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Abstract - The surge of portable and wearable electronics
demands lightweight, flexible, multifunctional electromagnetic
interference (EMI) shielding materials with mechanical strength
and fire resistance. We fabricated composite films reinforced with
nanosheets via chloride-based molten salt etching. These
MXene/PVDF-HFP (MX/P) films showed a tunable balance
between stiffness and flexibility. Although toughness declined
with higher MXene content, they retained foldability and integrity
under severe deformation. Electrical conductivity rose sharply
from 1.7 S m™" at 10 wt% to >2.1x10° S m'' at 50 wt%, while
EMI shielding effectiveness reached \~36 dB across 8.2-12.4
GHz (>99.97% attenuation). Tests with smartwatches and EMF
meters confirmed strong shielding of wireless signals. MXene
also improved flame retardancy, enabling self-extinguishing
behavior. These results identify MX/P composites as flexible,
robust, and multifunctional materials for next-generation EMI
shielding in wearable and aerospace technologies.

Key words - Electromagnetic Interference Shielding; MXene
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1. Introduction

The rapid expansion of wireless communication
systems, Internet-of-Things (IoT) devices, and wearable
electronics has brought unprecedented convenience but
also heightened concerns regarding electromagnetic
interference (EMI) [1]. Uncontrolled electromagnetic
radiation not only degrades device performance and data
security but also poses health risks to users, highlighting
the urgent need for reliable EMI shielding materials.
Conventional metal foils and conductive polymers have
served this purpose. However, their high density, poor
flexibility, corrosion susceptibility, and limited
multifunctionality constrain their integration into portable
and wearable systems [2]. Thus, lightweight, flexible, and
multifunctional EMI shielding materials are urgently
required [3].

Two-dimensional (2D) transition metal carbides and

Tém tit - Sy bung nd thiét bi di dong va deo dugc doi hoi vat
li¢u che chan nhiéu dién tir (EMI) nhe, linh hoat, da chirc ning
nhung vin bén va chéng chay. Ching t6i ché tao mang
composite MXene/PVDF-HFP (MX/P) gia cudng boi
nanosheet bing quy trinh khic mudi néng chay gdc clorua.
Mang cho phép diéu chinh cin bing giita d6 cing va do linh
hoat; dii d dai giam khi tang ham lugng MXene, ching van gap
dugc va giit nguyén tinh toan ven dudi bién dang 16n. D din
dién ting manh tr 1,7 S‘m™' (10 wt%) 1én >2,1x103 S'm’!
(50 wt%). Hiéu qua che chén dat ~36 dB trong dai 8,2-12.,4
GHz, tuong tmg suy giam >99,97% ning lugng nhifu. Thir
nghiém véi ddng hd théng minh va may do EMF xac nhan kha
ning chin manh tin hiéu khong diy. MXene dong thoi ning cao
tinh chéng chay, tao hanh vi ty tit. Céac két qua ching minh
MX/P 1a vit liéu linh hoat, bén chic va da dung, phu hop cho
che chin EMI thé hé méi trong thiét bi deo va img dung hang
khong vii tru.

Tir khéa - Che chén nhidu dién tir; TAm nano MXene; polymer
composite; Tinh linh hoat co hoc; Tinh chong chay

nitrides, known as MXenes, have emerged as promising
candidates owing to their metallic conductivity, tunable
surface terminations, and layered morphology that
enhances both reflection and absorption mechanisms [4, 5].
Among them, Ti3C, Ty has attracted particular attention due
to its high electrical conductivity and ease of chemical
modification. Nevertheless, conventional HF-based
etching routes for MXene synthesis pose safety hazards,
environmental concerns, and limitations in scalability [6].
To address these issues, chloride-based molten salt etching
has been recently proposed as a fluoride-free strategy,
enabling large-scale synthesis of TizC,Tx with expanded
interlayer spacing and chloride terminations that facilitate
subsequent functionalization [7].

Incorporating MXenes into polymer matrices offers an
effective route to combine electrical performance with
mechanical compliance. Poly(vinylidene fluoride-co-
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hexafluoropropylene) (PVDF-HFP), in particular, is an
attractive host polymer owing to its low density, high
flexibility, chemical stability, and processability [8].
Embedding MXenes within PVDF-HFP can yield hybrid
films that not only exhibit excellent EMI shielding but also
maintain foldability, toughness, and additional properties
such as flame retardancy. Despite this potential, systematic
studies on chloride-etched MXene/polymer composites
remain scarce, especially concerning the interplay among
electrical conductivity, EMI shielding performance,
mechanical properties, and thermal stability against
combustion.

