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and preparation of Ti3C2Tx

MXene/polymer composites for absorption-
dominated electromagnetic interference shielding

Qimei Zhang, ab Qi Wang,a Jian Cui,a Shuai Zhao, a Guangfa Zhang, a Ailin Gaoa

and Yehai Yan *a

Electromagnetic interference (EMI) is a pervasive and harmful phenomenon in modern society that affects

the functionality and reliability of electronic devices and poses a threat to human health. To address this

issue, EMI-shielding materials with high absorption performance have attracted considerable attention.

Among various candidates, two-dimensional MXenes are promising materials for EMI shielding due to

their high conductivity and tunable surface chemistry. Moreover, by incorporating magnetic and

conductive fillers into MXene/polymer composites, the EMI shielding performance can be further

improved through structural design and impedance matching. Herein, we provide a comprehensive

review of the recent progress in MXene/polymer composites for absorption-dominated EMI shielding

applications. We summarize the fabrication methods and EMI shielding mechanisms of different

composite structures, such as homogeneous, multilayer, segregated, porous, and hybrid structures. We

also analyze the advantages and disadvantages of these structures in terms of EMI shielding effectiveness

and the absorption ratio. Furthermore, we discuss the roles of magnetic and conductive fillers in

modulating the electrical properties and EMI shielding performance of the composites. We also

introduce the methods for evaluating the EMI shielding performance of the materials and emphasize the

electromagnetic parameters and challenges. Finally, we provide insights and suggestions for the future

development of MXene/polymer composites for EMI shielding applications.
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Fig. 1 Structural design of MXene/polymer EMI-shielding composites.
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Introduction

Portable devices and communication technologies are ubiqui-
tous in today's society. However, many of these technologies are
susceptible to interference from high-frequency electromag-
netic (EM) radiation. EM interference (EMI) adversely affects
human health, information security, and precision equip-
ment.1,2 Therefore, efficient EMI-shielding materials are
urgently required.3 The development of lightweight and high-
performance absorption-dominated green EMI-shielding
materials has received signicant attention. There have been
remarkable advances in the structural design of MXene/
polymer composites for absorption-dominated green EMI
shielding applications.3

To realize outstanding shielding performance, EMI-
shielding materials should have high reection and absorp-
tion losses based on Schelkunoff's EM wave (EMW) interfacial
conduction theory.4 Homogeneous,5 layered,6 porous,7

segregated,8–10 and hybrid composites with conductive networks
are efficient for EMI shielding because incident EMWs are
dissipated by multiple internal reections and dielectric losses
(e.g., conduction, interfacial polarization, and dipole polariza-
tion losses) within the material.

Magnetic/conductive composites with complete conductive
and magnetic networks also exhibit favorable EMI shielding11

based on dielectric and magnetic losses.12 Specically, the
conductive network is responsible for dielectric losses due to
charge transfer and polarization effects,13,14 while the magnetic
network is responsible for magnetic losses due to magnetic
resonance, coupling, and eddy currents. Additionally, the
magnetic network can enhance the dielectric losses by
increasing the internal reection and interfacial dissipation of
EMWs.15

To achieve high EMI absorption shielding performance, the
concept of magnetic ller and MXene separation was intro-
duced in the design of magnetic/MXene/polymer composites
based on the signicant differences in conductivity between the
magnetic ller and MXene.16 In addition, when the impedance
of the shielding material is well matched with that of the free
space, EMWs are more likely to penetrate the shielding material
and be absorbed.17 Impedance matching is crucial for achieving
green EMI shielding that relies on absorption.18

In this review, the structural design and EMI-shielding
mechanisms of homogeneous, multilayer, porous, segregated,
hybrid, and conductive/magnetic MXene/polymer composites
are introduced (Fig. 1), with a particular focus on Ti3C2Tx/
polymer composites. The electromagnetic parameters, imped-
ance matching, research progress, and absorption properties of
EMI-shielding materials are discussed.

Absorption EMI shielding requires not only ideal impedance
matching but also efficient EMW attenuation, which can
effectively reduce the reection and transmission of EMWs. In
this review, we emphasize the necessity of the integrity and
continuity of the conductive network in MXene/polymer
composites by separating the conductive ller from the poly-
mer matrix. We also suggest ways to improve magnetic losses
3550 | Nanoscale Adv., 2023, 5, 3549–3574
and achieve excellent impedance matching by designing
magnetic/conducting composite materials. The synergistic
effect of dielectric and magnetic losses contributes to efficient
and green absorption EMI shielding. Finally, the direction of
future research on MXene/polymer composites for EMI shield-
ing is discussed.
Methods of evaluating EMI-shielding
performance

The effectiveness of materials in preventing the transmission of
incident EMWs is measured based on a concept known as EMI-
shielding effectiveness (EMI SE).19,20 The EMI SE represents the
difference between the incident and transmitted EM power as
a decibel logarithm.21,22 For commercial applications, an EMI SE
of above 20 dB (i.e., an EMW attenuation effectiveness of at least
99%) is required; for military applications, this increases to 60
dB.23,24
EMI-shielding mechanisms

EMI-shielding mechanisms are assessed using eddy current
effects, EM eld theory, and transmission line theory. Trans-
mission line theory25 is widely used because of its convenient
calculation and high accuracy for materials with uniform or
dense structures. According to Schelkunoff's transmission line
theory, the total EMI SE (SET; eqn (1)) of a material constitutes
the shielding effectiveness by reection losses (SER), absorption
losses (SEA), and multiple reection losses (SEM) (eqn (2)–(4),
respectively).26

SET = SEA + SER + SEM (1)

SER = 168.2–10 log(fmr/sr) (2)

SEA = 131.43t(fmrsr)
1/2 (3)
© 2023 The Author(s). Published by the Royal Society of Chemistry
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SEM = 20 log(1 − e−2t/d) (4)

where f is the EMW frequency, mr is the relative magnetic
permeability, sr is the electrical conductivity relative to pure
copper, and t is the thickness of the shielding material. Eqn
(2)–(4) are applicable when t > d, where skin depth d is the depth
at which the energy of the incident EMW decreases to 1/e:27–31

d ¼ 1
ffiffiffiffiffiffiffiffiffiffiffiffi
fmps

p (5)

Here, m= m0mr, where m0 is themagnetic permeability of vacuum
(4p × 10−7 H m−1).32 The phenomenon of EMW energy atten-
uation with the thickness of a conductive composite is known as
the skin effect.33 This effect is due to coupling between the
displacement currents of EMWs that strike the surface of
a conductive composite and those of the composite itself,
creating a perpendicular magnetic eld that induces a back
electromotive force that opposes the EMWs. The deeper the
EMWs penetrate the composite, the more they are attenuated by
the skin effect.

In EMI-shielding materials, both absorption losses (SEA) and
reection losses (SER) increase as the relative electrical
conductivity increases, resulting in an increase in total SE (SET).
In addition, EMW attenuation increases with increasing thick-
ness. Attenuation of the EMW energy increases in composites
with a certain EMW frequency and thickness. On the other
hand, as the relative magnetic permeability increases, SEA
increases and SER decreases. This causes SET to rst decrease
and then increase,34 while the EMI-shielding mechanism tran-
sitions to an absorption-dominated mechanism.35 For most
practical applications, absorption-dominated EMI shielding is
preferred because EMW reection causes secondary EM
pollution.

Multiple reection losses (SEM) are mostly related to the
thickness and skin depth of the shielding material. In high-
frequency electric elds, the contribution of SEM approaches
zero36 and can be disregarded when the skin depth is consid-
erably less than the shield thickness, or for homogeneous
materials with a SET of more than 15 dB.37 However, inmaterials
with numerous heterogeneous interfaces or pores, incident
EMWs lose signicant energy due to multiple reections owing
to the interfacial impedance mismatch, particularly if the
material thickness is less than the skin depth. Thus, the
signicance of multiple reection losses cannot be disregarded
when determining a heterogeneous material's ability to absorb
EMWs.37,38

Conductive MXene/polymer composites contain numerous
heterogeneous interfaces, causing incident EMWs to be entirely
dissipated owing to dielectric losses (multiple heterogeneous
interfacial polarization, dipole polarization, and conduction
losses). If the composite contains a magnetic ller, magnetic
losses (magnetic resonance, magnetic coupling, and eddy
current losses) also apply. Under the synergistic effect of
dielectric and magnetic losses, magnetic/conductive MXene/
polymer composites exhibit high-performance absorption-
dominated EMI shielding.12
© 2023 The Author(s). Published by the Royal Society of Chemistry
Calculation of EMI SE

EMI SE can be measured using various techniques, including
anged coaxial devices,39 shielded room window tests, double
shielded box tests, and gigahertz transverse EM cell tests.40 A
vector network analyzer41 is employed during lab testing to
determine the scattering parameter (S-parameter) and compute
EMI SE using eqn (6)–(11).42

R = Pr/Pi = jS11j2 = jS22j2 (6)

T = Pt/Pi = jS12j2 = jS21j2 (7)

A + R + T = 1 (8)

where R, A, and T are the reection, absorption, and trans-
mission power coefficients, respectively; P, Pr, and Pt are the
incident, reected, and transmitted powers of the EMWs,
respectively; S12 and S21 represent the forward and inverse
transmission coefficients, respectively; and S11 and S22 repre-
sent the reection coefficients from ports 1 and 2, respectively.
The formulas for EMI SE are as follows:11

SER = −10 log(1 − R) = 10 log(1/(1 − jS11j2)) (9)

SEA = 10 log((1 − R)/T) = 10 log((1 − jS11j2)/jS21j2) (10)

SET = SEA + SER + SEM z SEA + SER = 10 logjS21j2 (11)

Overview of MXene/polymer
composites

A conductive composite with excellent electrical conductivity
can be obtained by mixing a conductive ller and an insulating
polymer matrix, provided that the ller forms a percolating
network for charge carrier transport throughout the composite.
These composites are cost-effective and easy to fabricate, and
various types have been developed for EMI shielding applica-
tions.43 Studies on improving the EMI-shielding performance of
polymer composites typically focus on optimizing the conduc-
tive ller and structural design. Conductive llers include two-
dimensional (2D) transition metal carbides/nitrides (MXene),44

carbon-based materials (e.g., carbon black, graphite, reduced
graphene oxide (rGO), and carbon nanotubes (CNTs));39,45

metals (e.g., silver nanowires (AgNWs), copper,46 and aluminum
powder),47 and magnetic materials (e.g., MXene/Ni nano-
composites, MXene@Fe2O3, and Fe3O4-graed graphene).48,49

Of these, MXenes are used extensively in EMI-shielding
materials.

