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synthesis and applications in
electromagnetic shielding

Yao Gan and Yuzhu Xiong *

With the ongoing advancements in wireless communication and electronic technology, the issue of

electromagnetic radiation (EMR) pollution has become increasingly significant. Consequently, developing

materials to mitigate EMR pollution is essential. The utility of 2D MXene (Ti3C2Tx) for electromagnetic

interference (EMI) shielding was initially reported in 2016. Since then, MXenes have garnered substantial

interest from the scientific community owing to their excellent metallic conductivity, low density,

expansive specific surface area, and tunable interlayer spacing. In recent years, MXenes have demonstrated

considerable promise in EMI shielding applications. This paper aims to examine the structural and

chemical properties of MXenes, the methodologies for their synthesis, and summarize the advancements

in MXene-based EMI shielding composites, highlighting their performance benefits. Additionally, this

review will discuss the prospective developments in MXene-based materials for EMI shielding.
1 Introduction

Electromagnetic waves serve as a critical medium for informa-
tion transmission, possessing the unique ability to propagate
through vacuous space, thereby facilitating long-distance
communication.1–3 With the advancement of technology and
the integration of 5G communications into daily life, our reli-
ance on electromagnetic applications, such as wireless
communication, television, computers, global positioning
systems, and radar detectors, continues to grow.3–7 However,
excessive exposure to electromagnetic waves can lead to
signicant electromagnetic radiation pollution, posing unseen
and silent threats.8 In the era of electronic information,
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electromagnetic radiation can disrupt the function of electronic
devices in military, industrial, and residential settings, poten-
tially posing severe risks to human health and the
biosphere.1,5,7,9–14 Consequently, developing effective EMI
shielding materials is crucial to safeguard both the function-
ality of electronic devices and public health.

EMI shielding is a critical strategy for mitigating EMR
pollution. This process involves the attenuation or complete
shielding of electromagnetic waves by specic materials,
thereby ensuring the smooth operation of sensitive equipment
and protecting humans from EMR exposure.15–17 Although
traditional metal shielding materials, characterized by high
conductivity, are effective in reecting electromagnetic waves,
this attribute also leads to secondary reections of these waves,
contributing to contamination. Moreover, these materials oen
suffer from high density, corrosion susceptibility, and complex
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manufacturing processes, which restrict their broader applica-
tion.18,19 Consequently, researchers have been developing
alternative shielding materials, such as graphene, carbon
nanotubes, and MXene, which offer corrosion resistance,
reduced weight, and enhanced performance.

Since the introduction of graphene in 2004, two-dimensional
materials have garnered signicant interest, as illustrated in
Fig. 1. The family of transition metal carbides, nitrides, and
carbonitrides, collectively known as MXenes, has particularly
drawn global research attention since its rst discovery in 2011.
These materials are prized for their metallic conductivity,
optical properties, and surfaces enriched with functional
groups and hydrophilic sites.20–27 A landmark achievement was
realized in 2016 when Yury Gogotsi's team advanced from
theoretical concepts to practical applications in EMI shielding
using 2Dmaterials. They developed a highly exible MXene lm
with a thickness of 45 mm, which demonstrated the ability to
block 99.99999999999994% of incident radiation, achieving
a shielding effectiveness of 92 dB. This performance is on par
with that of traditional metal shields.28

MXene is composed of transition metal elements, along with
carbon and nitrogen, and is characterized by high electrical and
thermal conductivity, as well as a multitude of surface func-
tional groups that enhance its surface reactivity.29 The precursor
to MXene, known as the MAX phase, belongs to the hexagonal
crystalline system. In this system, ‘M’ denotes the transition
metal, ‘A’ represents an element from either the III or IV main
group, and ‘X’ indicates an element of carbon or nitrogen. The
atomic layers of “M” and “X” are interleaved, and both are
bonded by a mixture of ionic and covalent bonds. In contrast,
the ‘A’ atomic layer is interspersed through metallic bonding.
This conguration hinders the mechanical delamination of
MXene due to the strong M–X bond energy compared to the
M–A bond, which exhibits greater chemical activity.30 Conse-
quently, selective etching can preferentially disrupt the active
M–A bonds to produce 2D MXene materials.31–33 Notably,
MXene's excellent electrical conductivity facilitates the
improvement of material impedance mismatch, enhancing the
reection of electromagnetic waves or boosting electromagnetic
Fig. 1 Network view of the structural distribution of MXene research
hotspots 2012–2023.

9556 | RSC Adv., 2025, 15, 9555–9568
loss capabilities for effective absorption. This leads to
outstanding electromagnetic shielding performance.34,35

This paper provides a comprehensive review of the structure,
properties, and preparation methods of MXene, as well as the
applications of MXene-based composites in the eld of elec-
tromagnetic shielding. It also summarizes the challenges
associated with the current preparation methods and yields of
MXene. Furthermore, the paper explores future prospects for
the application of MXene in electromagnetic shielding.
2 Studies on the structure, properties
and preparation of MXene
2.1 Structure of MXene

MXene is an innovative two-dimensional material characterized
by a unique layered structure reminiscent of graphene's
hexagonal honeycomb pattern. Each layer is composed of
hexagonal transition metal carbides, nitrides, or carbonitrides.
The layers of MXene are interconnected and self-stacked
through van der Waals forces, electrostatic interactions, and
hydrogen bonds, permitting some degree of relative sliding.36

However, the self-stacking of MXene layers, predominantly
driven by van der Waals forces, oen leads to reduced electronic
pathways, thereby diminishing the material's electrochemical
performance.37–40 The chemical composition of MXene is typi-
cally denoted by the formula Mn+1XnTx, where ‘M’ represents
transition metal elements, ‘X’ denotes mainly elements carbon
and nitrogen, ‘n’ indicates the number of elements in the
interlayer voids, and ‘T’ refers to surface functional groups,
including –OH, –F, –O, or –Cl41–43 (Fig. 2).

