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ARTICLE INFO ABSTRACT

Keywords: Electromagnetic interference (EMI) shielding material is the most effective solution to protect

Multifunction N o electronic devices and human health from the harmful effects of electromagnetic radiation. The

E;Ctmmag“enc interference shielding study of EMI shielding materials is intensifying in the constantly developing picture of the fourth
ene

industrial revolution. Many EMI shielding materials based on metal, carbon, emerging MXene
materials, and their composites have been discovered to utilize the EMI shielding performance.
However, a huge demand for compact and multi-functional devices requires the integration of
new functions into EMI shielding materials. Multifunctional EMI shielding materials perform
multiple functions beyond their main function of EMI shielding in a system due to their specific
properties. The additional functions can either naturally exist or be specially engineered. This
review summarizes the recent progress of cutting-edge multifunctional EMI shielding materials.
The possibility of combining multifunction EMI shielding materials, such as strain sensing, hu-
midity sensing, temperature sensing, thermal management, etc., and the difficulties in balancing
EMI shielding performance with other functions are also discussed. Lastly, we point out chal-
lenges and propose future directions to develop research on multifunctional EMI shielding
materials.

Sensing
Heating
Thermal management

1. Introduction

The fifth-generation (5G) technology in telecommunications is no longer strange to the world, and even the next generation, the
sixth-generation (6G) technology, has been interested and is currently under development [1]. It cannot be denied that modern
technology brings immeasurable benefits, but its downside cannot be underestimated. Electromagnetic wave pollution is one of the
major concerns as wireless connectivity and electronic devices evolve. Electromagnetic wave pollution causes interference that distorts
the accuracy of nearby electronic devices and threatens human health [2,3]. Consequently, demand for EMI shielding materials is
growing intensively.

Research directions on EMI shielding have been rapidly increasing over the past 15 years. High EMI shielding effectiveness (EMI
SE) [4], thin thickness [4], lightweight [5], good mechanical properties [6], flexibility [7], efficient manufacturing [8], low cost [8],
etc. Are often prioritized for EMI shielding materials. However, as the demand for compact and multi-functional devices rises, there is a
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growing trend toward researching EMI shielding materials that integrate new functions. Multifunctional EMI shielding materials refer
to materials that perform multiple functions beyond their primary role of EMI shielding due to their specific properties. These
additional functions can either naturally exist or be specially engineered. The incorporation of new functionalities into EMI shielding
materials expands their application scenarios.

For example, EMI shielding with thermal dissipation can be potentially applied to spacecraft materials and aerospace applications
[2]. Highly thermally conductive EMI shielding materials are utilized in small and high-frequency devices to prevent EMI and enhance
heat dissipation, guaranteeing efficient and precise operation [3]. The multifunctional EMI shielding fabrics presented by Zhang et al.
are purportedly able to be made into clothes for soldiers or civilians [9]. These multifunctional EMI shielding garments can not only
shield individuals from EM radiation but also provide warmth in cold environments owing to the Joule heating function. Furthermore,
a body health monitoring capability was added to this multifunctional EMI shielding fabric. The authors proposed a concept of smart
clothing that both protects the wearer from EM wave pollution and monitors heart rate owing to the strain sensing function [9]. In
addition, many useful features have been incorporated into multifunctional EMI shielding materials. The selection of additional
functions to integrate into the multifunctional EMI shielding material depends on the composition materials and the desired features,
which will be explained in more detail in the main body of this report.

Through a survey of research related to multifunctional EMI shielding materials, we found that the research achievements in this
direction are very significant. However, a comprehensive report on multifunctional EMI shielding materials has yet to be published.
Therefore, we hope that, through our study on recent advances in multifunctional EMI shielding materials, readers can gain an
overview of this promising research direction. Besides, an explanation of the mechanism involved between EMI shielding and addi-
tional functions is provided, and perspectives for further research are also suggested.