Here, we present the fabrication and characterization of
MXene/PVDF-HFP (MXn/P) composite films prepared by
molten-salt-etched Ti;CoTx nanosheets. By varying MXene
loadings (10-50 wt%), we reveal a percolation-driven
transition in electrical conductivity, a corresponding boost
in EMI SE, and tunable mechanical performance. Real-
world EMI shielding demonstrations and flame-retardant
tests further underscore the multifunctionality of these
films, highlighting their potential for next-generation
flexible and wearable shielding applications.

2. Experimental Section
2.1. Materials

Titanium aluminium carbide 312 powder (MAX, <100
um), ammonium persulfate (NH4)2S,0s, CAS No. 7727-
54-0), copper chloride (CuCl,, CAS # 7447-39-4), sodium
chloride (NaCl, CAS # 7647-14-5), and potassium chloride
(KCl1, CAS # 7447-40-7) were purchased from Sigma-
Aldrich. Hydrochloric acid (HCl, 37-38 wt%) was
purchased from Xilong, China. Poly(Vinylidene Fluoride-
Co-Hexafluoropropylene) (PVDF-HFP) with M,, 400,000
and M, 130,000 pellets was purchased from Sigma-Aldrich
(USA). N, N-Dimethylformamide (DMF) was purchased
from Sigma-Aldrich (USA).

2.2. Synthesis of Ti;C:Tx Mxene powder

To synthesize MXene TizC,Tx, TizAlC, powder was
employed as the precursor, and a chloride-based molten
salt mixture (CuClo/NaCl/KCl) was selected as the etching
medium. The precursor and salts were weighed in a molar
ratio of 1:3:2:2, respectively, and blended thoroughly for
about 10 min to obtain a uniform mixture [9]. The
homogenized powder was then transferred into an alumina
crucible and placed in a tubular furnace under continuous
N> flow. The sample was heated from room temperature to
680 °C at a heating rate of 4 °C/min and kept at this
temperature for 24 h.

After cooling, the obtained reddish-brown solid was
rinsed several times with deionized water to remove
residual salts and subsequently collected by vacuum
filtration using an anodic aluminum oxide (AAO)
membrane. To eliminate possible copper residues, the
filtered product was further treated with an aqueous
solution of (NH4)2S;0s. Finally, the powders were
repeatedly washed with deionized water, filtered, and dried
in a vacuum oven at 80°C overnight, resulting in Ti3CoTx
MXene.

2.3. Fabrication of MX./P composites

The fabrication route of MXene/PVDF-HFP (MX,/P)
composite films is schematically presented in Figure 1.
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Figure 1. Schematic diagram of the preparation process of MXene
by molten salting etching and fabrication of MX,/P composite films
In a typical procedure, a predetermined amount of
MXene (Table 1) was introduced into DMF. Following the
dispersion step, poly(vinylidene fluoride-co-
hexafluoropropylene) (PVDF-HFP) granules were added
into the MXene suspension in an amount corresponding to
10 wt% relative to the DMF solvent. The mixture was then
sealed to avoid solvent evaporation and stirred magnetically
at 70 °C for 4 h, allowing complete polymer dissolution and
intimate mixing with the dispersed MXene nanosheets.

The homogeneous viscous solution obtained after
mixing was subsequently cast onto a pre-cleaned glass
substrate with a pre-adjusted wet thickness. A stainless-
steel blade was employed to spread the solution manually,
ensuring an even coating layer across the substrate surface.
The cast films were then dried at 80°C for 2 h under
ambient pressure to remove residual DMF and to induce
polymer solidification. This process yielded free-standing
MX,/P composite films with a final thickness 8-10pm. To
explore the influence of filler loading on the structural and
functional properties of the composites, films were
prepared with different MXene contents of 10, 20, 30, and
50 wt% relative to PVDF-HFP.

