the voltage input to port 1 and the voltage
output from port 1, and Sy; represents the ratio of the voltage input to port 1 and the voltage
output from port 2. Similarly, Sz and Si» represent the reflection and transmission
parameters for port 2, respectively. For a uniform shield, S11 = S22 and Sz1 = S12. SEa and
SEr can be defined in terms of these scattering parameters as follows [33]:

T = |521|2 (8)

R = |87 ©)
1=A+R+T (10)

SE, = —1010g10£ (11)
SEx = —10log;o(1 — R) (12)

Here, A, R, and T represent the absorption, reflection, and transmission power coefficients,
respectively.

The total EMI SE measured by VNA for PS@MXene and PS@MXene@BNNSs is shown
in Fig. 6. The composites were fabricated through hot pressing, and the EMI SE of these
composites was compared based on the coating of BNNSs-APTES. It was observed that in
all the frequency ranges, the presence of BNNSs significantly enhanced the performance.
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Fig. 6 EMI SE of PS@MXene and PS@MXene@BNNSs
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This improvement can be attributed to the BNNSs layer encapsulating the oxidizing
MXene, thereby preventing its oxidation. Additionally, the repeated interfaces of various
materials increased the EMI SE due to the impedance difference between each material.
As seen in the initial part of the graph, the composites exhibited relatively high EMI SE.
Considering that a shielding effectiveness of 20 dB or higher corresponds to 99% blockage
of electromagnetic waves, the composites developed in this study demonstrated commendable
performance, particularly in the low-frequency range. Furthermore, the thicknesses of the
fabricated composites were relatively thin, at just 0.8 mm. Since the thickness of the composite
greatly influences EMI SE, the performance observed in this study can be considered excellent.

4, CONCLUSIONS

In this study, we fabricated a multifunctional composite with electromagnetic wave
shielding capabilities by controlling the surface charge of PS, MXene, and BNNSs. It is
crucial to control the surface charge of each material precisely to achieve an optimal
composite. Since MXene and BNNSs need to bind to the surface of spherical PS particles,
it is important to form a nanosheet of the 2D material. For PS, the surface was initially
negatively charged after dispersion polymerization, but it became positively charged with
the addition of DMC. This allowed us to create PS@MXene microspheres by reacting the
positively charged PS with negatively charged MXene. Similarly, we modified BNNS
(with a negative surface charge) with APTES to impart a positive charge, enabling the
fabrication of PS@MXene@BNNSs microspheres through a self-assembly reaction. These
microspheres were then hot-pressed to form the PS@MXene@BNNSs composite.

The PS@MXene@BNNSs composite exhibited excellent electromagnetic wave shielding
efficiency in the low-frequency range. Furthermore, it consistently demonstrated higher
shielding efficiency than the PS@MXene composite, indicating the oxidation prevention effect
of BNNS. Given that BNNSs have excellent thermal conductivity and completely encapsulate
PS, the resulting PS@MXene@BNNSs composite is also expected to possess high thermal
conductivity.

Therefore, the PS@MXene@BNNSs composite developed in this study shows
significant potential for use in electronic devices requiring electromagnetic wave shielding.
It is particularly suitable for applications where insulation, low-frequency electromagnetic
wave generation, and thin material thickness are essential. Additionally, the method
proposed in this study offers a solution for both thermal management and electromagnetic
wave shielding, providing a practical approach for manufacturing a dual conduction path
(thermal and electrical conduction).
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