This review focuses on additional functions of material beyond the main property of EMI shielding, including strain sensing,
humidity sensing, temperature sensing, heating, and others, which are discussed in detail in Section 3. Before that, for the convenience
of readers, the principle of EMI shielding and an overview of the state of the art in recent EMI shielding materials are presented in
Section 2. Lastly, the challenges and prospects of multifunctional EMI shielding materials are discussed in Section 4.

2. EMI shielding function
2.1. EMI shielding fundamentals

The mechanism of EMI shielding based on conductive materials is explained in Fig. 1. When propagating in a medium, the electric
and magnetic fields of EM waves can be expressed as [10]:

E —Ee "d, —Fe e "G, = Ee “(cos fz — j sin fz)d, )
H =He *d, = He e *d, = He " (cos fiz — j sin fz)d, (2)

where v is the propagation constant of the medium, « is the attenuation constant, p is the phase shift constant, and E and H are the
amplitudes of the electric and magnetic fields. If an EM wave is incident at the interface of two different media, reflection may occur:
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Fig. 1. EMI shielding mechanism in materials. Reproduced with permission from Ref. [11]. Copyright 2020 The Authors. Published by Elsevier Ltd.
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Where o is angular frequency, p is magnetic permeability, o is electrical conductivity, and ¢ is permittivity. Because medium 2 is a
shield (conductive, lossy medium o > 0), the lossy medium absorbs the wave:

E2 = Eoeiaz (6)

The formula of attenuation constant is:
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The ratio of the total transmission to the incident of the shield can be expressed:
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where d is the thickness of the shield. The total shielding effectiveness (SE) of the shield in dB is calculated as:
SEr =20 log (E> (O]
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where SEg is the shielding due to reflection, SE, is the shielding due to absorption. For electrically conductive shield materials o > we
therefore
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Here, § is defined as the skin (or penetration) depth, which means the distance at which the intensity of the electric field decreases to 1/
e
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Through surveying, most reports on EMI shielding conduct EMI shielding measurement by recording scattering parameters (S
parameters) from vector network analyzers (VNA) systems. The incident and transmitted EM waves can be expressed in both two ports
of the VNA (S;; and S;3 and their reciprocals, Sy and Sy; S parameters of the samples were measured by a vector network analyzer in
the frequency ranges). With VNA, depending on the frequency range, sample size, special requirements, etc. There are three most
common measurement techniques, including (1) the co-axial cable method, (2) the waveguide method, and (3) the free space method.

(16)



Q.-D. Nguyen and C.-G. Choi Heliyon 10 (2024) e31118

All the methods mentioned above give data as S parameters to calculate EMI shielding as follows. The reflection (R), transmission
(T), and absorption (A) coefficients can be calculated according to:

T=|Su|*=[S1|* a7
R=1S;1[* =S| (18)

Shielding effectiveness can be calculated as below:

SErota1(dB) = SE(dB) + SEA(dB) (19)
SEg(dB)= — 10 log(1 — R) (20)
SEroa(dB) = — 10 log(T) (21)
SE(dB) = SEruw(dB) — SEr(dB) (22)

SErotal is total shielding effectiveness; SE, is shielding effectiveness by absorption; SEg is shielding effectiveness by reflectance.

In addition, the EMI shielding performance of a material can be evaluated, taking into consideration the thickness (t) and weight of
the material. Hence, specific EMI shielding effectiveness (SSE) and absolute EMI shielding effectiveness (SSE/t) are identified as below
[12]:

SSE = EMI SE/density = dB cm® g! (23)

SSE/t = SSE; = EMI SE/density/t = dB cm? g~ (24)

2.2. Recent advances in EMI shielding materials

EMI shielding materials are often based on metal, carbon materials, and the most recent MXene materials. It can be a single material
or a combination of two or more materials. In this part, we express the advances in EMI shielding materials based on main materials
including metal-based, carbon-based (carbon nanotube and graphene), and MXene-based materials.