Overview of MXenes

MXenes are a prominent class of materials in the eld of
materials science. These 2D materials possess metallic
conductivity and are derived from selectively removing atomic
layers from a ternary layeredMAX precursor, where M is an early
type transition metal (Ti, Zr, V, or Mo), A is a principal group
Nanoscale Adv., 2023, 5, 3549–3574 | 3551
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element (Al or Si), and X is C or N.50 More than 80 types of MAX
compounds have been reported. Al-series MXenes are oen
formed by selectively etching Al layers from an Al-based MAX
compound using a uorine-based acid.51,52 However, this leaves
numerous F terminations or functional groups at the surface,
which reduces the electrochemical properties of the material.
Several promising preparation methods that avoid dangerous
uorinated compounds and harsh etching conditions have
been proposed. A method based on Lewis acid molten salts has
also been reported.53 These methods enable the fabrication of
uorine-free MXenes, although the reaction conditions can be
demanding.

Since their discovery,51 MXenes' excellent physical and
chemical properties have been investigated in relation to their
size. Ti3C2Tx, the most widely used MXene, has an excellent
conductivity of 5000–8000 S cm−1,44 which has led to its wide
use in electrochemical energy storage systems,54 sensors,55 EMI-
shielding materials,44 and wearable electronics.56 In particular,
the high specic surface area, excellent hydrophilicity,57 rich set
of tunable functional surface groups, and excellent electrical
properties of Ti3C2Tx make it an efficient conductive ller for
EMI-shielding materials.58 However, its electrical conductivity is
degraded if the thin layers stack together,59 which is difficult to
precisely regulate in polymer composites owing to the weak
Fig. 2 (a) EMI SE values of Ti3C2Tx film after annealing at 400 °C and (b) t
Reproduced with permission from ref. 62 with permission fromWiley-VCH
EMI SE of 5 mm-thick MXene films with different compositions. Reproduc
2020.

3552 | Nanoscale Adv., 2023, 5, 3549–3574
interfacial bonding between Ti3C2Tx akes. This results in
a failure to maximize the synergy, coupling, and multifunc-
tional responsemechanisms between different components.55,56

Using the electro-static accumulation approach, in which
aqueous ammonia or ammonium bicarbonate is added to the
MXene supernatants, Zhang et al.60 used NH4+ to address the
stacking issue of Ti3C2Tx sheets. Even without a polymer matrix,
MXenes are excellent EMI-shielding materials. Monolayer61 and
multilayer MXenes can be produced by solution-based self-
assembly from colloids of MXenes with hydrophilic functional
groups owing to their good dispersion in water.

Wan et al.61 proposed a sequential densication strategy that
synergistically eliminated the voids betweenMXene akes while
enhancing the interlayer electron transport. Small MXene akes
were rst intercalated to ll the voids between large multilayer
akes, followed by interfacial bridging with calcium and borate
ions to eliminate the remaining voids, including those between
monolayer akes. This strategy overcame the common problem
of electron transport between MXene akes being interrupted
by insulating polymer bonding agents, thereby increasing the
electrical conductivity.

Yun et al.62 studied the relationship between electrical
conductivity, EMI SE, and Ti3C2Tx lm thickness. A 24-layer
(55 nm thick) lm shielded 99% (20 dB) of EMWs (Fig. 2a), and
ransmission electron microscopy image of few-layer thick MXene film.
Verlag GmbH&Co. KGaA,Weinheim, © 2020. (c) Conductivity and (d)

ed from ref. 63 with permission from the American Chemical Society, ©

© 2023 The Author(s). Published by the Royal Society of Chemistry
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a monolayer lm shielded 20% of EMWs and transmitted 90%
of the light (Fig. 2b). This is a testament to the outstanding EMI-
shielding performance of Ti3C2Tx, and provides a theoretical
basis for EMI-shielding Ti3C2Tx/polymer composites. Han
et al.63 studied 16 types of MXenes, including single-metal
MXenes, ordered double-metal carbides, and MXenes with
random solid solutes of M and X. Of these, Ti3C2Tx had the best
overall properties and conductivity (Fig. 2c). In addition, the
EMI-shielding performance of these MXenes (in the form of 5
mm-thick lms) was compared under X-band EMI (8.2–12.4
GHz), as shown in Fig. 2d. While several of the MXene lms had
EMI SEs of over 20 dB, Ti3C2Tx achieved the highest average
shielding performance of 55 dB. In another study, Shahzad
et al.37 prepared a 45 mm-thick Ti3C2Tx lm with an EMI SE of 92
dB, which inspired research64 into multilayer MXenes as prac-
tical EMI-shielding materials.

MXene/polymer composites with novel structural assemblies
can overcome issues with MXene stacking.60 Moreover, they
integrate the advantages of polymers and structural design,
making them efficient EMI-shielding materials. Therefore, it is
important to study MXene/polymer composite design
strategies.65
Structural design of MXene/polymer composites

MXene/polymer composites have been fabricated with various
architectures, such as homogeneous, multilayer, porous,
segregated, and hybrid structures. The conductive ller can be
optimized in terms of quantity, morphology, modication, and
dispersion to enhance the conductance path and signicantly
increase conductivity. The incorporation of magnetic nano-
llers can further improve EMW absorption and reection
losses; thus, magnetic/conductive MXene/polymer composites
exhibit excellent EMI-shielding performance.66 The synergistic
effect of conductive and magnetic llers with suitable structural
design can optimize the impedance matching and boost the
EMI-shielding performance.12 Therefore, these composites have
excellent potential for commercialization. The EMI-shielding
mechanisms of different kinds of MXene/polymer composites
are discussed below.
EMI-shielding mechanisms of different
MXene/polymer composite structures
Homogeneous MXene/polymer composites

Interfacial polarization and dielectric losses play major roles in
dissipating EMWs in homogeneous MXene/polymer compos-
ites. TheMaxwell–Wagner effect49 states that charge carriers will
accumulate at the interfaces of materials with different dielec-
tric constants in mixed systems, resulting in interfacial polari-
zation. Owing to the difference in conductivity between the
polymer matrix and conductive ller (MXene), asymmetrically
distributed charge carriers will accumulate at the MXene/
polymer interfaces in homogeneous MXene/polymer compos-
ites, resulting in strong interfacial polarization and dielectric
losses. Incident EMWs are also attenuated by the dielectric
component and dissipated as heat through the composite.
© 2023 The Author(s). Published by the Royal Society of Chemistry
Multilayer MXene/polymer composites

Multilayer structures substantially improve the EMI-shielding
performance of MXene/polymer composites because they
enhance the internal reections of EMWs.67 The shielding
mechanism is shown in Fig. 3a. When incident EMWs (purple
arrows) strike the composite surface, they are partially reected
(blue arrows) due to impedance mismatch at the air/composite
interface.68 The remaining EMWs travel to the rst MXene layer,
where some of their energy is absorbed or emitted in the form of
thermal energy (red arrows), resulting in partial transmission of
the EMWs (black arrows). Several mechanisms contribute to the
attenuation of EMWs, including eddy current effects,49 the local
dipoles generated on the polar functional groups (–OH, –F, and
–O) on theMXene surface under alternating EM elds,37 and the
local current in the MXene nanosheets due to ohmic loss. The
EMW intensity is therefore substantially reduced each time it
encounters an MXene layer. With multiple internal reections
and increased absorption losses, the energy of the transmitted
wave decreases until it is completely attenuated or eliminated.69
Porous and segregated MXene/polymer composites

Porous and segregated MXene/polymer composites with
conductive networks exhibit similar EMI-shielding behavior to
multilayer structures, in that the high-frequency EMWs are
attenuated by multiple reection and absorption losses51 and
nally dissipate in the form of heat. When the loading of the
conductive ller (MXene) exceeds the percolation threshold, an
excellent conductive network is formed, resulting in impedance
mismatch at the air/composite interface. However, unlike the
discontinuous conductive networks in multilayer structures,
porous and segregated structures contain a continuous three-
dimensional (3D) or honeycomb-structured conductive
network (Fig. 3b and c). The closed or partially closed cage
structure in porous and segregated MXene/polymer composites
facilitates EMW reection and attenuation. EMWs that enter
the material are dissipated due to repeated reections at the
heterogeneous interfaces and pores owing to impedance
mismatch.70 Thus, multiple reection loss is the main EMI-
shielding mechanism in porous and segregated MXene/
polymer composites.

Owing to the large surface and interfacial areas of segregated
nanocomposites, the EMI-shielding mechanism in these
structures is much more complex than that in uniform
conductive materials. The MXene network in segregated
MXene/polymer nanocomposites encourages the incident
EMWs to penetrate the composite rather than being reected at
the surface. Incident EMWs are effectively dissipated and
attenuated at the surface and internal interfaces by multiple
scattering and interfacial polarization losses, signicantly
increasing the absorption contribution. The charge carriers at
the surfaces of the MXene sheets37 interact with EMWs69 and
dissipate them by converting them to heat.