Recent advancements in MXene research have led to its
evolution from the initial accordion-like structure to contemporary
forms such as nanoribbons, hollow spheres, and porous struc-
tures. Zeng et al. synthesized lamellar MXene, networked MXene
nanoribbons, and porous lamellar MXene by employing strategies
involving hydrouoric acid etching, KOH shear, and high-
temperature molten salts.44 These modications enhance surface
states and microstructures, signicantly boosting the absorption
of electromagnetic waves. Notably, the networked MXene nano-
ribbons exhibited reection loss values as high as −63.01 dB.
Moreover, the network structure of MXene nanosheets with low
defects and large dimensions is more effective in increasing the
conductivity of the material, thus further improving its electro-
magnetic shielding properties.45 The surface functional groups
(e.g., –OH, –F) of the conductive MXene induce local dipoles under
electric and magnetic elds, leading to polarization losses of
electromagnetic waves. When electromagnetic waves transit
through multiple layers of MXene nanosheets, they undergo
multiple reections and dissipations, similar to the described
energy loss mechanisms, ultimately resulting in substantial elec-
tromagnetic wave attenuation,46,47 as depicted in Fig. 3.
2.2 Properties of MXene

The structural features of MXene fundamentally determine its
properties, which in turn facilitate a broad spectrum of appli-
cations across various potential elds.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Schematic representation of the MXene structure derived from Ti3AlC2 MAX phase.

Fig. 3 Schematic diagram of EMI shielding mechanism of MXene
nanosheets.
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2.2.1 Electrical conductivity. The electrical conductivity of
MXene is a pivotal property, directly inuencing its application
in electrochemical devices, lithium-ion batteries, and capaci-
tors. Notably, MXene's superior conductivity provides signi-
cant advantages in the eld of electromagnetic shielding.48

Variations in material types and preparation conditions yield
substantial differences in product size and surface functional
groups, which in turn impact their electrochemical structures.

Kathleen Maleski et al. produced Ti3C2Tx nanosheets of
varying sizes using acoustic wave treatment and density
gradient centrifugation.49 They discovered that lms made from
larger MXene nanosheets exhibited a peak conductivity of
approximately 5000 S cm−1. In contrast, lms from smaller
MXene sheets demonstrated a signicantly reduced conduc-
tivity of only 1000 S cm−1. This conductivity is lower than that of
carbon-based MXene, which was initially synthesized using the
in situ generation of hydrouoric acid method.50 Utilizing the
density-functional tight-binding (DFTB) method, Khanal et al.
explored the inuence of MXene surface functional groups and
their ratios on electrical conductivity.51 Notably, unmodied
MXene surfaces exhibited higher electrical conductivity
© 2025 The Author(s). Published by the Royal Society of Chemistry
compared to those modied by –OH, which in turn showed
higher conductivity than MXene surfaces altered by –O.
Furthermore, conductivity varied depending on the ratios of –O
to –OH. Eom et al. annealed Ti3C2Tx-MXene monolayer nano-
sheets under argon and ammonia atmospheres, revealing that
nitridation in ammonia not only preserved the electron-rich
structure of Ti3C2 but also doubled the conductivity compared
to the argon-treated MXene lms.52 Mathis et al. synthesized
MAX powders with a high aluminum content and prepared
monolayer MXene sheets with minimal defects and large
dimensions (maximum size > 25 mm) by etching, washing, and
centrifugation of the precursor.53 These sheets achieved an
electrical conductivity as high as 20 000 S cm−1, attributable to
their large layer sizes and fewer defects, which enhanced in-
sheet electron transfer capability and chemical stability. Such
high conductivity positions MXene favorably for development
in electromagnetic shielding applications.

2.2.2 Magnetic properties. MXene exhibits potential
magnetic properties as most non-terminated MXenes are
inherently magnetic; however, the introduction of termination
groups can signicantly alter these properties.32 Building on
this, researchers have successfully imparted magnetic proper-
ties to MXene by incorporating magnetic ions or nanoparticles.
It is important to note that the magnetic characteristics of
MXene-based materials are inuenced by several factors,
including the surface properties of MXene, the type and quan-
tity of transition metal ions, and the size and morphology of the
magnetic nanoparticles.

Zhang et al. enhanced the magnetic properties of MXene by
annealing a monolayer of Ti3C2Tx-MXene to induce the forma-
tion of amorphous carbon on the sample surface.54 Liu et al.
coated Ti3C2-MXene with superparamagnetic iron oxide nano-
particles, successfully creating magnetic MXene composites for
highly efficient cancer therapy diagnostics.55 This material is
not only benecial for enhancing magnetic resonance imaging
of tumors but also effective in the photothermal eradication of
RSC Adv., 2025, 15, 9555–9568 | 9557

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra08030k


RSC Advances Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

8 
 2

02
5.