Table 1. Compositions and controlled thickness of solutions.

e 0 o Y0 | Tt [t
name | @ V%) @) | @ | @m) | @m)
MXio/P [0.06| 10 0.54 | 4.86 0.21 8
MX20/P |0.12| 20 0.48 | 4.32 0.185 8
MX30/P | 0.18| 30 0.42 | 3.78 0.135 8
MXs0/P | 0.3 50 0.3 2.7 0.135 10

2.4. Characterizations

The crystal structure of the prepared samples was
examined by X-ray diffraction (XRD, Rigaku D8), while
their surface morphology was analyzed by scanning
electron microscopy (SEM, Helios 5 PFIB CXe
DualBeam, Fisher Thermal Scientific) and transmission
electron microscopy (TEM, JEOL JEM-F200 Multi-
purpose Electron Microscope). Mechanical properties of
the composites were conducted on films with dimensions
of 8 x 30 mm? using a Mecmesin ILC-S 2500N mechanical
strength analyzer. The tests were performed at a strain rate
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of 10 mm/min at room temperature (30-35 °C). The
electrical conductivity (o) of the films was calculated using
the relation:

_1 1
=R, €y

where d represents the film thickness and R; is the sheet
resistance. Measurements were conducted with a Four-Point
Probe Plus system (OSSILA BV, UK). For the
demonstration of electrical conductivity, a film strip with
dimensions of 3 x 1.5 cm as the electrode was connected to
a3 V battery to illuminate a light bulb, and photographs were
taken to visualize the effect of varying MXene loading.

The EMI shielding effectiveness of PMA composites
was evaluated across the X-band frequency range
(8.20-12.4 GHz) with a vector network analyzer
(N5224A). For EMI shielding assessment, square films
(3%x3 cm) were positioned between a high-frequency
radiometer (EMF Meter, Shenzhen Mystech Electronics
Co., China) and a laptop computer, and the shielding effect
was recorded photographically.

g

3. Results and discussion
3.1. Morphology and crystallinity

As illustrated in Figure 1, the reaction pathway occurs
when Ti3AlC; is treated with CuCl, at 680 °C to produce
Ti3C,Tx MXene. At this temperature, CuCl, in combination
with NaCI/KCl forms a molten salt medium. Within this
environment, the Al layers in Ti;AIC; are oxidized to A’
ions, while Cu?" ions are reduced to metallic Cu that
nucleates on the MXene surface. Simultaneously, volatile
AICl; is generated, which promotes the expansion and
delamination of the MXene sheets (eq. 2). In addition, an
excess of Cu?’ interacts with exposed Ti atoms, leading to
the deposition of Cu metal and the incorporation of chloride
anions that stabilize the structure by forming Ti3C,Cl, (eq.
3). The resulting Ti3C,Cl, powders were subsequently
immersed in ammonium persulfate (APS) solution, which
oxidatively removed residual Cu particles while
simultaneously introducing oxygen-containing functional
groups onto the MXene surface.

NaCl/KCl
Ti;AlC, 4+ 3/2CuCl, —— TisC, + AICl; + 3/2Cu (2)
NaCl/Kcl
TizC, + CuCl, —— Ti3C,Cl, + Cu 3)

Morphological analysis further indicates the differences
between pristine and treated samples. SEM revealed the
characteristic accordion-like morphology of layered MAX
(Figure 2a). TEM provided additional insights: thin,
transparent Ti3CoTx nanosheet with lateral dimensions of
~1 pum and well-defined edges were observed (Figure 2b).
Selected area electron diffraction (SAED) showed sharp
hexagonal reflections, indicating that the MXene preserved
crystallinity (inset in Figure 3b). The structural evolution of
the materials was further examined by XRD, as shown in
Figure 2c. For the pristine TizAlC; MAX phase, a series of
sharp diffraction peaks corresponding to its well-defined
crystalline structure are observed. After molten-salt etching
with CuCly/NaCl/KCl, most of the non-(001) reflections of
Ti3AIC; vanish, and only low-intensity broad peaks remain,
with the (002) reflection of TizC,Tx at 26 of 6.76° becoming