The capacitive structures that form between ller particles
with different conductivities and between ller and matrix
phases result in the accumulation, rearrangement, and inter-
facial polarization of space charge in alternating electric elds.
Nanoscale Adv., 2023, 5, 3549–3574 | 3553
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Fig. 3 EMI shielding mechanisms of different structures of MXene/polymer composites: (a) multilayer, (b) porous, (c) segregated, and (d)
magnetic/conductive networks.
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Honeycomb-structured conductive networks with rich inter-
faces exhibit large dipole polarization and dielectric losses.
Similarly, 3D conductive networks further promote the trans-
formation of EMWs to thermal energy.71
Hybrid MXene/polymer composites

Hybrid structures use a combination of homogeneous, multi-
layer, porous, and segregated structural features. Thus, multiple
EMW absorption mechanisms occur, including dielectric los-
ses, layer-by-layer dissipation, and cage-based EMW attenua-
tion. Consequently, these materials have high EMI-shielding
performance. However, the shielding mechanisms are far more
complex than those in composites with a single structural
feature.
Magnetic/conductive MXene/polymer composites

MXene/polymer composites with conductive and magnetic
llers exhibit outstanding EMI-shielding performance. The
conductive network causes an EMW impedance mismatch at
the composite/air interface, leading to reection. The magnetic
materials enhance the impedance matching at the conductive
ller/air interface and increase EMW absorption. The shielding
mechanism is shown in Fig. 3d. When incident EMWs strike the
material, they are partially reected from the highly conducting
surface (blue arrows) owing to the numerous charge carriers.
When the EMWs encounter Ti3C2Tx akes, they lose energy
owing to dielectric losses (conduction, interfacial polarization,
3554 | Nanoscale Adv., 2023, 5, 3549–3574
and particle polarization losses) as well as multiple internal
reection losses. The magnetic ller (red particles) also
consumes EMW energy through magnetic losses (magnetic
response, magnetic coupling, and eddy current losses). When
an EMW that has passed through a magnetic particle contacts
a Ti3C2Tx ake, owing to the differences in conductivity and
refractive index between these phases, the impedance
mismatch at their interface results in reection of the EMW.
Thus, composites with a large number of heterogeneous inter-
faces favor multiple reection and absorption losses. Due to the
synergistic effect between the conducting network and the
magnetic ller, a large portion of EMWs can be consumed.
Progress of structural design in MXene/
polymer composites
Homogeneous MXene/polymer composites

EMI-shielding composites with homogeneous structures
usually comprise direct blends of conductive llers in a polymer
matrix. Increasing the conductive ller content up to the
percolation threshold72 facilitates the fabrication of a contin-
uous conductive network, thus creating a path of conductance
through the material and transforming it from insulator to
conductor. Rajavel et al.73 used solvent-assisted direct mixing
and hot-pressing to prepare Ti3C2Tx/polyvinylidene uoride
(PVDF) nanocomposites (Fig. 4a), which had a good EMI SE of
48.47 dB at a thickness of 2 mm. The shielding mechanism of
© 2023 The Author(s). Published by the Royal Society of Chemistry
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homogeneous MXene/polymer composites is shown in Fig. 4b.
Wang et al.74 combined an epoxy and curing agent in acetone
solution to create a Ti3C2Tx suspension (Fig. 4c). The annealed
Ti3C2Tx/epoxy nanocomposite with 15 wt% Ti3C2Tx had an
optimal electrical conductivity of 105 S m−1 and EMI SE of 41
dB.

Printing is another convenient method for producing
homogeneous MXene/polymer composites. Vural et al.5 printed
MXene/protein electrodes on various substrates using an ink
made of titanium carbide MXene nanosheets and squid ring
teeth protein. The printed electrodes on polyethylene tere-
phthalate substrates had an electrical conductivity of
1080 S cm−1 and an excellent EMI SE of 50 dB with a lm
thickness of 1.35 mm.

Direct ink writing 3D printing technology enables the fabri-
cation of complex 3D structures from MXene nanosheets with
customizable shapes and properties. Liu et al.75 prepared an
aqueous poly(3,4-ethylenedioxythiophene):poly(styrene sulfo-
nate) ink functionalized with Ti3C2Tx MXenes and printed
exible micro-supercapacitors with a high conductivity of
1525.8 S m−1 and a high EMI SE of 51.7 dB at a thickness of 295
mm. Dai et al.76 created a lightweight MXene scaffold with a high
conductivity of 1013 S m−1 and EMI SE above 60 dB by adding
rGO microgels to the MXene ink. This customizable and shape-
adaptive 3D printing technology enables the fabrication of self-
supported rGO microgel printed structures (Fig. 4d).

Ma et al.77 proposed a facile fabrication strategy for thermally
conductive graphite nanosheets (GNPs)/poly(lactic acid) sheets
with ordered GNPs via fused deposition modeling 3D printing
technology. When the content of GNPs was 18.60 wt% and using
Fig. 4 Preparation and shielding mechanisms of homogenous MXene/po
homogenous Ti3C2Tx/PVDF nanocomposites. Reproduced from ref. 73
annealed Ti3C2Tx/epoxy nanocomposites. Reproduced from ref. 70 with
process of hierarchical MXene/rGO scaffolds. Reproduced from ref. 76 w

© 2023 The Author(s). Published by the Royal Society of Chemistry
four layers of Ti3C2Tx (6.98 wt%) lms, the thermally conductive
and EMI shielding effectiveness of the composites signicantly
increased to 65 dB (3.00 mm).

Homogeneous polymer/MXene composites are widely used
because of their simple preparation process. They have easy
blendability and processability and can be formed by simple
melt blending, solvent-assisted direct mixing,74 and printing75

processes. However, to achieve EMI SE values of above 20 dB, an
effective conductive network of overlapping ller particles with
uniform dispersion is required, which necessitates a high
conductive ller content. However, this degrades their
mechanical properties and processability. Homogeneous
MXene/polymer composites are therefore suitable for mass-
produced components with moderate EMI SE requirements.
Multilayer MXene/polymer composites

Multilayer MXene/polymer composites have been prepared by
vacuum-assisted ltration, spin-coating, lm scraping, gel lm
formation, and deposition methods. The excellent conductivity
of the MXene layers means these multilayer composites have
excellent EMI-shielding performance. Multilayer structures
have multiple internal interfaces and interlayer structures,
facilitating EMW multiple reection losses and attenuation.
Several designs have been reported, including compact alter-
nating layer and sandwich structures, fabric structures,
gradient structures, and multilayer MXene structures without
a matrix phase.

Compact alternating-layer and sandwich-structured MXene/
polymer EMI-shielding composites. MXene/polymer compos-
ites with compact alternating layers or sandwich structures
lymer nanocomposites. (a) Preparation and (b) shieldingmechanism of
with permission Elsevier Ltd., © 2019. (c) Shielding mechanism of
permission from Royal Society of Chemistry, © 2008. (d) Fabrication
ith permission from the Royal Society of Chemistry, © 2022.
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provide multiple reection and absorption interfaces. EMWs
are predominantly reected at interfaces with impedance
mismatch. Compact structures with alternating or sandwiched
layers78 promote EMW shielding based on the multiple reec-
tion mechanism. Additionally, the compact structure
compresses the conduction space for incident EMWs while
prolonging the dissipation path for reected waves. Increasing
the number of internal reections signicantly increases EMW
absorption,79,80 resulting in efficient EMI shielding even in
micron-thick materials.

Shahzad et al.37 prepared an 8 mm-thick composite
comprising sodium alginate (SA) and 90 wt% Ti3C2Tx, which
had an excellent EMI SE of 57 dB. Filtration is convenient for
preparing compact layered MXene/polymer structures. In
particular, vacuum-assisted ltration is a quick and effective
technique for creating compact bilayer or multilayer MXene/
polymer EMI-shielding composites. However, this approach
has weak mechanical strength and insufficient interlayer
adhesion. Thus, several researchers are exploring methods to
achieve excellent mechanical adhesion in multilayer MXene/
polymer structures for EMI-shielding materials. Ma et al.81

used a practical two-step vacuum-assisted ltration process to
create a Ti3C2Tx/AgNW aramid double-layer composite nano-
paper with excellent exibility and high mechanical strength.
This was followed by hot-pressing to improve the interfacial
adhesion between lamellae. A 20 wt% MXene/AgNW composite
had a high conductivity of 92 200 Sm−1 and an outstanding EMI
SE of up to 80 dB. Wei et al.82 prepared an ultrathin, lightweight,
and exible lm with excellent EMI SE using a simple ltration
method. The composite lm had a “brick–cement” structure,
where the MXene “bricks” provided EMI-shielding ability and
aramid nanober “cement” provided mechanical strength. The
Ti3C2Tx/aramid nanober composite lm exhibited an excellent
EMI SE of 34.71 dB at 8.2 GHz with a thickness of 12 mm. Liu
et al.83 investigated polyurethane (PU)/Ti3C2Tx nanocomposite
lms with a highly organized nanostructure that resembles the
“brick and mortar” structure of nacre. The nacre-mimetic
nanocomposite lms exhibited outstanding exibility, excel-
lent mechanical properties (tensile strength above 60 MPa,
fracture toughness exceeding 2.5 MJ m−3), superior electrical
conductivity (4236.7 S cm−1), and outstanding EMI-shielding
performance (56.9 dB with 10 wt% PU and an ultra-thin thick-
ness of 8.4 mm).

Zhou et al.84 preparedmultilayer lms containing alternating
cellulose nanobers (CNFs) and Ti3C2Tx MXene layers using an
efficient vacuum extraction method. The alternating layer
structure contributed to EMI shielding by a “reection–
absorption–zigzag reection” mechanism, resulting in a high
EMI SE of 40 dB in the X- and K-bands (8.2–12.4 and 26.5–40.0
GHz, respectively) (Fig. 5a). Zhang et al.85 fabricated a sandwich-
structured lm using a Ca-ion-crosslinked SA montmorillonite
polymer and Ti3C2Tx MXenes (Fig. 5b). In addition to an EMI SE
of 50.01 dB, the lm had excellent mechanical properties (84.4
MPa) and re resistance.

The Ti3C2Tx/polymer EMI shielding hybrid lm has excellent
mechanical properties. To create Ti3C2Tx/polymer EMI shield-
ing hybrid lms, layers are blended or alternated layer-by-
3556 | Nanoscale Adv., 2023, 5, 3549–3574
layer.86,87 Blending is used to create the Ti3C2Tx/polymer EMI
shielding composite lm, where the highly conductive Ti3C2Tx

is randomly dispersed within the insulating polymer matrix.88

However, the blending technique requires a substantial amount
of Ti3C2Tx to create a continuous and effective conductive
network, which can impact the processing and mechanical
characteristics of the composite lm.89 The issue of disordered
conductive networks was solved by Zhang et al.90 who created
ordered conductive networks of EMI shielding composite lms
and created directional porous structures using ice crystals that
were directed in a specic direction. When Ti3C2Tx is present at
80%, the resulting aerogel with a regular directional porous
structure can create multiple EMW reection losses and
accomplish excellent EMI shielding performance (70 dB).

The layer-by-layer alternating Ti3C2Tx/polymer EMI shielding
composite has excellent mechanical properties. The polymer
layer's mechanical framing effect provides excellent mechanical
properties that can prevent Ti3C2Tx layer cracks from spreading
to the rest of the composite lm.43,91 However, the multilayer
structure partially destroys the Ti3C2Tx conductance network,
causing the conductivity and EMI shielding performance of the
composite lm to decrease.