 D
ow

nl
oa

de
d 

on
 2

02
5/

7/
31

 7
:3

7:
44

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
cancer cells and tumor tissue ablation. Building on the platform
of 3D MXene induced by ethylenediamine, Zhang et al.
synthesized a magnetic aerogel with a porous structure by the in
situ co-precipitation of iron tetraoxide on 3D MXene.56 This
unique structure demonstrated the capability to remove up to
2385 mg g−1 of silver from water through adsorption.

2.2.3 Other properties. It is well known that carbon and
nitrogen, which are fundamental elements in biological struc-
tures, are also primary constituents of MXenes, thereby
conferring biocompatibility on these materials. Additionally,
MXene possesses antimicrobial therapeutic properties and has
been utilized in various antimicrobial materials and drug
carriers to treat bacterial infections.57–59 This efficacy stems
from MXene's ability to adsorb onto bacterial membranes,
inducing localized phase transitions that lead to leakage of
intracellular molecules and subsequent cell inactivation
through lysis.60 The densely packed laminar structure and very
ne lattice conguration of MXene impart high thermal
conductivity, positioning it as a promising material for thermal
management applications. Wei et al. have enhanced the
thermal conductivity of epoxy composites by integrating
a framework of hollow MXene spheres, thereby achieving
superior thermal conductivity.61
2.3 Preparation method of MXene

MXene, a novel two-dimensional material, has experienced
rapid development across various elds due to its advantageous
properties, including high electrical conductivity, high elastic
modulus, large specic surface area, and adjustable hydrophilic
surface. It shows particularly strong potential in microwave
absorption and electromagnetic shielding.62,63 In the crystal
structure of the MAX phase, theM–X bonding energy, which can
be covalent or ionic, is signicantly higher than the M–A
bonding energy, which is metallic. Under certain conditions,
the A layer in the MAX phase can be exfoliated to produce
MXene.64 The preparation method of MXene inuences its
elemental composition, morphology, and surface functional
groups, subsequently affecting its properties. Therefore,
MXenes are selected based on the specic requirements of
different practical applications. Currently, several established
methods are employed for MXene preparation, including:
hydrouoric acid (HF) etching, in situ HF generation etching,
uoride molten salt etching, ultrasound-assisted etching, alkali
solution-assisted etching, electrochemical anodic etching,
Lewis acidic molten salt etching, and gas-phase dry etching.

2.3.1 Hydrouoric acid etching. In 2011, Naguib et al.
immersed milled Ti3AlC2 powder in hydrouoric acid solution
at room temperature.21 Aer several washes with deionized
water, they successfully exfoliated the Al atomic layer from the
precursor and, for the rst time, obtained a two-dimensional
nanomaterial, Ti3C2, with an accordion-like structure. The
structure and properties of this selectively etched two-
dimensional carbide were found to be similar to those of gra-
phene. The etched MXene surface carries a signicant number
of functional groups, including –OH, –F, and –O, which endow
it with unique chemical properties. This selective etching of the
9558 | RSC Adv., 2025, 15, 9555–9568
MAX phase successfully transformed the three-dimensional
crystal structure into a two-dimensional one, providing
a novel approach for synthesizing two-dimensional materials
and laying the groundwork for expanding the MXene family.
Further developments were made by Huang et al., who prepared
the adsorbent Ti3C2-MXene for the adsorption of sodium bis(-
chlorophenolate) through hydrouoric acid etching of Ti3AlC2,
followed by solvent heat treatment to form TiO2 and Ti2C.65 This
process enhanced the performance of MXene for adsorption
under various pH conditions, demonstrating signicant
potential for environmental protection applications.

2.3.2 In situ generation of hydrouoric acid etching.
Hydrouoric acid poses signicant risks to both human health
and the environment during its use in material preparation.
Consequently, the development of milder, safer, and more
reliable methods is crucial for the large-scale production and
application of MXene. In 2014, Ghidiu et al. rst replaced
hydrouoric acid with a mixture of hydrochloric acid and
lithium uoride to etch Ti3AlC2, successfully producing a black
‘clay’ (Ti3C2Tx-MXene) that exhibited high yield and high elec-
trical conductivity (1500 S cm−1).50 This method yields a MXene
surface with enhanced hydrophilicity and plasticity, due to the
presence of –Cl, in addition to –OH, –F, and –O functional
groups, compared to surfaces prepared by direct etching with
hydrouoric acid. Notably, lithium ions served as an inter-
calating agent, collaborating with water molecules to expand
the layer spacing of Ti3C2Tx. Diverging from previous tech-
niques using water as a medium, Soundiraraju et al. immersed
ball-milled Ti2AlN powder in a mixed solution of potassium
uoride and hydrochloric acid, reacting it at 40 °C for 3 hours to
produce a less-layered nitrogen-containing 2D material, Ti2N-
MXene.66

To further examine the characteristics of the in situ genera-
tion of hydrouoric acid (HFA) method, Zhang et al. assessed
the impact of time and concentration of hydrouoric acid on
etching efficiency.67 They compared the efficiency and electro-
chemical properties of Ti3C2Tx-MXene prepared by both the
direct use of hydrouoric acid and the in situ generation of HFA.
Although both methods effectively removed the Al layer,
signicant differences were observed in the products: (1) MXene
etched directly with hydrouoric acid displayed an accordion-
like morphology under microscopic examination, while prod-
ucts from the in situ generation method exhibited a pleated
structure; (2) MXene prepared via the in situ generation of HFA
at 10 mV S−1 demonstrated a higher specic capacitance and
superior electrochemical performance compared to those
prepared by the direct hydrouoric acidmethod. This enhanced
performance is primarily attributed to the use of an intercala-
tion agent in the in situ generation process, which contains
lithium ions that expand the lattice space of the sample, thereby
improving the ion transport environment.