dominant [10, 11]. This transformation confirms the
selective removal of Al layers from Ti3AlC, and the
successful formation of layered TizC, MXene nanosheets
[11]. The shift of the (002) peak to a lower angle compared
to the parent MAX phase also indicates an increase in
interlayer spacing, consistent with the expansion caused by
chloride terminations and the escape of AICl; during
etching. Figure 2d presents the XRD patterns of TizC,Tx
incorporated into poly(vinylidene fluoride-co-
hexafluoropropylene) (PVDF-HFP) matrices at different
filler loadings (10, 30, and 50 wt%). In all cases, the
characteristic (002) reflection of MXene is retained,
demonstrating that the layered structure remains intact after
mixing with the polymer. However, the peak gradually
broadens and shifts slightly with increasing MXene content.
Such broadening suggests a reduction in the average
coherent domain size, which can be attributed to improved
exfoliation and partial disordering of MXene layers within
the polymer host. Meanwhile, the shift of the (002) reflection
reflects subtle variations in interlayer spacing, which likely
arise from polymer chain intercalation between MXene
sheets or from steric constraints imposed by the surrounding
PVDF-HFP matrix [12]. At higher loadings (30-50 wt%),
the peak sharpening becomes more pronounced, indicating
that strong interfacial interactions between MXene and
PVDF-HFP lead to constrained stacking and possible
turbostratic disorder.
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Figure 2. (a) SEM image of Max, (b) TEM image of Mxene,
(¢) XRD of MAX and MXene, (d) XRD of MX./P films

3.2. Mechanical properties
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The tensile responses of neat PVDF-HFP and
MXene/PVDF-HFP composites with varying MXene
loadings are shown in Figure 3. Neat PVDF-HFP exhibited
the highest tensile strength (49.2 MPa) and elongation at
break (<16.8%), resulting in a toughness of 6.47 MJ-m™,
This balance of strength and ductility highlights the intrinsic
flexibility of the polymer matrix. With the incorporation of
10 wt% MXene, tensile strength decreased to 32.8 MPa, and
strain at break dropped sharply to ~6.4%. The overall
toughness declined to 1.38 MJ-m, suggesting that although
MXene stiffens the composite, it introduces stress
concentration sites that promote early fracture. Further
increases in MXene content led to a pronounced stiffening
but progressively more brittle behavior. At 20 wt% and
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30 wt%, the the tensile strength reduced to 28.3 MPa (MXy0)
and 25.5 MPa (MX3). Correspondingly, the strain at break
decreased to 3.8% and 2.1%. Toughness dropped to 0.71 and
0.30 MJ-m?, reflecting the diminishing capacity for plastic
deformation. At the highest loading of 50 wt% MXene,
the strength fell to only 18.2 MPa, and the elongation at
break decreased to 0.8%, yielding a toughness of just
0.073 MJ'm?>. This brittle failure mode reflects the
dominance of MXene flakes within the composite, where
strong filler—filler interactions hinder matrix chain mobility
and accelerate crack propagation under load [13, 14]. The
results indicate a clear trade-off between stiffness and
toughness with increasing MXene content. While the
polymer-rich films retain flexibility and high energy
absorption, the MXene-rich films achieve superior modulus
but at the expense of ductility. Such a tunable mechanical
response suggests that MXene/PVDF-HFP films can be
tailored for specific applications: high-load fractions for
structural integrity and stiffness, or lower fractions for
flexible, foldable, and energy-absorbing devices.

Despite these losses in elongation, the composites
retained remarkable macroscopic flexibility. As illustrated in
Figure 3b, the MX3¢/P film can withstand severe mechanical
deformations, including twisting, folding, and origami-
inspired shaping into a crane, without visible cracking or
delamination. This apparent discrepancy between reduced
tensile strain and preserved foldability suggests that the films
accommodate local deformations through strong interfacial
bonding between MXene sheets and the polymer host. This
result reveals that MXene/PVDF-HFP composites exhibit a
dual mechanical character: they combine tunable tensile
stiffness and strength with exceptional macroscopic
foldability. The unique balance demonstrated here is
particularly promising for applications in flexible and
foldable electronics, wearable devices, and origami-inspired
energy storage systems, where both mechanical robustness
and conformability are critical.
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Figure 3. (a) Stress-strain curves of the PVDF-HFP and
MXn/P films, (b) Digital photos of MX30/P film with
different mechanical deformations
3.3. Electrical and EMI
performance

The electrical conductivity of MXene/PVDF-HFP
composites exhibited a sharp percolation-type transition as
the MXene content increased (Figure 4a). At a loading of
10 wt%, the films displayed only modest conductivity
(1.71 £ 0.41 S'm™), suggesting that MXene sheets were
still isolated within the insulating polymer host. Increasing
the loading to 20 wt% enhanced the conductivity by an

conductivity shielding

order of magnitude to 19.7 = 0.45 S'm’!, indicating the
onset of conductive network formation. A dramatic jump
occurred at 30 wt%, where the conductivity reached
395.8 = 7.9 S'm™!, nearly two orders of magnitude higher
than at 20 wt%. This behavior is characteristic of a
percolation threshold near ~25-30 wt%, where previously
disconnected flakes overlap to form continuous electron
pathways. At 50 wt%, the conductivity reached 2174.7
+ 166 S‘m™!, consistent with a dense, highly interconnected
MXene network dominating charge transport. The strong
dependence of ¢ on filler loading underscores the central
role of interflake tunneling and sheet overlap in
establishing electrical conduction.