Other methods of preparing MXene/polymer composites
with compact layered structures include spin–spray-coating and
hot-pressing. Notably, these composites can be tailored to
achieve multiple functionalities, including light transmission.
Weng et al.92 employed a spin–spray layer-by-layer method to
assemble multifunctional semi-transparent MXene/CNT
composite lms with high conductivities (130 S cm−1) and
specic EMI SE (58 187 dB cm2 g−1) owing to their sandwich
assembly. Zhou et al.93 prepared transparent, exible, and
conductive EMI-shielding lms from MXene/AgNW/polymer
composites by a spray–spin technique coupled with hot-
pressing. The lms had an EMI SE of 32 dB, resistance of 18.3
U sq−1, and light transmission of 52.3%. Chen et al.94 also
fabricated EMI-shielding and light-transmitting MXene/AgNW
multilayer lms using a scalable spray-coating technique.
AgNWs were incorporated into the MXene nanosheets via
capillary action during water evaporation, and the loading of
components within the multilayer structure was optimized. The
macroscopic layered structure had an EMI SE of 49.2 dB and
a high light transmittance of 83%. A lm with a high EMI SE of
96.5 dB and light-transmittance of 59% was also prepared.

Multilayer composites with alternating layers of poly(vinyl
alcohol) (PVA) and MXenes fabricated by casting provide
a compact network for conducting heat and electrons.95 The
multilayer PVA/MXene composite had an excellent EMI SE of
44.4 dB at a thickness of 27 mm (Fig. 5c). By etching 2D MXene
nanoribbons with sulfuric acid, Ying et al.96 created defects or
dislocations in the MXene nanoribbons. As the density of
defects and dislocations increased, the internal tension within
the MXene lm increased, resulting in the formation of natural
wrinkles. According to Kelvin probe force microscopy and rst-
principles calculations, the formation of wrinkles induces the
formation of electric dipoles on the lm surface during wrinkle
induction, which signicantly increases the material's ability to
absorb incident EMWs. Aer that, the folded lm was stacked
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Preparation and properties of MXene/polymer EMI shielding composites with multilayer structures. (a) “Reflection–absorption–zigzag
reflection” mechanism of a multilayer CNF@MXene film prepared by vacuum extraction. Reproduced from ref. 84 with permission from the
American Chemical Society, © 2020. (b) Sandwich films prepared by vacuum-assisted filtration. Reproduced from ref. 85 with permission from
the American Chemical Society, © 2020. (c) PVA/MXene films fabricated by multilayer casting. Reproduced from ref. 95 with permission from
Elsevier B.V., © 2019. (d) Intelligent fabric is prepared by coating polyaniline/MXene layers on a fabric substrate. Reproduced from ref. 102 with
permission from the American Chemical Society, © 2022. (e) CNT/MXene/CNF composite paper with a gradient and sandwich structure
prepared by a facile alternating vacuum-assisted filtration technique. Reproduced from ref. 105 with permission from The Authors, © 2019.

Review Nanoscale Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

0 
 1

40
2.

 D
ow

nl
oa

de
d 

on
 1

4/
11

/1
40

4 
09

:4
4:

22
 ..

 
 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
to obtain a minimum thickness of 20 mm, resulting in high-
performance EMI SE (107 dB). The presence of electric dipoles
increased the absorption of EMWs.
© 2023 The Author(s). Published by the Royal Society of Chemistry
Wang et al.97 constructed layered- and sandwich-structured
composites comprising polyacrylonitrile@TiO2 and Ti3C2Tx

lms via a simple solution dip-coating method, which had an
average EMI SE of 32 dB at 45 mm.
Nanoscale Adv., 2023, 5, 3549–3574 | 3557
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Compact MXene/polymer composites comprising self-
supporting MXenes constructed by vacuum-assisted ltration
or scraping of 2D MXene akes are extremely important macro-
assemblies. They display unique EMI shielding benets and EM
and physicochemical properties. However, the strong van der
Waals and hydrogen bonding interactions between MXene
layers lead to a tightly stacked structure, which reduces the
space between layers98 and signicantly shortens the EMW
transmission path, reducing the interaction of EMWs with the
material. Thus, the absorption losses and total EMI SE are
reduced. Furthermore, the specic surface areas of stacked
MXene sheets98 are far lower than theoretical expectations, and
the active sites on the MXene lamellae are greatly reduced;
therefore, they do not provide the full advantages of MXenes.

Multilayer fabric structures as EMI-shielding materials.
MXene/polymer composites with multilayer fabric structures
can be produced by dipping, deposition,99 and coating
methods. Wang et al.100 prepared Ti3C2Tx-decorated polyester
fabrics by the deposition of polypyrrole-modied Ti3C2Tx

sheets. The conductivity and stability of the Ti3C2Tx sheets were
effectively improved by the presence of polypyrrole. A single-
layered polypyrrole/Ti3C2Tx/polyester fabric had an EMI SE of
42 dB, increasing to 90 dB with three layers.

Geng et al.101 prepared an EMI-shielding fabric for use in
protective clothing and exible wearable smart devices by
loading Ti3C2Tx sheets onto cotton fabric for enhanced EMW
absorption. The fabric had high electrical conductivity
(1570 S cm−1) and an outstanding EMI SE (50 dB at 2–18 GHz).
Li et al.102 demonstrated a polyaniline/MXene intelligent fabric
composite with an excellent EMI SE of 54 dB at a thickness of
440 mm aer optimizing the composition and dosage (Fig. 5d).
Lan et al.103 adopted a stepwise assembly technique using
alternating layers of MXenes and insulating polymers to prepare
a re-resistant EMI-shielding material. Guo et al.104 fabricated
a hierarchically multifunctional polyimide (PI) composite lm
using a hierarchical design and assembly strategy. It integrates
excellent EMI shielding (34.0 dB), good tensile strength (93.6
MPa), and high in-plane thermal conductivity coefficient
(95.40 W mK−1) with 61.0 wt% GO/expanded graphite and
23.8 wt% Fe3O4/PI. Multilayer MXene/polymer fabrics exhibit
good conductivity and exibility,101 and extend their function-
ality beyond EMI shielding. Notably, when used in clothing,
they can directly protect people from strong EM elds. However,
due to limitations in fabricating multilayer MXenes, the
conductive material mostly exists on the surface of the fabric,
and the weak interfacial bonds between the functional layer and
fabric mean they can easily separate, hindering the effective-
ness of MXene/polymer fabrics for EMI shielding in practical
applications.

Due to impedance mismatch, ultrahigh-conductivity EMI-
shielding fabrics mainly shield EMWs by reection. In view of
this, multilayer MXene/polymer composites with gradient
structures are promising, because the gradient structure
improves the wave impedance at the composite/air interface,
thereby enhancing EMW absorption and ultimately improving
the overall EMI SE.
3558 | Nanoscale Adv., 2023, 5, 3549–3574
Gradient multilayer structure MXene/polymer composites.
Multilayer structures formed from polymers with gradated
amounts of conductive ller do not have large differences in
dielectric constant at the interfaces, which reduces EMW
reection and results in excellent EMW absorption. Cao et al.105

constructed an ultrathin exible CNT/MXene/CNF composite
paper with a gradient sandwich structure using alternating
vacuum-assisted otation (Fig. 5e). The electrical conductivity
(2506.6 S m−1) and EMI SE (38.4 dB) of the paper were prom-
ising. Moreover, the layered structure provided excellent trans-
parency, exibility, and mechanical properties.67,106

Composites with layered structures can show excellent EMI-
shielding performance.37 Moreover, those with gradient struc-
tures can regulate the contributions of EMW refection and
absorption. Gradient structures have little inuence on the EMI-
shielding performance of composites; however, they can
signicantly improve the wave impedance between the
composite and free space, resulting in a notable increase in the
EMW absorption performance,107 which is signicant for
achieving absorption-dominated EMI-shielding. In addition,
gradient structures provide prolonged dissipation paths for
incident and internally reected waves and a unique low
reection–absorption–high reection–reabsorption EMW
dissipation mechanism.107 This enhanced EMW absorption
performance is the reason for the high EMI-shielding ability of
gradient MXene/polymer composites. However, from the
perspective of electrical performance, the interlayer conductive
network in gradient structures is discontinuous, which affects
the electron transmission and EMI SE. In addition, the
mechanical properties of multilayer gradient composites are
inadequate, because improving the interfacial forces and tran-
sitions between gradient layers tends to have been neglected in
current research. Thus, the interlayer interactions are relatively
weak. The poor mechanical properties of these materials greatly
restrict their application as EMI-shielding materials.82 One way
to overcome this drawback is to develop multilayer gradient
composites with more robust structures. To achieve this,
candidate matrices such as PI108 should be considered to protect
the MXene layers from mechanical stress along with suitable
processing conditions.

Overall, multilayered MXene/polymer composites109 have an
excellent ability to block incoming EMWs, signicantly reduce
EMI, and provide a protective effect. Multilayer structures with
different functional layers produce composites with multi-
functional properties.102 Nevertheless, as the impedance
mismatch between the composite surface and free space
increases, the shieldingmaterial will reect increasing amounts
of EMWs, causing secondary EMW pollution. However, the use
of electrically insulating polymers results in large insulating
gaps between adjacent MXene akes that disrupt the electron
conduction path, preventing the formation of MXene-based
layer-by-layer architectures with high electrical conductivity.110
Porous MXene/polymer composites

The stacking of MXenes in layered structures prevents EMWs
from penetrating these dense lms, which decreases EMW
© 2023 The Author(s). Published by the Royal Society of Chemistry
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absorption and thus impairs further improvement of the EMI
SE.111 To increase the contribution of multiple internal reec-
tions toward EMW absorption,112 MXene/polymer composites
with porous structures have been designed. Porous 3D struc-
tures are divided into (1) porous MXene structures without
a polymer matrix; (2) prefabricated porous MXene structures
backlled with a polymer; and (3) porous polymers into which
MXenes are deposited.
Porous MXene structures without a polymer matrix

Porous MXene structures without a polymer matrix benet from
the unique advantages of porous structures in regulating the
conductivity and dielectric constant. Furthermore, the EMI SE is
enhanced by repeated absorption and reection losses within
the structure. MXene foams with porous structures can effec-
tively attenuate incident EMWs.113 Moreover, they are light-
weight and highly conductive.

Polymer-free porous MXene structures have been prepared by
ice-templating, gas foaming, hydrothermal assembly, and sacri-
cial polymer-templating methods. Bian et al.114 fabricated ultra-
light MXene aerogels with an excellent EMI SE (75 dB) and
extremely low EMW reection (1 dB) by ice-templating. The aero-
gels readily absorbed organic solvents owing to their microsized
pores, which were created as a result of the morphology of the ice
crystals. Wang et al.115 prepared a exible and ultralight carbon
foam/Ti3C2Tx hybrid by vacuum impregnation and freeze-drying.
The exible and compression-resilient material had a minimum
reection loss of 45 dB with 9.8 wt% Ti3C2Tx.