2.3.3 Fluorinated molten salt etching. Although most of
the etching systems used for the preparation of MXene are HF-
containing solutions, it takes a lot of time to completely etch the
‘A’ layer in this system, which can be found in most of the
studies of this system: the etching time of this system is at least
24 h. Based on the problems of etching in traditional HF-
© 2025 The Author(s). Published by the Royal Society of Chemistry
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containing solutions, Wang et al. successfully prepared MXene
in only 5 min by using molten salt pairs at a lower temperature
of 130 °C.68 In addition, they applied this low-temperature
molten salt method to other MAX-like phases. Among them,
vanadium-based MXene not only exhibits excellent cycling
stability when used as an electrode material, but also has the
ability to facilitate rapid charge transport. This is due to the fact
that the high-speed owing molten salt acts as an ‘intercalating
agent’, which enlarges the spacing between the MXene layers
and facilitates the transport of electrons. Arole et al. prepared
water-dispersible Nb2CTx nanosheets by etching with molten
salt SnF2 and washing with potassium hydroxide, noting a 23%
increase in oxide presence on the surface of the nanosheets
aer 300 hours of storage, indicating poor oxidative stability.69

2.3.4 Ultrasound-assisted etching. In some liquid-phase
etching methods, ultrasound-assisted etching is an essential
operation, because ultrasound is benecial for us to obtain
monolayer or few-layer MXene, but improper operation tends to
fragment the MXene, and the ultrasound process generates heat
to oxidize the MXene nanosheets. In contrast to conventional
stir etching methods, Yao et al. used a mixture of NaF/HF and
HCl as etchant and utilized high-intensity ultrasonic exfoliation
(HIUE) to prepare MXene with tunable bandgap, high conduc-
tivity, and large specic surface area for gas sensing applica-
tions.70 Most importantly, the HIUE method not only reduced
the preparation time signicantly, from 24/48 hours to 3 hours,
but also increased the yield of MXene, demonstrating its effi-
ciency over other methods as illustrated in Fig. 1(c and d).

2.3.5 Alkali solution assisted etching. Although uoride
ions are crucial in the preparation of MXene, the presence of
a large number of –F functional groups on its surface can
signicantly impair the electrochemical properties and stability
of the product, while the use of uorinating agents poses
additional environmental hazards.71–74 From a kinetic
Fig. 4 (a) Schematic diagram of conditions and equipment for HIUEmeth
method, (c) etching speed of HIUE method is ahead of other etching met
methods, (e–g) SEM images of the rapid preparation of MXene by HIUE u
products of this rapid preparation method (RPT), (k) SEM-EDS images of R
TiO2/RPT SEM images. Reproduced from ref. 70 with permission from [E

© 2025 The Author(s). Published by the Royal Society of Chemistry
perspective, the etching of titanium aluminum carbide by
alkaline solutions is impeded by the surface oxides. However,
the renement of bauxite in the Bayer process has demon-
strated that elevated temperatures and increased alkaline
solution concentrations facilitate the dissolution of aluminum
oxides or aluminum hydroxides. Utilizing the conventional
Bayer method of bauxite extraction, Li et al. synthesized high-
purity multilayered Ti3C2Tx-MXene with oxygen-containing
terminals employing a sodium hydroxide-based solution-
assisted hydrothermal method at 270 °C.75

The majority of studies concerning the stability of MXene
have indicated that the introduction of surface termination
groups is inuenced by the etching method utilized, which
subsequently impacts the stability of MXene.76 Thus, Xue et al.
employed a tetramethylammonium hydroxide (TMAOH) solu-
tion for the etching of MAX, leading to the formation of oxygen-
terminated O-MXene.73 In contrast to MXene with uorine
terminations, which were produced through the in situ gener-
ation of hydrouoric acid (HF), O-MXene exhibited superior
antioxidant properties and demonstrated a reduced degrada-
tion rate in aqueous dispersions. This enhanced stability may
be attributed to the greater electron-absorbing capacity of
oxygen compared to uorine, which renders titanium more
favorable towards oxygen, resulting in a higher oxidation state
of titanium. Additionally, it is plausible that the bonding energy
of the titanium–oxygen bond surpasses that of the titanium–

uorine bond.73,77

2.3.6 Electrochemical anodic etching (EAE). In a distinct
approach, Sheng et al. transformed Mo2TiAlC2 into three-
dimensional structured MXene in a short period by
combining anodic electrochemical in situ aluminum etching
with cathodic electrophoretic deposition.78 Yang et al. employed
a binary aqueous solution system for etching, achieving
a material with high surface area and bulk capacitance.79 The
od preparation, (b) schematic diagram of etchant mechanism for HIUE
hods, (d) comparison of time between HIUE method and other etching
sing NaF and HF as etchant, (h–j) AFM, HRTEM and TEM images of the
PT with respect to the elements Ti, C and O, (l and m) MoS2 and MoS2/
lsevier], copyright [2024].