2.2.1. Metal based EMI shielding materials
Due to their outstanding electrical conductivity, metals such as silver (6.8 x 10° S/m), copper (6.4 x 10° S/m), aluminum (4.0 x
10° S/m), and magnetic metals such as nickel (9.7 x 10* S/m) and steel (6.3 x 10* S/m) are the most common EMI shielding materials
[13]. The comparison of the EMI shielding performance of metal-based EMI shielding materials is shown in Table 1. Reflection and
absorption of EM waves dominate EMI shielding performance because of the abundance of free electrons in the lattice of metal.
The most traditional EMI shielding materials are rigid metals. Song et al. reported a 2 mm-thick magnesium sheet (Mg-3%Al-1%

Table 1
Comparison of EMI shielding performance of metal-based EMI shielding materials.
Material Filler content (wt%) Thickness (mm) Frequency (GHz) SEr (dB) Ref.
Mg-3%Al-1%Zn alloy 100 2 0.03-1.5 88-98 [14]
Mg-Zn-Zr-Ce alloy 100 2 1.2 71 [15]
Mg-Y-Zn alloy 100 2 0.6 80-95 [16]
Mg-Fe composite 100 2 8.2-12.4 75 [17]
NiFe/Cu multi-layer 100 0.004 0.7-10 80-90 [18]
Al foam 100 10 0.13-1.8 45-75 [19]
Al foam 100 2.5 8.2-12.4 44.6 [20]
Ti/Ni foam 100 9 0.3-400 MHz 25-72 [21]
Cu coated textile - - 0.1-1 35-50 [22]
CF/PPy/Cu - - 0.03-1 30.3-50.4 [23]
Cu/bamboo fabric - - 0.0002-1 40-55 [24]
AgNPs/wrinkled textile 20 - 8.2-12.4 101.1 [25]
SSF/PET fabric 40 0.5 0.03-1.5 ~40 [26]
Ni coated carbon fiber/ABS composite - - 0.03-1 30 [27]
Natural fiber-resin/Al - - 8-12 28.5-53.5 [28]
P@Ni-Co alloy - 0.18 8-26.5 77.8 [29]
CuNW/PS 13 0.21 8.2-12.4 42 [30]
AgNW/Cellulose 9.57 5 1 48.6 [31]
CA/AgNW/PU - - 8.2-12.4 31.3 [32]
PES/AgNW/PET - - 8-12 ~30-40 [33]
Ag/PLA 7.75 2.7 8.2-12.4 60.4 [34]
FeSiAl/metal hybrid 60 3 300 kHz-10 65.6 [35]
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Zn) with an EMI SE of 88-98 dB at a frequency of 30-1500 MHz [14]. Liu et al. prepared Mg-Zn-Zr—Ce alloys, showing a superior EMI
SE of 71 dB at frequency 1.2 GHz [15], and Mg-Y-Zn ternary alloys with various ratios of Y and Zn in the alloy, showing an ultrahigh
EMI SE of 80-95 dB [16]. A magnesium-iron micro-composite was prepared using the disintegrated melt deposition (DMD) technique
[17]. Iron micro-particles (size 74 pm) were uniformly dispersed in magnesium molten and then molded into an EMI shielding disc,
achieving an EMI SE of ~75 dB with a thickness of 2 mm. Metal-based EMI shielding materials can be fabricated as thin films through
deposition methods. Park et al. deposited Cu and NiFe on 50 nm Ti to obtain 4 pm thickness films of pure Cu/Ti, pure NiFe/Ti, and
multilayer NiFe-Cu/Ti by DC magnetron sputtering [18]. After investigation of EMI shielding performance, the multilayer NiFe-Cu/Ti
was demonstrated to be more efficient with an EMI SE of 80-90 dB in the frequency range of 0.7 GHz-10 GHz, attributed to multiple
reflections at the NiFe/Cu interfaces.