MXene surfaces are rich in hydrophilic groups. To avoid
a reduction in EMI SE in humid environments, Liu et al.116

fabricated an MXene foam with elevated electrical conductivity,
ultrahigh strength, and excellent hydrophobicity by a hydrazine
foaming process (Fig. 6a). The EMI SE (70 dB) of the MXene
foam was signicantly higher than that of an un-foamedMXene
membrane (53 dB) of the same quality.

Self-assembly and sacricial templating are ingenious
methods for preparing porous MXenes. Li et al.117 synthesized
lightweight and free-standing core/shell rGO/Ti3C2Tx hetero-
junction foams (Fig. 6b). In addition to the connectivity between
the core and shell, the heterogeneous interface resulted in
controllable complex permittivity. The hybrid foam had excel-
lent EMW absorption, thus achieving the best possible EMI-
shielding performance.

Porous MXene structures without polymer matrices have
been designed with excellent elasticity and conductivity. For
example, a superelastic anisotropic aerogel with outstanding
thermal insulation capabilities was created by Deng et al.118

using Ti3C2Tx MXenes and acidied CNTs (Fig. 6c). The aerogel
with 5 wt% acidied CNTs had ultra-elasticity, minimal plastic
deformation, and good fatigue compression resistance. More-
over, it had a conductivity of 447.2 S m−1 and X-band EMI SE of
more than 51 dB in a paraffinmatrix at a density of 9.1 mg cm−3.
The average EMI SE was enhanced to 90 dB by increasing the
density to 18.2 mg cm−3.

The porosity of MXene structures without a polymer matrix
increases the complexity of the internal structure, prolonging the
© 2023 The Author(s). Published by the Royal Society of Chemistry
EMW propagation path119 and increasing the probability of
refraction and scattering. This is conducive to EMW attenuation
and dissipation, resulting in excellent EMI SEs. Heterostructures,
boundaries, stacking faults, and surface functional groups of
MXenes and multiphase materials with different permittivities
enhance the dielectric properties synergistically,120 optimizing the
impedance matching of the composite and effectively enhancing
EMW absorption. Their exibility, light weight, and superior EMI
SEmean that MXene foams have clear prospects for aerospace and
portable/wearable smart electronics applications. Nevertheless,
MXene structures without a polymer matrix have low mechanical
properties owing to the weak interactions between MXene layers,
and they cannot be bent or squeezed, which greatly limits their
practical applications.121 Thus, MXenes are usually compounded
with polymers to prepare composites with excellent mechanical
properties and good EMI SE.

Backlling polymers into a prefabricated MXene porous
structure. Increasing the ller (MXene) content improves the
EMI-shielding performance of polymer/MXene composites;
however, owing to the extremely high yield strength of the ller
particles, high ller contents deteriorate the mechanical prop-
erties.122 Regulating the dispersion of ller particles is therefore
a suitable means of obtaining higher EMI SEs at lower ller
loadings (1.90 vol% MXene).123 Composite materials with 3D
networks and low ller loadings improve the EMI SE by inter-
facial polarization and multiple reection losses of EMWs. The
preferred method of obtaining composites with elevated
conductivity is to ll a preconstructed conductive network with
a polymer.124,125 Notably, this method ensures the integrity of
the conductive network and enables the percolation threshold
to be met at a low ller content. This post-lling method facil-
itates the production of a strong conductance network and
greatly improves the utilization of this network to achieve
excellent EMI SE with versatile material design.

Zhao et al.126 prepared epoxy/MXene/rGO hybrid aerogels by
a hydrothermal method with freeze-drying technology. The
epoxy nanocomposite had strong electrical conductivity (695.9 S
m−1) and excellent EMI resistivity (X-band EMI SE of over 50 dB
at a low Ti3C2Tx content of 0.74 vol%). Wu et al.127 prepared a 3D
MXene aerogel from a SA and MXene dispersion. The MXene
aerogel was then dip-coated with polydimethylsiloxane (PDMS)
to improve the stability and durability of the porous structure.
The coating also improved the 3D conductive network. The
PDMS-coated MXene aerogel had an excellent EMI SE (70.5 dB)
and good conductivity (2211 S m−1) (Fig. 6d). Wang et al.128

fabricated a 3D electroconductive CNF/Ti3C2Tx MXene aerogel
with aligned pores by directional freezing followed by freeze-
drying. The nanocomposite had an EMI SE of 74 dB, high
thermal resistance, and conductivity of 1672 S m−1.

Backlling polymers into a prefabricated MXene porous struc-
ture is a notable method of improving the mechanical properties
of EMI-shielding composites. In another study, Wang et al.129

fabricated 3D hybrid Ti3C2Tx/carbon-foam/epoxy nanocomposites
by a sol–gel process with vacuum-assisted impregnation followed
by thermal reduction (Fig. 6e). The nanocomposite had excellent
mechanical properties, optimal electrical conductivity (184 S m−1),
and high X-band EMI SE (46 dB).
Nanoscale Adv., 2023, 5, 3549–3574 | 3559
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Fig. 6 (a) MXene foam fabricated by hydrazine foaming process. Reproduced from ref. 116 with permission fromWiley-VCH Verlag GmbH& Co.
KGaA, Weinheim, © 2017. (b) Sacrificial templating method for the fabrication of rGO/Ti3C2Tx core/shell composites with a hollow spherical
structure. Reproduced from ref. 117 with permission from Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim, © 2018. Preparation of porous
MXene structures for EMI-shielding applications. (c) Ti3C2TxMXene/acidified CNT anisotropic aerogel. Reproduced from ref. 118 with permission
from the American Chemical Society, © 2021. (d) Backfilling PDMS into a prefabricated MXene porous structure. Reproduced from ref. 127 with
permission from Elsevier B.V., © 2020. (e) 3D hybrid Ti3C2Tx MXene/carbon-foam/epoxy nanocomposite fabricated by a sol–gel and thermal
reduction process. Reproduced from ref. 129 with permission from The Authors, © 2019. (f) Polymer bubbles with deposition of MXenes to form
a hybrid MXene/PU@MS porous structure. Reproduced from ref. 132 with permission from Elsevier B.V., © 2021. (g) Porous PI composite coated
with Ti3C2Tx MXenes. Reproduced from ref. 133 with permission from The Authors, © 2022.
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Depositing or inserting MXenes into prefabricated porous
polymers. Lightweight MXene/polymer composites can also be
prepared by depositing or insertingMXenes into a prefabricated
porous polymer, such as a lightweight polymer composite.130

The conductivity and dielectric parameters120 of the composite
can be optimized by introducing MXenes into the porous
structure, thereby increasing the impedance matching and
encouraging EMWs to enter the structures, where they then
encounter multiple internal reections.12 The porous structure
further amplies the EMW dissipation capacity.131 By
3560 | Nanoscale Adv., 2023, 5, 3549–3574
enhancing the conductive and polar losses of EMWs, such
porous MXene/polymer composites can achieve excellent EMI
shielding and EMW absorption. Moreover, continuous
conductive networks of MXenes are more easily achieved by
dipping a prefabricated porous polymer into an MXene solution
than by backlling the polymer into a porous MXene network.

Ma et al.132 prepared a lightweight, exible, and self-healing
EMI-shielding sponge from a prefabricated 3D porous polymer
skeleton and MXene akes by a simple dip-coating method
(Fig. 6f). To form the MXene lm, the PU-coated sponge was
© 2023 The Author(s). Published by the Royal Society of Chemistry
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immersed in an MXene dispersion to create a coating on the
porous skeleton. The composite sponge had an X-band EMI SE
of 90.49 dB with an extremely low Ti3C2Tx loading (0.82 vol%),
with absorption-dominated (93%) shielding. Zeng et al.133

demonstrated a lightweight, ultra-exible, and robust Ti3C2Tx-
coated PI porous composite. Owing to the intrinsic conductivity
of Ti3C2Tx and interfacial polarization losses of PI, the
composite had a satisfactory X-band EMI SE of 62.5 dB (Fig. 6g).

A multifunctional EMI-shielding skin for wearable elec-
tronics and robotics applications was demonstrated by Nguyen
et al.134 Fe3O4@Ti3C2Tx/graphene/PDMS composites were ob-
tained by growing graphene on Ni foam by chemical vapor
deposition, followed by the deposition of Fe3O4-intercalated
Ti3C2Tx, PDMS coating, and etching to remove the original Ni
framework. Remarkable EMI SE values of 80 and 77 dB were
achieved in the X- and K-bands, respectively, owing to the
excellent EMW absorption efficiency.

Porous MXene/polymer composite structures have two main
advantages for EMI shielding. First, the pores reduce the
density of the material, resulting in a lightweight composite.
Regulating the dispersion of conductive ller balances the
density of the material with the conductivity. Second, numerous
interfaces are enriched inside the material, which enhances the
polarization and dielectric losses and ultimately the EMI SE.
The air contained in the pores reduces EMW reection at the
surface of the material while increasing EMW absorption,116

which effectively prevents EM leakage.36,135

However, porous MXene/polymer composites have several
shortcomings. Research on the effect of the microstructure on
the EMI-shielding performance is lacking, especially the rela-
tionship between the pore size and the EMI-shielding mecha-
nism. Furthermore, achieving multifunctional polymer
nanocomposites with excellent EMI SEs at low MXene loadings
remains a great challenge. It is necessary to simplify the prep-
aration process of porous MXene/polymer composites. Thus,
realizing lightweight multifunctional MXene/polymer porous
EMI-shielding materials with high strength, thermal resistance,
ame retardance, and other functionalities is a key future
research and development trend.
Segregated MXene/polymer composites

Segregated MXene/polymer composites overcome the disad-
vantages of homogeneous structures with random dispersions
of conductive llers. Homogeneous EMI-shielding materials
require larger amounts of conductive ller to meet the higher
percolation thresholds, which is counterproductive to achieving
lightweight materials. In contrast, in segregated polymer
composites, the conductive ller particles have a controlled
distribution, rather than being randomly dispersed throughout
the matrix. Conductive MXenes concentrate at the surface of the
polymer matrix, which greatly increases their density along
dened conductive pathways, thus reducing the percolation
threshold.136 Consequently, more conductive and compact
networks can be achieved.137

The polar functional groups at the surface of MXene akes
mean they are hydrophilic.57 Therefore, electrostatic
© 2023 The Author(s). Published by the Royal Society of Chemistry
interactions are typically necessary during aqueous-phase
preparation to achieve uniform dispersions and create
complete conductive networks in segregated composites.109 Sun
et al.123 deposited negatively charged MXene nanosheets onto
positively charged polystyrene microspheres by electrostatic
assembly followed by compression molding (Fig. 7a). Owing to
the high conductivity and efficient conductive network of
MXenes, the prepared nanocomposites had a low percolation
threshold (0.26 vol%), excellent conductivity (1081 S m−1), and
outstanding EMI SE (>54 dB).