RSC Adv., 2025, 15, 9555–9568 | 9559
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Fig. 5 (a and b) Mechanism of gas-phase selective dry etching, (c) CV
curves of Ti3C2Ix, Ti3C2Br2, and Ti3C2Cl2 at a scan rate of 20 mV s−1, (d)
EIS curves of Ti3C2Ix, Ti3C2Br2, and Ti3C2Cl2; (e) CV curves of Ti3C2Ix,
Ti3C2Br2, and Ti3C2Cl2 at 50, 100, 200, 500 and 1000 mV s−1 scan
rates, (f) cycling stability at a current density of 5 mA cm−2. Repro-
duced from ref. 81 with permission from [Elsevier], copyright [2024].
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extraction of MXene akes was efficiently accomplished
through anodic etching of Ti3AlC2, dissolution of Al, and in situ
intercalation of ammonium hydroxide.

2.3.7 Lewis acid molten salt etching. The distinctive
chemical properties of the Lewis acid molten salt as an etchant
facilitate precise regulation of the surface functional groups and
structural features of MXene during the reaction process,
thereby enabling customized optimization of MXene properties.
Furthermore, the Lewis acid molten salt etching technique
demonstrates considerable versatility and can be applied to the
etching of various MAX-phase precursors, signicantly
expanding the diversity and structural variety of MXenes. Of
paramount importance, this method not only circumvents the
safety concerns and environmental pollution issues associated
with the conventional HF etching method but also provides
a safer, more controllable, and environmentally sustainable
approach for the synthesis of MXene. Li et al. were the rst to
obtain pure Cl-terminated MXene materials using zinc ions in
the Lewis acidic molten salt ZnCl2 to displace Al elements in the
MAX phase.80 Additionally, the experimental results further
conrmed that for the MAX phase with high M–A bonding
energy, conventional HF etching requires a longer time and
higher concentration. Consequently, this method not only
provides an environmentally sustainable synthetic pathway for
the preparation of MXene but also presents a novel approach for
efficient synthesis.

2.3.8 Gas-phase dry assisted etching. In most of the
previous studies on MXene preparation, the precursors were
etched in the liquid phase. Contrasting these approaches, Zhu
et al. introduced a mild, green, and scalable method for
preparing uorine-free MXene, termed ‘gas-phase selective dry
etching’.81 By altering the etching gas to a uorine-free option
and adjusting the ratio of element A in the MAX phase, they
successfully prepared Ti3C2Cl2-MXene with exceptional capaci-
tance performance and cycling stability, as depicted in Fig. 5(a
and b). The etching of the corresponding ‘A’ layer using
a halogen gas with strong oxidizing power not only precisely
controls the elements of the MXene end-groups but also
produces a by-product, hydrogen halide gas, which can be
directly collected for use in other areas. In addition, the end
product of this method is a powder that does not require
sonication, drying, etc., which effectively improves the work
efficiency and provides a new idea for the preparation of MXene.
3 MXene in the field of EMI shielding
applications
3.1 Comparison of MXene with other EMI shielding
materials

The electromagnetic shielding performance of materials is
primarily inuenced by factors such as electrical conductivity
and thickness. However, in recent years, the requirements for
electromagnetic shielding materials have expanded beyond
high SE to include lightweight properties, impedance matching
to minimize reection and excellent stability in operational
environments. Although MXenes are prone to oxidation, their
9560 | RSC Adv., 2025, 15, 9555–9568
surface functional groups can be effectively modulated through
uorine-free etching and supramolecular self-assembly, thereby
enhancing their performance for practical applications.

MXene exhibits electrical conductivity comparable to gra-
phene and carbon nanotubes, while demonstrating lower
density compared to conventional metallic electromagnetic
interference (EMI) shielding materials, as shown in Table 1.
This unique combination of properties renders MXene an ideal
candidate for lightweight applications, particularly in weight-
sensitive aerospace engineering.53,88 More importantly, the
synergistic integration of controllable interlayer spacing and
tunable surface functional groups enables unprecedented ex-
ibility in engineering the absorption/reection balance of elec-
tromagnetic waves through dipole polarization and interfacial
charge transfer mechanisms.50,89 Such tunability facilitates
superior EMI shielding performance across multiple spectral
frequency ranges (RF region, X-band, Ku-band, Ka-band, V-
band, and W-band), outperforming most existing two-
dimensional nanomaterials.90

Given the multiple factors affecting electromagnetic shield-
ing performance, we investigated four commonly used EMI
shielding materials, with a particular focus on thickness as
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Comparison of MXene with other EMI shielding materials

Materials Conductivity (S cm−1) Density Synthesis methods Advantages Limitations

MXene53,82 1500–20 000 Low Fluoride etching, non-uoride
etching

High conductivity,
lightweight, tunable
interlayer spacing

Susceptible to
oxidation, high cost,
difficult to use for
large-scale

Graphene83,84 10 000–20 000 Low Bottom-up (CVDa), top-down
(exfoliation methods)

High conductivity, large
surface area

High cost, limited
scalability, difficult to
use for large-scale

Carbon
nanotubes85

103–104 Low CVDa arc discharge High conductivity, high
aspect ratio

High cost, difficult to
disperse uniformly

Metal (e.g., Cu86,87) 5.96 × 105 High Hydrometallurgy,
pyrometallurgy,
electrochemical deposition