The functional impact of the percolation-driven
conductivity enhancement is further illustrated by the LED
illumination experiment (Figure 4b). In the absence of any
film, the electrical circuit remains open and the LED stays
unlit, confirming the insulating nature of the setup.
Incorporation of MXo/P films enables a weak but visible
LED illumination, consistent with the low conductivity at
this filler loading. A substantial increase in brightness is
observed for the MX30/P film, directly reflecting the nearly
three orders-of-magnitude rise in conductivity to
~396 S'm’!. The LED reaches full, stable illumination
when integrated with MXso/P films, where the conductivity
exceeds ~2x10° S'm’'. This simple yet powerful
demonstration confirms that percolated MXene networks
not only raise bulk conductivity but also deliver
macroscopic current-handling capability sufficient for
powering low-voltage devices, highlighting the practical
potential of MXene/polymer films in flexible electronics.

The EMI shielding efficiency (SE) of the MX,/P films
(8-12.5 GHz) followed the same trend as conductivity
(Figure 4c). Neat PVDF-HFP showed negligible attenuation
across the band, confirming its insulating character.
Incorporation of 10 wt% MXene increased SE to a nearly
frequency-independent value of 8 dB (at 10 GHz), arising
from the initial reflection of incident waves by conductive
flakes and ohmic losses within local clusters. At 30 wt%, SE
rose to approximately 25 dB, crossing the threshold for
practical EMI shielding materials (>20 dB). This increase
stems from both stronger reflection and enhanced absorption
as multiple internal reflections occur between parallel
MXene lamellae. At 50 wt%, the films reached an SE of
about 36 dB across the X-band, equivalent to over 99.97%
attenuation of incident radiation, placing these films in the
class of high-performance thin-film EMI shields.

The correlation between ¢ and SE demonstrates that
conductivity governs reflection-dominated shielding, while
the layered MXene morphology amplifies absorption through
multiscattering pathways. At low filler contents, where
conductivity is insufficient to sustain extended pathways, SE
is modest. Beyond the percolation threshold, the emergence
of continuous MXene stacks not only improves charge
transport but also creates layered conductive/dielectric
interfaces that facilitate both reflection and absorption. The
polymer host contributes dielectric loss and mechanical
integrity while preventing MXene agglomeration, thereby
stabilizing the shielding performance [15].



88 Ha Thi Nguyen, Tuong Vi Thi Tran, Van Thanh Vu, Van Vinh Nguyen, Van Tho Nguyen, Minh Canh Vu, Thi Kieu Lien Mai

The EMI shielding mechanism is schematically
illustrated in Figure 4d. When incident electromagnetic
waves strike the MX,/P composites, the high electronic
conductivity of the interconnected MXene networks
induces strong surface currents that reflect a significant
portion of the radiation. Simultaneously, the layered
MXene nanosheets and interfacial boundaries within the
polymer matrix promote multiple internal reflections,
effectively prolonging the propagation path. This extended
path length allows enhanced dissipation of electromagnetic
energy via ohmic losses and interfacial polarization,
leading to efficient absorption. At higher MXene contents
(>30 wt%), absorption becomes the dominant shielding
contribution, as evidenced by the continuous conductivity
networks and the frequency-stable EMI SE response. The
coexistence of reflection and absorption ensures broadband
attenuation, while the lightweight and flexible polymeric
framework enables mechanical compliance, making these
composites highly attractive for next-generation portable
and wearable shielding technologies.
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Figure 4. (a) Electrical conductivity of MXn/P film, (b) LED
illumination using PVDF-HFP film and MX,/P films, (c) EMI SE of
PVDF-HFP film and MX./P films, (d) EMI shielding mechanism

To place the obtained EMI shielding performance in
context, the results were compared with previously
reported composites based on representative 2D
nanomaterials such as graphene and carbon nanotubes
(CNTs). Graphene-based polymer composites typically
exhibit total EMI shielding effectiveness (SE;) values in the
range of 20-35 dB [16-18], while CNT/polymer
composites generally achieve <30 dB [19, 20]. In this
study, our composite demonstrates an SE; of 36 dB at a
filler loading of 50 wt%, which surpasses or matches many
reported 2D material systems while maintaining excellent
flexibility, low density, and enhanced fire resistance.