To overcome the disadvantages of heavy weight and enhance the efficiency of EMI shielding, metal foams have been developed. Xu
et al. investigated the effect of porosity on the EMI shielding performance of aluminum foams [19]. With the increase from 75.61 to
93.08 %, the EMI SE initially remained and then increased to reach a maximum of 75 dB in the frequency range of 130 MHz-1800 MHz.
Kumar et al. fabricated an aluminum foam using the replica impregnation technique [20]. A polyurethane foam was dipped in an
aluminum slurry to form an aluminum-impregnated PU foam before being removed through sintering to obtain an aluminum foam.
The foam with a thickness of 2.5 mm showed an excellent EMI SE of 44.6 dB in the frequency range of 8.2-12.4 GHz due to enhancing
multiple scattering EM waves, as shown in Fig. 2a. Similarly, Liu et al. also used an impregnation method with a PU template to prepare
a metal foam of titanium/nickel [21]. The sample with a thickness of 9 mm showed an EMI SE of 25-72 dB in the frequency range of
0.3-400 MHz.

Metal-coated fabrics are often popular for EMI shielding textiles owing to their high electrical conductivity and flexibility. Via the
electroless plating technique, Lu et al. deposited copper on modal fabric (Cu/MF), prepared multilayer structured cuprammonium
fabric/polypyrrole/copper (CF/PPy/Cu) composites, and fabricated copper/bamboo fabric (Cu/BF) composites [22-24]. These fabrics
exhibited high EMI SE and good durability, as proven by washing and mechanical tests. Yang et al. reported that coating silver
nanoparticles (AgNPs) on modified wrinkled textiles (Ag,PWT) can improve EMI shielding performance [25]. When increasing the
coating solution of AgNPs from 2.5 mg/ml to 20 mg/ml, the silver-coated textile composite achieved EMI SE from 24.5 dB to 101.1 dB,
respectively, as illustrated in Fig. 2b. This significant enhancement of EMI SE was due to the improvement of the consecutive
conductive Ag network formed on the wrinkled textile. The addition of ingredients to improve conductivity and magnetic loss from soft
metallic magnetic materials also helps to enhance the EMI shielding performance of fabrics. 316L stainless steel fibers, which are
molybdenum-bearing low-carbon austenitic stainless steel, were blended with polyester fibers (PET) to form an SSF/PET yarn [26].
The textile achieved an EMI SE of ~40 dB at 0.5 mm thick with 40 wt% SSF.

Metals are combined with polymer matrices or fibers to form conductive composites that can dissipate the energy from EM waves.
Tzeng & Chang prepared nickel-coated carbon fibers by electroless deposition techniques, then reinforced these fibers in ABS com-
posites [27]. The EMI SE of the composite is as high as ~30 dB in the frequency range of 30-1000 MHz due to excellent adhesion
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Fig. 2. Metal-based EMI shielding materials. SEM image of the microstructure and EMI SE performance of (a) Al foam. Reproduced with permission
from Ref. [20]. Copyright 2019 Elsevier B.V. (b) AgNP/wrinkled textile composite. Reproduced with permission from Ref. [25]. Copyright 2023
Elsevier B.V. (c) Ag-plated sendust (Ag-p-St) hybrid composites. Reproduced with permission from Ref. [35]. Copyright 2019 Elsevier Ltd.
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between the nickel coating layer and the carbon fibers. In a report by Xia et al., two aluminum sheets (thickness of 24 pm) were
sandwiched between three layers of natural fiber-resin through a vacuum-assisted resin transfer molding (VARTM) process to form a
multilayer EMI shield [28]. The EMI SE values of the shield achieved 28.5-53.5 dB in the frequency range of 8-12 GHz with good
mechanical properties. To obtain a low-density, flexible, and high-EMI shielding performance material, Zhang et al. electrospun
PAN-PU/Ag fibers into a membrane and then electroless plated Ni-Co alloy nanoparticles to form a P@Ni—Co hybrid membrane [29].
The EMI SE of the membrane is as high as 77.8 dB in a wide frequency range (X-band, Ku-band, and K-band), owing to its high electrical
conductivity and good magnetic properties.