High SE, low cost,
high-thermal
conductivity

High density,
corrosion
susceptibility

a Chemical vapor deposition.
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a representative inuencing factor in this study. Liu et al.
developed MXene foam through hydrazine-induced foaming,
demonstrating a signicant enhancement in EMI shielding
effectiveness from 53 dB for a 6-mm-thick MXene lm to 70 dB
for the foamed structure (60 mm).46 Regarding graphene-based
materials, due to the challenges in directly foaming graphene
lms, graphene oxide (GO) is typically employed as a precursor.
Following this approach, Shen et al. fabricated graphene foam
using a similar hydrazine-induced foaming process with GO
lms.91 However, despite increasing the thickness from 20 mm
to 300 mm, the resulting graphene foam only achieved an EMI
SE of 25.2 dB. Reo Yanagi et al. prepared carbon nanotube-
based composite aerogels via freeze-drying methodology,
exhibiting a shielding effectiveness exceeding 30 dB at 40 wt%
CNTs content, though requiring a substantial thickness of 3
mm.92 While bulk metallic materials possess high electrical
conductivity, low manufacturing costs, and excellent electro-
magnetic shielding performance, their practical application in
EMI shielding is limited by inherent drawbacks such as high
density and susceptibility to corrosion.87,93 Collecitively, MXene
emerges as a promising candidate for EMI shielding applica-
tions, demonstrating superior performance characteristics
among the investigated materials.
3.2 MXene-based composite materials in the eld of
electromagnetic shielding applications

Due to its exceptional electrical conductivity, MXene and its
composite materials have become prominent in the eld of EMI
shielding research in recent years. MXene-based EMI shielding
materials exhibit excellent performance characteristics
including wide frequency response, lightweight, high-
temperature stability, and corrosion resistance. Consequently,
these materials hold signicant potential for diverse applica-
tions across various sectors such as electronic equipment,
medical and military technologies, and aerospace.46,94–99

Electromagnetic waves can disrupt the normal operation of
electronic equipment, potentially leading to equipment failure
or data loss. This interference is particularly critical in wireless
communication devices and sensitive electronics, where it can
© 2025 The Author(s). Published by the Royal Society of Chemistry
degrade performance and stabilize it.100,101 Therefore, miti-
gating electromagnetic interference is crucial for enhancing the
safety and reliability of electronic devices.

For most electronic products, electromagnetic shielding
materials must achieve an effective shielding effectiveness (SE)
of at least 20 dB to ensure functionality.102 Flexible MXene-
based composite lms are promising candidates for stabi-
lizing the operation of wearable electronic devices. Jiao et al.
prepared aqueous polyurethane/natural rubber/MXene
composite lms using vacuum-assisted ltration, achieving an
average EM shielding effectiveness of 76.1 dB.103 Additionally,
these lms exhibited excellent mechanical properties and
photo-thermal healing ability, suggesting potential applications
in EM shielding devices and exible wearable electronics. Qu
et al. developed heterogeneous multifunctional composite lms
by integrating MXene with silver nanowires and nano-silver
akes, achieving an EM shielding effectiveness of 70.96 dB.104

These materials also displayed superior thermal conductivity,
ame retardance, high temperature resistance, and mechanical
properties, indicating signicant potential for use in highly
integrated advanced exible electronics. Liu et al. encapsulated
MXene materials in shape-stable phase change materials,
resulting in MXene-based EM shielding composite phase
change materials with an EM shielding effectiveness of 64.7 dB
and enhanced thermal management capabilities.105 Du et al.
constructed a composite phase change material with 48.1 dB
EM shielding effectiveness and thermal management capabil-
ities from a modied MXene-based nanocomposite elas-
tomer.106 This ultra-exible generator, capable of real-time
detection of human body motion and physical signals, was
assembled using sensors from this composite. Sang et al.
explored a exible polyvinylidene uoride (PVDF)/MXene/
polyimide (PI) wearable electronic device with a 40 dB EM
shielding effectiveness, suitable for body monitoring and
thermal therapy.107 Zhuang et al. successfully fabricated a lm
with high strength and a dense structure by limiting the wet
lm thickness to less than 60 mm to prevent the formation of
a masking effect.108 The lm, with a thickness of 1 mm,
demonstrated an EMI shielding performance of 48.4 dB in the
X-band.
RSC Adv., 2025, 15, 9555–9568 | 9561
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‘Sandwich’ structures have emerged as a highly effective
design for EMI shielding due to their unique layered architec-
ture, which combines multiple functional materials to achieve
superior performance. Vacuum-assisted ltration (VAF) is
instrumental in the creation of multilayer lms, particularly
‘sandwich’ lms, and in the uniform deposition of functional
llers. Leveraging hydrogen bonding and covalent cross-linking
within MXene lamellae, Hu et al. employed vacuum-assisted
ltration and impregnation to create MXene-aramid nanober
composite lms with a ‘sandwich’ structure,109 as depicted in
Fig. 6(a). This unique layered structure provides excellent
mechanical properties and stability in Fig. 6(d), and the
composite lm achieves an electromagnetic shielding effec-
tiveness of 46.1 dB and a tensile strength of up to 302.1 MPa
when the lm thickness is approximately 23.3 mm.