To further validate the EMI shielding performance
under real-world conditions, demonstrations were carried
out using a commercial smart watch (Figure 5a) and an
EMF (electromagnetic field) meter (Figure 5b).

When a pristine PVDF-HFP film was interposed
between the smart watch and the hand, the smart watch
could measure the heart rate. In stark contrast, the MXso/P
films, and the Al film were placed between the smart watch

and hand, effectively suppressing wireless transmission,
resulting in unable measurement of heart rate. The EMF
meter can measure the intensity of the electromagnetic
field which is generated from electronic devices such as
laptops and computers. In the absence of shielding, the
EMF meter placed near a laptop shows an intensity of
179 V/m (Figure 5b). Upon introducing MXso/P films, and
Al film, the EMF signal dropped precipitously, eventually
approaching the noise floor of the instrument, thereby
confirming attenuation exceeding 99.9%.

Al foil

3 ey
¥
B

Figure 5. EMI shielding demonstration of PVDF-HFP film and
MXn/P films using (a) Smart watch, (b) EMF Meter

These experimental demonstrations bridge the gap
between laboratory metrics and real-world applicability,
confirming that MXene/PVDF-HFP films are not only
lightweight and flexible but also capable of delivering
robust EMI protection in practical device environments.
This combination of electrical conductivity, EMI SE, and
real-world effectiveness positions the composites as strong
candidates for next-generation flexible shielding in
wearable, I0T, and aerospace systems.

3.4. Flame retardancy

Figure 6. Flame retardancy of MX./P films

Figure 6 shows that sequential optical images illustrate
the burning behavior of MX;¢/P, MX3¢/P, and MXso/P
films at designated time intervals, together with the final
residues after combustion. For MX;o/P, ignition occurs
almost instantaneously (~0.5 s), and rapid flame spread
leads to severe structural collapse within 3 s, leaving a
brittle, charred residue. In MX30/P, ignition is delayed to
~2 s and the flame propagates more slowly; localized
shrinkage and partial carbonization are observed, with the
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sample retaining partial structure after 28 s of exposure. By
contrast, MXso/P  demonstrates remarkable flame
retardancy: despite continuous flame impingement for up
to 70 s, the film resists complete combustion, showing
progressive surface charring and self-extinguishing
tendencies while preserving most of its shape. These
results highlight that increasing MXene loading enhances
thermal stability, promotes char formation, and effectively
suppresses catastrophic flame spread, thereby endowing
the MX,/P composites with superior fire resistance
compared to the pristine polymer matrix.

4. Conclusion

In summary, we have demonstrated a fluoride-free molten
salt strategy to synthesize TizCoTx MXene nanosheets and
incorporated them into PVDF-HFP matrices to engineer
multifunctional EMI shielding composites. The chloride-
terminated MXenes not only preserved crystallinity and
layered morphology but also dispersed uniformly within the
polymer host, forming conductive networks that drove a
dramatic percolation transition in electrical conductivity. As a
result, the MX,/P composites achieved EMI SE values up to
36 dB in the X-band, equivalent to >99.97% attenuation,
while retaining flexibility and foldability essential for
wearable devices. Practical demonstrations confirmed their
ability to suppress wireless signals in smart watches and
reduce EMF emissions from laptops to near-background
levels. Beyond EMI shielding, the composites also exhibited
enhanced flame retardancy, with MXso/P films resisting
sustained combustion and displaying self-extinguishing
behavior. These results underscore the synergy between
MXene nanosheets and PVDF-HFP, yielding a platform
material that is lightweight, mechanically compliant,
electrically conductive, and fire-resistant. By bridging
scalability, multifunctionality, and practical performance, the
MX.,/P composites reported here offer a compelling pathway
toward next-generation EMI shielding solutions for wearable
electronics, IoT systems, and aerospace technologies.
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