Using the electrostatic self-assembly of MXenes on natural
rubber (NR) microspheres followed by vacuum ltration, Luo
et al.138 prepared exible MXene@NR lms with segregated
structures (Fig. 7b). Electrostatic repulsion forces enabled the
MXene sheets to selectively distribute on the NR particle
surfaces, thus creating an interconnected network that facili-
tated electron transport and load transfer at low MXene
concentrations. In addition to efficient electronic conductivity,
the segregated structure effectively dissipated external stresses.
With a loading of 6.71 vol% MXenes, the MXene@NR lms
exhibited excellent conductivity (1400 S m−1) and EMI SE (53.6
dB). In another study, Ma et al.139 used occulation-assembled
Ti3C2Tx nanosheets as an interfacial solder to achieve ultra-
efficient EMI shielding and anti-dripping performance during
burning. Selective heating with microwave-induced diffusion
was used to construct segregated Ti3C2Tx/polypropylene
composites with a continuous and compact network (Fig. 7c).
Aer sintering, the composites exhibited extremely high X-band
EMI SE at a low Ti3C2Tx loading of 1.138 vol%. A similar method
was used to fabricate segregated poly(ethylene-co-octene)/CNT
composites with promising EMI-shielding performance.140

Microwave-assisted sintering has also been used to fabricate
segregated polyetherimide/CNT composites with high EMI-
shielding performance.141

MXene/polymer composites with segregated structures have
a relatively complete 3D conductive network and rich cellular-
like interface that introduces a large number of conductive
interfacial layers. In these composites, some EMWs are re-
ected due to impedance mismatch,73 while the conductive
network absorbs and attenuates the EMWs.80 The residual EM
energy interacts with the conductive network, producing strong
eddy current losses and transforming the EM energy into heat
energy.52 EMI-shielding composites with segregated structures
have signicant advantages, including low packing, high
conductivity, multiple interfacial reections, and high EMW
absorption.137

The obvious drawback of segregated structures is the
reduction of mechanical properties due to weak bonding
between the ller andmatrix. The polymer phase is dispersed in
a conductive network of inorganic ller particles. Essentially,
the conductive ller particles are selectively dispersed at the
interface of the polymer phase and microscopic defects inevi-
tably form. This means that the composite does not retain the
excellent mechanical properties of intact polymers.142 The poor
bonding between the ller and matrix phases makes it chal-
lenging to prepare segregated composites with high mechanical
strength.142 To overcome this drawback, Xu et al.140 prepared
Nanoscale Adv., 2023, 5, 3549–3574 | 3561
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Fig. 7 Fabrication of MXene/polymer composites with segregated and hybrid structures. (a) Segregated Ti3C2Tx/polypropylene composite.
Reproduced from ref. 123 with permission from Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim, © 2017. (b) Segregated MXene@NR film.
Reproduced from ref. 138 with permission from Elsevier Ltd., © 2019. (c) Segregated Ti3C2Tx@polystyrene nanocomposite. Reproduced from ref.
139 with permission from Elsevier B.V., © 2021.
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segregated polymer/CNT EMI-shielding composites with
enhanced mechanical properties by selective microwave sin-
tering. Microwave sintering caused the rearrangement and
dispersion of agglomerated CNT llers in the interface region,
which absorbed large amounts of energy and promoted stress
transmission.

One possible way to overcome this problem is to enhance the
interface binding between the MXene nanosheets and the
polymer matrix.143 This can be achieved by modifying the
surface terminations of MXene nanosheets with functional
groups that can interact with the polymer chains.144 Carboxyl
groups can improve the interfacial adhesion between MXene
and the polymer. Another possible way is to combine different
types of polymers with MXene nanosheets to achieve a balance
between exibility, toughness, and strength.145
Hybrid structures

The term “hybrid material” has broad meanings.146 In the case
of EMI-shielding materials, hybridity refers to the use of
multiple structural design features within a single material. No
single structural feature is able to meet the increasingly strin-
gent requirements for EMI shielding, but hybrid structures
incorporate the advantages of multiple structural features to
construct more complete conducting networks and conduct-
ing–insulating interfaces, and thus achieve stronger polariza-
tion and conduction losses,147 and ultimately increase the EMI
SE.

Weng et al.148 designed a lightweight hierarchical AgNW/
MXene/melamine formaldehyde sponge composite with
a multilayer/porous hybrid structure to increase the multiple
reection losses and scattering of EMWs. AgNWs and MXene
suspension were deposited layer-by-layer in the pore channels
of the polymer sponge, and the MXene suspension formed an
irregular honeycomb structure upon freeze-drying (Fig. 8a).
This hybrid structure achieved an EMI SE of 52.6 dB owing to its
hierarchical structure, which increased multiple reections and
scattering of EMWs. The mechanism of EMW attenuation is
similar to that of layered composites with conductive llers.

Cheng et al.108 produced a hierarchically porous PI/Ti3C2Tx

lm with stable EMI shielding and strong mechanical proper-
ties under extreme conditions. The lm was formed by
a unidirectional aerogel-assisted immersion process by hot-
pressing. The PI/Ti3C2Tx aerogel was clamped between two
stainless steel plates under a force of 200 N in a vacuum oven at
300 °C for 30 min (Fig. 8b). The conductive path of the Ti3C2Tx

sheets provided high reection losses and high conductivity,
and the layered porous structure created multiple interfaces to
prolong the EMW propagation path and facilitate interfacial
polarization losses. At a thickness of 90 mm, an absolute EMI SE
of 15 527 dB cmm−2 was achieved with only 2.0 vol% Ti3C2Tx. A
gradient porous PI/Ti3C2Tx lm also had excellent EMI-
shielding properties. Aer exposure to harsh conditions
(humidity, high and low temperatures, and rapid thermal
shock), the lm still functioned properly.

Jia et al.149 designed a hybrid polymer/MXene composite with
porous, segregated, and gradient multilayer structural features.
© 2023 The Author(s). Published by the Royal Society of Chemistry
They prepared polyaniline-modied polypropylene foam beads
by impregnation, oxidation, and decoration, then assembled
them into 3D stacks and encapsulated them in PDMS with an
MXene network (Fig. 8c). A good EMI SE of 39.8 dB was achieved
with just 0.0449 vol% MXene. The use of a gradient structure
and selective dispersion of conductive ller provides insight
into the design of advanced EMI-shielding composites.

In short, to build more complete conducting networks and
more conductive–insulating interfaces, and thus achieve
stronger interfacial polarization,150 dipole polarization,133 and
conduction losses, hybrid structures are used to best exploit the
advantages and bypass the drawbacks of different structural
features. Overcoming the shortcomings of single-structure
designs gives full play to the efficiency of each component
and improves the EMI SE. However, overly complex hybrid
structures are not the best choice for EMI-shielding composites
owing to the complexity of their preparation. Nonetheless,
a multifunctional and complex hybrid structure may be more
suitable for demanding EMI shielding environments.
Magnetic/conductive MXene/polymer composites

Magnetic llers can be added to conductive MXene/polymer
composites151,152 to achieve impedance matching and increase
the absorption of incident EMWs. It is well accepted that both
magnetic and dielectric losses consume EMWs effectively.153

Huang et al.11 prepared a magnetic/conductive MXene/polymer
composite that exhibited excellent EMI absorption performance
based on magnetic losses. This conrmed that magnetic/
conductive MXene/polymer composites have great potential
for energy conversion and EMI-shielding applications.154 Jiang
et al.155 demonstrated a Fe3O4-functionalized graphene nano-
plate composite with good absorption of X-band EMWs due to
its high impedance matching. Wang et al.156 also conrmed this
result.

Common methods of adding a magnetic phase include
decorating and blending the conductive ller with magnetic
material before adding it to the composite. However, this can
actually decrease the conductivity and EMI SE. The addition of
non-conductive Fe3O4 tends to block the conductance path,157

leading to a large drop in the electrical conductivity. Shen et al.49

reported that magnetic llers can signicantly reduce the
electrical conductivity of composites, and conrmed that the
magnetic ller blocks the conductance path. Raagulan et al.158

prepared MXene/oxidized CNT nanocomposites and demon-
strated a maximum conductivity of 16.32 S cm−1 between the
MXene44 and oxidized CNT composites (maximum value of
8.84 S cm−1). The conductivity is affected by the mixture. Zhan
reported that10 as the magnetic component increased, the
electrical conductivity gradually declined from 438 to
161 S cm−1.

A promising strategy for introducing magnetic phases into
conductive MXene-based composites is to segregate the
conductive and magnetic ller phases to ensure that the
magnetic ller does not affect the conductivity while also
providing magnetic losses. To increase the magnetic losses of
EMWs in Ti3C2Tx/polymer composites without affecting the
Nanoscale Adv., 2023, 5, 3549–3574 | 3563
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Fig. 8 (a) Buckled melamine formaldehyde sponges coated with AgNW/MXene hybrid hierarchical composite. Reproduced from ref. 148 with
permission from the Royal Society of Chemistry, © 2019. (b) Hierarchically porous PI/Ti3C2Tx composite. Reproduced from ref. 108 with
permission from the Authors, © 2021. (c) MXene network decorated with polypropylene foam beads. Reproduced from ref. 149 with permission
from Elsevier Ltd., © 2020.
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conductivity, Liang et al.159 modied few-layer Ti3C2Tx nano-
akes with magnetic one-dimensional Ni chains by poly-
vinylpyrrolidone templating. Multiple layers of Ni particles,
Ti3C2Tx MXenes, and wax were mixed to form a three-phase
composite. With 50 wt% Ti3C2Tx and 20 wt% Ni, the EMI SE
reached 66.4 dB at a thickness of 2.88 mm. The EMI SE was
improved due to the contribution of magnetic loss. The
magnetic particles effectively converted EM energy into heat
energy via domain wall migration, ferromagnetic resonance,
3564 | Nanoscale Adv., 2023, 5, 3549–3574
and expansion of the magnetic coupling space. Simultaneously,
the MXene and magnetic llers provided a large number of
reective interfaces to achieve dielectric interfacial dissipation.
Combining materials with dielectric and magnetic losses
eliminates the problems associated with high ller loadings
and thickness and expands the effective shielding bandwidth.
Several EMI-shielding mechanisms operate simultaneously,
allowing the EMI-shielding parameters to be tailored for a given
application.159 Wang et al.160 used a similar method to produce
© 2023 The Author(s). Published by the Royal Society of Chemistry
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composite lms from Ni chains, Ti3C2Tx, and PVDF. The Ni
chains formed a 3D conductive network in the PVDF matrix.
With 10 wt% Ni and 10 wt% Ti3C2Tx, the lm had an EMI SE of
34.4 dB. In contrast, with 20 wt% Ti3C2Tx, the EMI SE dropped
drastically to <1 dB. Therefore, introducing a magnetic
component into Ti3C2Tx/polymer composites with dielectric
losses signicantly improves the EMI SE.