Li et al. successfully fabricated sandwich lms using VAF,
demonstrating exceptional exibility and high electromagnetic
shielding capabilities.110 Their study delved into the impact of
varying quantities of ‘sandwich layer’ (MXene) and ‘core layer’
(CNTs/SA) on the electromagnetic shielding efficacy of
composite lms. The electrical conductivity of the composite
lms exhibits a proportional increase with the MXene content,
owing to the 1D CNTs' dual role in effectively mitigating the self-
stacking of the 2D MXene nanosheets and establishing
a seamless conductive network with the MXene, ultimately
Fig. 6 (a) Schematic diagram of the preparation of this composite film, (b
composite film, (c) characterization of the conductivity and electromagn
erties and electromagnetic shielding properties of this composite film in c
Adapted with permission from reference. Reproduced from ref. 109 with

9562 | RSC Adv., 2025, 15, 9555–9568
enhancing electron transport. Notably, composite lms con-
taining 15 mg of MXene and a total of 6 mg of CNTs/SA (with
a mass ratio of CNTs to SA of 6 : 4) exhibited outstanding elec-
tromagnetic shielding performance at a thickness of 12 mm
(with a shielding effectiveness of 61.3 dB and specic shielding
effectiveness per unit thickness of 2.34 × 105 dB cm2 g−1).110,111

VAF enables the development of multifunctional ‘sandwich’
lms, necessitating the incorporation of appropriate functional
llers within the functional layers. In contrast to previously
established electromagnetic shielding ‘sandwich’ lms, Ding
et al. introduced a multifunctional composite lm that exhibits
superior electromagnetic interference shielding capabilities
(nearly 70 dB), as well as optical, electrical, and magnetic-
thermal conversion and storage properties, as shown in
Fig. 7.112 They optimized the synergistic interaction between
one-dimensional silver nanowires and two-dimensional MXene
nanosheets. This optimization is attributed to the exceptional
electrical conductivity of both materials, which enhances
charge transport across their interfaces, thereby minimizing
energy loss. Furthermore, the integration of MXene reduces the
contact between silver nanowires, effectively lowering their
contact resistance and consequently improving the overall
electrical conductivity of the composite. Additionally, both
materials possess excellent thermal conductivity, and their
) diagram of electromagnetic interference shielding mechanism of this
etic shielding properties of this composite film, (d) mechanical prop-
omparison with other electromagnetic shieldingmaterials under study.
permission from [American Chemical Society], copyright [2022].

© 2025 The Author(s). Published by the Royal Society of Chemistry
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combination facilitates the formation of an efficient thermal
conductive network.

Medical devices frequently generate electromagnetic radia-
tion that can interfere with nearby electronic equipment or
Fig. 7 (a–f) Scanning electron microscopy (SEM) schematic of sandwic
magnetic shielding properties of sandwich composite films, (k) electroma
p) photothermal characterization of sandwich composite films. Reprodu

© 2025 The Author(s). Published by the Royal Society of Chemistry
adversely affect patients. Utilizing MXene-based electromag-
netic shielding materials can effectively mitigate this radiation,
thereby reducing its impact on both devices and human health.
Additionally, biomedical sensors, which oen rely on highly
h composite films, (g–j) characterization of conductivity and electro-
gnetic shielding mechanism diagram of sandwich composite films, (l–
ced from ref. 112 with permission from [Elsevier], copyright [2024].

RSC Adv., 2025, 15, 9555–9568 | 9563
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sensitive electrical signals to detect biological indicators, can be
compromised by surrounding electromagnetic interference.
MXene-based shielding materials can effectively counteract this
interference, enhancing the accuracy and reliability of the
sensors. Capitalizing on the distinctive properties of MXene
materials, alongside thermoelectric effects and self-heating
technology, Zhang et al. developed a wearable thermoelectric
respiratory sensor based on MXene.113 This sensor dynamically
monitors respiration by generating an electrical potential
through the temperature difference between respiratory gas and
ambient temperature, achieving an impressive electromagnetic
shielding effectiveness of 59 dB. This innovative sensing tech-
nology holds signicant potential for advancing medical
monitoring and health management.113–115

MXene nanosheets are recognized for their excellent elec-
trical conductivity and electromagnetic shielding properties,
Fig. 8 (a) Schematic of the preparation of this biocarbon-based comp
composite; (f–h) EMI SE of the composite; (i) schematic of the electro
permission from [Elsevier], copyright [2024].

9564 | RSC Adv., 2025, 15, 9555–9568
which enable them to absorb, reect, and scatter electromag-
netic waves effectively. These properties make them ideal for
manufacturing lightweight, high-strength components for
aerospace and military applications, such as aerogels that
enhance the safety and multifunctionality of aerospace mate-
rials. This is due to the rich porous structure and high specic
surface area of the aerogel which facilitates the enhancement of
multiple reections.116

In general, for lightweight electromagnetic shielding mate-
rials, it is insufficient to evaluate their capability solely based on
the numerical values of electromagnetic shielding effectiveness
(SE). It is also essential to consider the density (r) and thickness
(t) of these porous materials. Consequently, metrics such as
specic shielding effectiveness (SSE = SE/r) and absolute
shielding effectiveness (SSEt = SSE/t) have been introduced to
assess the performance of these materials.28 Wu et al. developed
osite; (b–e) SEM images and elemental mapping of C and Ti of the
magnetic shielding of the composite. Reproduced from ref. 118 with

© 2025 The Author(s). Published by the Royal Society of Chemistry
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an aerogel with a hierarchical pore structure by integrating
MXene and chitosan, achieving an electromagnetic shielding
effectiveness of approximately 61.4 dB and a specic shielding
effectiveness as high as 5155.46 dB cm3 g−1 with only 3 mm
thickness.117 Shells exhibit excellent mechanical properties due
to their unique ‘sand-brick’ structure, characterized by the
alternating arrangement of inorganic calcium carbonate nano-
sheets (‘bricks’) and organic polymers (‘slurry’). Inspired by this
natural design, Liang et al. craed an aerogel with a wall-like
structure using a porous carbon skeleton as the ‘mortar’ and
a 3D MXene aerogel as the ‘brick’,118 as depicted in Fig. 8(a–e).
This low-density ‘mortar-brick’ structure not only provides the
aerogel with an electromagnetic interference shielding effi-
ciency of up to 71.3 dB but also demonstrates exceptional
mechanical and thermal insulation properties. Such multi-
functional biocarbon-based composite materials hold signi-
cant promise for advanced applications in aerospace and
defense industries.