The structural design of magnetic/conductive MXene/
polymer composites further improves the EMI-shielding
performance. Song et al.161 prepared rubber composites with
magnetic Fe3O4 nanoparticles (Fig. 9a). The Fe3O4@Ti3C2Tx/3,4-
dihydroxyphenylacetic acid epoxidized NR elastomers had a high
X-band EMI SE of 58 dB. Moreover, the strong interfacial inter-
actions between ligands led to a signicant improvement in
mechanical properties. Wang et al.162 developed a hybrid aerogel
by incorporating functionalized Ti3C2Tx nanosheets and
magnetic NiFe2O4 particles into aqueous PU. The synergistic
effects of the oriented porous structure and heterostructure
provided this hybrid aerogel with an EMI SE of 64.7 dB at
a density of 38.2 mg cm−3. Hu et al.163 used a facile electroless
plating technique to fabricate functional core@shell Ti3C2Tx@Ni
particles in which thin Ni layers sandwiched Ti3C2Tx akes
(Fig. 9b). Ti3C2Tx@Ni/wax composites with 60 and 80 wt% Ti3-
C2Tx@Ni had EMI SEs of 43.12 and 74.14 dB, respectively. Liang
et al.164 fabricated NiCo/MXene/CNT composite lms with an
EMI SE of 90.7 dB at a thickness of 53 mm owing to the
combination of magnetic NiCo/MXene, highly conductive CNTs,
and a compact layered structure (Fig. 9c).

Similarly, Wen et al.165 employed a serialization strategy to
reshape MXene into a 3Dmicrosphere, providing a substrate for
the directional growth of Ni nanospikes. This structural feature
can provide a large number of accessible active surfaces, effec-
tively enhancing the dielectric loss capability, and the intro-
duction of magnetic Ni nanospikes can enable additional
magnetic losses. These advantages make the synthesized 3D
MXene@Ni microspheres exhibit excellent microwave absorp-
tion performance, with a minimum reection loss value (RL) of
−59.6 dB at ultra-thin thickness (∼1.5 mm) and an effective
absorption bandwidth of 4.48 GHz.

These results conrm that combining materials with
magnetic and dielectric losses effectively improves the EMI
shielding performance owing to the layered dense stacking
magnetic (NiCo/MXene) and highly conductive (CNTs)
structure.

Conversely, Ma et al.166 proposed that introducing magnetic
particles was insufficient for enhancing the EMW absorption
ability. They constructed a CNF/MXene/FeCo gradient
composite lm with double gradients in conductivity. The
double gradient structure increased the EMW absorption losses
from 48.6 to 53.8 dB, while the reection losses decreased from
7.4 to 4.2 dB. The magnetic losses generated by FeCo contrib-
uted signicantly to the EMW absorption capacity, while the
EMW absorption capacity was also signicantly enhanced by
the double gradient structure.

The addition of magnetic materials greatly improves the
dielectric losses of a conductive network and also introduces
magnetic loss mechanisms such as natural and eddy current
© 2023 The Author(s). Published by the Royal Society of Chemistry
losses. In addition, the particles provide several heterogeneous
interfaces, which is conducive to the multiple reection and
absorption losses of EMWs. Because their conductivities differ,
asymmetrically distributed space charges accumulate at the
Ti3C2Tx/magnetic ller interface. In addition, the impedance
mismatch at the Ti3C2Tx/magnetic ller interfaces serves to
reect EMWs, resulting in multiple internal reection losses.
Strong interfacial polarization74 and dielectric losses also occur
at the interface, distributing the EMW energy. Consequently,
magnetic/conductive MXene/polymer composites maintain
good conductivity to provide excellent dielectric losses
combined with magnetic losses. Thus, this structural design
can enhance EMW absorption. However, reasonably balancing
the dielectric and magnetic loss capacities by impedance opti-
mization is a signicant challenge that hinders the EMW
absorption/shielding performance.167
Electromagnetic parameters and
impedance matching for the
absorption-dominated
electromagnetic interference shielding
of MXene/polymer composites
Electromagnetic parameters of MXene/polymer composites

EM parameters play a signicant role in determining the
performance of EMI-shielding materials. The absorption of
EMWs is primarily inuenced by the dielectric and magnetic
losses168 that arise from the permittivity and permeability of
MXene/polymer composites. These properties can be repre-
sented by the real (3′) and imaginary (3′′) parts of the complex
permittivity, as well as the real (m′) and imaginary (m′′) parts of
the complex permeability. The magnitude of dielectric losses
(tan d3 = 3′′/3′) and magnetic losses (tan dm = m′′/m′), as well as the
permittivity and permeability of the composites, are commonly
used to assess the mechanism of EMW attenuation in MXene/
polymer composites.

The permittivity of MXene/polymer composites, particularly
MXene/PVDF composites, increases with increasing MXene
load within a certain range.169 This continuous increase in the
dielectric is mainly due to the formation of microscopic dipoles
on the surface between the MXene ller and polymer matrix
under the external applied electric eld, which causes accu-
mulation.119 Tu et al.170 proposed that the enhancement of
dielectric constant is mainly attributed to the formation of
microscopic dipoles through charge accumulation at the
MXene/polymer interface.

According to Luo et al.,171 the increase in permittivity with
increasing MXene loading is related to the increased probability
of connection between MXene sheets. However, at higher
MXene concentrations, the increased connections between
MXene sheets increase the leakage current, resulting in
a decrease in the permittivity.170 This trend is reected in
Fig. 10a. The attenuation mechanism is thought to gradually
shi from jump migration losses between nanosheets to
relaxation losses within single nanosheets.171
Nanoscale Adv., 2023, 5, 3549–3574 | 3565
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Fig. 9 Fabrication of magnetic/conductive MXene/polymer composites for EMI shielding. (a) Fe3O4@Ti3C2Tx/3,4-dihydroxyphenylacetic acid
epoxidized NR elastomer nanocomposite with interconnected isolation structure fabricated via a self-assembly method. Reproduced from ref.
161 with permission from Science China Press and Springer-Verlag GmbHGermany, part of Springer Nature, © 2021. (b) NiCo/MXene hybrid and
NiCo/MXene/CNT film. Reproduced from ref. 164 with permission from the Royal Society of Chemistry, © 2021.
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He et al.172 reported that the dielectric parameters 3′ and 3′′ of
Ti3C2Tx/wax composites increased as the mass fraction of
Ti3C2Tx increased. Meanwhile, both 3′ and 3′′ decrease with
increasing EMW frequency, particularly in high-concentration
(80 wt%) composites, owing to the reduced polarization capa-
bility of the absorber. The behavior of tan d is similar to that of 3′
′, which indicates that conductivity and polarization have
a synergistic effect on 3′′ and tan d,172 (Fig. 10b1–b3).
3566 | Nanoscale Adv., 2023, 5, 3549–3574
In conductive polymer composites, 3′ and 3′′ tend to be close
to zero, and the relative permeability is close to one.173

According to eqn (1)–(3), neither complex permittivity nor
relative permeability directly contributes to SET, SEA, or SER. To
improve the permeability, the addition of magnetic material is
important. Li et al.174 measured the complex permittivity and
relative permeability of Ti3C2Tx/Ni0.5Zn0.5Fe2O4 composites in
the frequency range of 0.2 to 18 GHz and found that 3′ and 3′′

increased as the content of conductive ller (Ti3C2Tx) increased.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 Electromagnetic parameters of MXene/polymer composites. (a) Dependence of the permittivity and dielectric loss of MXene/P(VDF-
TrFE-CFE) composites on the MXene content. Reproduced from ref. 170 with permission from the American Chemical Society, © 2018. (b1–b3)
Dielectric parameters Ti3C2Tx/wax composites as a function of the Ti3C2Tx mass fraction: (b1) real (3′) and (b2) imaginary (3′′) parts of complex
permittivity and (b3) dielectric loss tangent (tan d3). Reproduced from ref. 172 with permission from the American Chemical Society, © 2019. (c1)
3′, (c2) 3′′, (c3) tan d3, and (c4) electrical conductibility of MCSF-5, MCSF-10, MCSF-15, MCSF-20, MCSF-25, and MCSF-30 containing 5, 10, 15, 20,
25, and 30 mg SrFe12O19 in the Ti3C2Tx MXene/MWCNTs/SrFe12O19 film (MCSF). Reproduced from ref. 175 with permission from The Authors, ©
2021. Permittivity and permeability versus frequency of (d1) MXene, (d2) MXene heated at 800 °C for 2 h in a N2 atmosphere, (d3) CNT/Ni
composite, and (d4) MXene-CNT/Ni composite. Reproduced from ref. 11 with permission from Wiley-VCH GmbH, © 2018.
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However, the permeability and magnetic losses were derived
from the magnetic component (Ni0.5Zn0.5Fe2O4).

Li et al.175 studied the effects of Ni-based magnetic llers on
the EMI-shielding performance of MXene composites and
© 2023 The Author(s). Published by the Royal Society of Chemistry
concluded that Ni-based llers signicantly improved the
complex permeability (Fig. 10c1–c4). Aer thermal treatment
(heating at 800 °C for 2 h under a N2 atmosphere), MXenes were
unable to produce magnetic losses due to their inherent
Nanoscale Adv., 2023, 5, 3549–3574 | 3567
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dielectric properties.176 In comparison, Ni-based samples
showed a signicant improvement in complex permeability.