Despite the numerous advantages of MXene, its inferior
oxidation stability inevitably leads to a gradual decline in elec-
trical conductivity, thereby compromising long-term EMI
shielding performance. Recently, supramolecular self-assembly
techniques have been explored to integrate MXene with
complementary materials through non-covalent interactions
such as hydrogen bonding and electrostatic forces. This stra-
tegic approach not only enhances their synergistic performance
in practical applications but also effectively prolongs the
material's service life by mitigating oxidative degradation
pathways.119,120 Zhu et al. utilized metal ions (K+) to induce the
self-assembly of MXene nanosheets and vacuum impregnated
the MXene-K+ aerogels obtained through freeze-drying tech-
nology into molten paraffin to prepare composite phase change
materials with electromagnetic shielding properties.121 Thanks
to the effective binding between K+ and the hydroxyl groups on
the MXene nanosheets, the MXene nanosheets were able to
arrange in an orderly manner. When the weight ratio of KCl to
MXene reached 4 : 1, the material exhibited excellent electro-
magnetic shielding performance, achieving a shielding effec-
tiveness of 57.7 dB. Tang et al. successfully fabricated a porous
thin lm with exceptional antioxidative properties through
electrostatic self-assembly of MXene and GO followed by
thermal annealing in an inert atmosphere.122 The resulting
composite material demonstrates remarkable electromagnetic
shielding performance (47 dB) at an ultra-thin thickness of 15
mm. Notably, the combined process of electrostatic self-
assembly and thermal annealing effectively removes hydroxyl
groups from both MXene and GO nanosheets, thereby endow-
ing the porous structure with long-term antioxidative stability
(12 months duration).

MXene-based electromagnetic shielding composites play
a pivotal role in electronic science and technology, and their
research and development progress and practical application
prospects demonstrate an exceptionally broad trajectory. With
the continuous advancement of science and technology, as well
as the expanding societal demand, this eld is poised to expe-
rience more in-depth academic research and a wider range of
practical applications.
© 2025 The Author(s). Published by the Royal Society of Chemistry
4 Conclusions

In conclusion, this paper reviews the structure, properties,
preparation methods, and research progress of MXene-based
electromagnetic shielding materials. MXene, as a two-
dimensional material with a unique structure and properties,
holds signicant potential for future developments in the elds
of electromagnetic shielding and wave-absorbing materials.
Notably, the highly adjustable layer spacing of two-dimensional
MXene provides a unique opportunity for its application in
electromagnetic shielding and wave absorption. By manipu-
lating the layer spacing of 2D MXene, the absorption or reec-
tion of electromagnetic radiation within specic frequency
ranges can be optimized. This capability enables MXene to
effectively shield electromagnetic waves, thus offering protec-
tion for electronic equipment and communication systems.
Furthermore, the excellent electrical conductivity of MXene
allows its use as a conductive layer in electromagnetic shielding
materials, facilitating the effective guidance and dispersion of
electromagnetic radiation. Most importantly, the lightweight
structure of two-dimensional MXene enables efficient electro-
magnetic shielding performance without signicantly
increasing weight, laying the groundwork for its future inte-
gration into lightweight electronic devices.

The preparation process of MXene is relatively complex,
involving high costs and extended preparation times, which
hinder its scalability for industrial applications. Additionally,
MXene is vulnerable to morphological and property alterations
due to environmental factors such as humidity and tempera-
ture. Most critically, prolonged exposure to the environment
can lead to a gradual degradation in electrical conductivity due
to its oxidation sensitivity, adversely affecting its electromag-
netic shielding capabilities. Consequently, it is essential to
explore modications in the preparation of MXene to enhance
its oxidation resistance by altering its surface groups. Currently,
the uorine-containing etching method is a prevalent and effi-
cient technique for preparing MXene; however, the environ-
mental impact of the acidic and uorine-containing
compounds used in this process cannot be overlooked. Thus,
the development of uorine-free etching techniques and green
preparation methods represents a viable approach for
producing environmentally friendly MXene with enhanced
performance.

While the high conductivity of MXene contributes to its
exceptional electromagnetic shielding performance in
composites, it can also cause electromagnetic waves to be re-
ected due to impedance mismatch induced by the material's
highly conductive surface when exposed to air, leading to
secondary pollution of electromagnetic waves. Consequently,
recent research has increasingly focused on MXene-based
electromagnetic shielding composites that exhibit ‘low reec-
tion and high absorption’ characteristics. Specically, to
address the ‘low reection characteristics’, magnetic particles
are oen introduced to mitigate the strong electromagnetic
reection caused by MXene's high conductivity and to improve
the conditions of impedance matching, though this approach
RSC Adv., 2025, 15, 9555–9568 | 9565
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can compromise overall shielding performance. Future studies
could investigate how the electrical conductivity of MXene is
inuenced by the type and shape of magnetic particles. Further
exploration could also focus on the synergistic effects of
magnetic particles with MXene, particularly in relation to their
combined impact on electromagnetic shielding applications in
carbon-based materials.
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