Conductive composites with large-area junctions, such as
those containing CNTs, can improve magnetic balancing and
maximize the effective use of Ni nanoparticles. Huang et al.11

reported that for the Ti3C2Tx-MXene/MWCNTs/SrFe12O19

composite lm, both the complex permittivity and dielectric
loss tangent (tan d3) decreased as the mass fraction of magnetic
plates increased, which was consistent with the trend of
conductivity (Fig. 10d1–d4). However, in magnetically doped
conductive composite materials, electrical and magnetic sepa-
ration play crucial roles in enhancing the conductivity and
maintaining efficient shielding.177 Zhang et al.178 conrmed that
nanoparticle size also has a signicant effect on the permittivity
of EMW absorption and EMI shielding owing to relaxation and
conductive losses. However, the EMW attenuation capability is
determined not only by dielectric and magnetic losses179 but
also by impedance matching.180
Fig. 11 Ideal absorption-dominated shield model of an asymmetric
layered structure.
Impedance matching for absorption-dominated EMI
shielding in MXene/polymer composites

The impedance matching ratio plays a crucial role in the EMW
absorption performance of EMI-shielding materials.181 The
impedance matching ratio Zr, calculated using eqn (12),182

measures the level of impedance matching between the input
impedance (Zin) and impedance of free space (Z0).

Zr ¼
����
Zin

Z0

���� ¼
���

ffiffiffiffiffiffiffiffiffiffiffi
mr=3r

p
tanh

�
jð2pft=cÞ ffiffiffiffiffiffiffiffi

mr3r
p ���� (12)

where f, t, and c are the frequency of the EMW, the thickness of
the sample, and the speed of light, respectively. When Zr is close
to one, EMWs are totally absorbed with minimal reection
losses.183 However, high dielectric or magnetic losses them-
selves cannot guarantee high EMW absorption capacity;
instead, the EMW absorption capacity is dependent on good
impedance matching between the dielectric and magnetic
losses.184

Good impedance matching is crucial for effectively
absorbing incident EMWs.175 To achieve absorption-dominated
EMI shielding, the input impedance of the material should be
close to that of free space (Z0).66 This has been conrmed by
various studies, including that of Xiang et al.,179 who reported
an EMI SE of 110.1 dB for Ti3C2Tx/CNT/Co-nanoparticle nano-
composites. This excellent result was attributed to multiple
internal reections, electric/magnetic dipole polarization,
interfacial polarization, and natural resonance loss. Multilayer
structures composed of different llers and substrates offer to
facilitate fabrication and versatile design. Moreover, they can
achieve excellent impedance matching and attenuation capa-
bilities, leading to advanced EMW absorption performance. The
strong EMW attenuation results from the synergistic effects of
dielectric losses, magnetic losses, interfacial polarization, and
impedance matching. Deng. et al.185 synthesized 2Dmagnetized
MXene composites by electrostatic assembly of negatively
charged few-layered Ti3C2Tx MXenes with positively charged
hollow Fe3O4 nanoparticles. The MXene/hollow Fe3O4 hybrids
3568 | Nanoscale Adv., 2023, 5, 3549–3574
achieved a high EMW absorption performance (minimum
reection loss of 63.7 dB at a thickness of just 1.56 mm). Similar
methods have also been used by Liang et al.164 to optimize
impedance matching and achieve efficient EMI shielding.

The ideal design of absorption-dominated MXene/polymer
EMI-shielding composites comprises an asymmetric layered
structure of absorption, lossy, and reection layers, as depicted
in Fig. 11. This provides a synergistic balance of dielectric los-
ses, magnetic losses, conductivity, and impedance matching.184

To maximize the absorption of incident EMWs, the impedance
matching ratio Zr is crucial. The closer Zr−1 of the absorbing
layer is to one, the greater the input EM energy that can be
propagated in the absorbing matrix and effectively attenuated.44

Impedance matching between the absorption layer and free
space should be maximized while minimizing the conductivity
of the absorption layer (s1) and maximizing its permeability
(m1).70,186 In the lossy layer, the EMWs undergo repeated reec-
tion and loss, which requires a medium impedance matching
ratio (Zr−2) and sufficient material thickness to ensure that the
EMW passing through the absorption layer is exhausted. In
addition, medium conductivity (s2) and permeability (m2) are
suitable for the lossy layer. The loss of EMWs occurs by
dielectric losses (conduction, interfacial polarization, and
dipole polarization losses) and magnetic losses (magnetic
resonance, magnetic coupling, and eddy current losses). To
maximize the dielectric losses, a complete conductive network
is required. Homogeneous, layered, porous, segregated, hybrid,
and magnetic/conductive composites with complete conductive
networks are favorable for EMI shielding. To minimize the
transmission of EMWs through the shielding material, the
impedance matching ratio (Zr−3) of the reection layer should
be minimized, with an ideal reector having a Zr−3 of zero. The
reection layer also requires outstanding conductivity (s3) and
low permeability (m3).187 Thus, the conductivity, impedance
matching ratio, and permeability of the absorbing, lossy, and
reective layers of an ideal absorption-dominated shielding
material with an asymmetric layered structure should have
gradients in the order s1 < s2 < s3, Zr−1 > Zr−2 > Zr−3, and m1 > m2

> m3, respectively.
Ji et al.186 utilized this concept to design a multilayer MXene/

polymer composite with an impedance gradient that exhibits
absorption-dominated EMI-shielding behavior. The composite
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 (a) Multilayer impedance gradient structure consisting of Ti3C2Tx MXene/polymer films; (b) the average impedance Zin of S2.5–S17.5; (c)
the average sEMI SE of the samples S2.5–S17.5. Reproduced from ref. 186 with permission from Elsevier Ltd., © 2021.
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was fabricated from laminated cast lms by a lamination
approach, affording multilayer samples S2.5 (the Ti3C2Tx

content is 2.5 wt%), S5–S15, and S17.5, as shown in Fig. 12a.
The low permittivity of S2.5 and the well-matched imped-

ance used as the top surface layer ensure that the incident EMW
enters the specimen rather than being reected off the surface.
The dielectric lm of S5–S15 has moderate permittivity and
strong dielectric loss capability and can be used as an EMW-
absorbing layer. The efficiency of converting the EM energy
into heat is enhanced and the effective absorption of the EMWs.
A high SER value resulted in repeated EMW losses in S5–S15.
This signicantly improves the attenuation of EMWs by the
multilayer impedance gradient composite lm. Notably, the
composite lm had a gradual impedance gradient ranging from
excellent impedance matching (Zr = 0.405) to impedance mis-
matching (Zr = 0.242), which ensured that the incident EMWs
entered the sample without reecting from the surface, as
shown in Fig. 12b. The dielectric losses were also gradated from
weak to strong. This multilayer impedance gradient design
integrates various loss mechanisms such as conduction,
dielectric loss, and reection, resulting in an excellent EMI SE of
11.8 dB at 15 wt% Ti3C2Tx MXene and a thickness of only
0.1 mm (Fig. 12c). The average SET, SER, and SEA values for the
top and bottom sections of the composite lm for the various
test orientations are 11.82 and 11.82 dB, 7.87 and 8.09 dB, 3.95
and 3.73 dB, respectively. However, further investigation is
required to determine if the subtle changes in the EMI shielding
performance during the test sequence are a result of the dissi-
pation of the majority of EMWs in the lossy layer and the
inability of the reection layer to perform its function. Xing
© 2023 The Author(s). Published by the Royal Society of Chemistry
et al.188 also fabricated an ultrathin asymmetric layered
MXene@AgNW@MoS2 composite lm (with a thickness of 0.03
mm) comprising ve alternating internal layers and MoS2 outer
layers by atomic layer deposition. This ultrathin asymmetric
layered structure effectively increased the absorption propor-
tion of EMWs, reduced the secondary reection, and improved
the stability of EMI shielding properties, achieving an excellent
EMI SE of 86.3 dB in the X-band.

Our previous research189 conrmed the importance of opti-
mized impedance matching for absorption-dominated efficient
EMI shielding of MXene/polymer composites. The above
comparisons show thatMXene/polymer composites with different
Zr values exhibit different EMI SE. MXene/polymer composites
with better matched Zr (0.20–0.27) and high conductivity exhibi-
ted a high EMI SE of 46.1 dB with an absorption coefficient of
85.7%. Therefore, rational design with appropriate impedance
matching is crucial for achieving absorption-dominated EMI
shielding in MXene/polymer composites.
Conclusion and outlook

Excellent conductive ller networks and structural design play
key roles in the outstanding absorption-dominated green EMI
shielding performance of MXene/polymer composites. Homo-
geneous, layered, porous, and segregated composite structures
are capable of enhancing internal scattering for EMI shielding,
while hybrid and magnetic/conducting structures overcome the
shortcomings of individual structural designs, enabling the full
exploitation of the advantages of structural features to improve
EMI SE. However, combining multiple structural designs adds
Nanoscale Adv., 2023, 5, 3549–3574 | 3569
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complexity and processing cost. Indeed, the complete conduc-
tance network for electromagnetic separation and the design of
appropriate impedance matching favor the absorption-
dominated EMI shielding of MXene/polymer composites. To
improve the absorption-dominated EMI shielding of MXene/
polymer composites, the following points should be considered:

(1) The MXene preparation process should use mild reaction
conditions to preserve the high conductivity and 2D ake
morphology of MXenes in polymer composites. The assembly
method of MXenes should also be improved to ensure their
uniform distribution and orientation.

(2) The conductive network in MXene/polymer composites
with hybrid and magnetic/conducting structures should be
intact and continuous to achieve excellent impedance matching
and enhance magnetic losses. The combination of dielectric
and magnetic losses can result in efficient absorption-
dominated green EMI shielding.

(3) Structural and functional design techniques should be
integrated to reduce the MXene content in the composites. The
structure and impedance matching of the MXene/polymer
composite should be carefully chosen to favor absorption-
dominated green EMI shielding. This review provides theoret-
ical guidance for practical solutions to reduce EMI pollution.

(4) Heterostructures have strong interfacial polarization
capability, which can improve the EMW loss performance of
MXene/polymer materials. However, the toughness of hetero-
structured composites is negatively affected by interfacial
stress. Thus, a processing strategy that imparts good mechan-
ical strength is necessary to enhance the overall mechanical
properties of the composite for practical applications.

Green absorption EMI shielding is an emerging and prom-
ising technique that can address the challenges of EMW
pollution in modern military and civilian applications. It can
achieve both high EMI shielding performance and energy
conversion efficiency by optimizing the material composition
and structure. More research is needed to explore the design
principles and fabrication methods of green absorption EMI
shielding materials, as well as their potential applications in
various elds. According to a recent perspective,190 a new
generation of energy harvesting MXene/polymer composite
electromagnetic materials is emerging.
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