With their tiny sizes, metal nanomaterials, such as nanoparticles and nanowires, play roles as fillers in polymer nanocomposites. In
these polymer composites, the percolation threshold, which is the critical content of metal nanomaterials indicating the transition from
an insulator to a conductor, is an important parameter. Therefore, the conductivity and EMI shielding performance can be significantly
enhanced if the composites possess a low percolation threshold. Sundararaj et al. reported a novel method for the preparation of
nanocomposites known as miscible solvent mixing and precipitation (MSMP) [30]. By this method, copper nanowires (CuNW) with

Table 2
Comparison of EMI shielding performance of carbon-based EMI shielding materials.
Material Filler content (wt%) Thickness (mm) Frequency (GHz) SEr (dB) Ref.
PVDF/MWCNTs 7 2 8.2-12.4 30.89 [36]
MWCNT/WPU 10.6 0.4 8.2-12.4 24.7 [371
PLLA/MWCNT 1.1 1.5 8.2-12.4 30 [38]
CNT/NR 70 0.25 8.2-12.4 44.7 [39]
MWCNT/polycarbonate 5 1.85 8.2-12.4 25 [40]
MWCNT/polystyrene 5 2 8.2-12.4 11.46 [41]
MWCNT/ABS 10 - 12.4-18 39 [42]
MWCNT/PPCP 4.6 vol% 2 12.4-18 48 [43]
CNT/PE 5 21 8.2-12.4 46.4 [44]
PMMA wrapped MWCNT/PVDF/ABS 3 5.6 8-18 32 [45]
PLA/MWCNT 3 2 8.2-12.4 31.02 [46]
CNT/PP 5 2.2 8.2-12.4 48.3 [47]
CNT/UHMWPE 4 1.6 8-18 32.6 [48]
CNT/UHMWPE 2 1 8-18 335 [49]
iPP/POE/MWCNTs 3 1.2 8-12 25 [50]
Ni/MWCNT/HDPE - 3 0.5-1.5 16 [51]
Ni/MWCNT/Epoxy - 1 0.5-1 4-6.5 [52]
Epoxy-MWCNT/Fe304 10 3 13-40 >40 [53]
PVDF/MWCNT/Ni-Fe 53 2.5 8-12 35 [54]
MWCNT/NdFeB/Epoxy 35 1.1 8.2-12.4 34.09 [55]
Au@CNT/SA/PDMS 6 2 8-12 60 [56]
Au-decorated densified CNT 100 0.0143 8.2-12.4 71 [571
Coupled CNT 100 0.023 8.2-12.4 78 [58]
PC/GNP 6 1 8.2-12.4 35 [59]
P(St-BA)/S-rLGO 25 0.25 8.2-12.4 15.9 [60]
P(St-BA)/S-GNS 25 1.8 8.2-12.4 71.5 [61]
GN/WPU 5 - 8.2-12.4 38 [62]
rGO/WPU 7.5 1 8.2-12.4 34 [63]
rGO/PP 20 2 8-18 50 [64]
SR/Graphene 3 1.7 8.2-12.4 34.72 [65]
NBR/GN 4 2 1-12 77 [66]
Ag@FRGO/WPU 5 2 8.2-12.4 35 [67]
TGO/SCI/Epoxy 33 4 11.7 40 [68]
G-Ni/PC/SAN 3 - 18 29.4 [69]
GNP/Ni/Wax 30 0.7 8-12 40 [70]
Ni@Graphene-PVDF 20 0.7 18-26.5 51.4 [71]1
PVDF/Carbon/Ni 13 0.6 18-26.5 55.8 [72]
GNSs-Fe304/PVDF 13.3 vol 0.3 8.2-12.4 52 [73]
PS/TGO/Fe304 2.24 - 9.8-12 30 [74]
RGO@Fe304 8.97 2 8.2-12.4 13.45 [75]
Fe304,@rGO/NR 10 1.8 8.2-12.4 37 [76]
NiFe,04-RGO-Elastomer 5 2 5.85-8.2 28.5 [77]
GNP/CLF/PEEK 2.5 2.5 8.2-12.4 27.1 [78]
RGO/c-Fe;03/C 38 0.4 8.2-12.4 42.83 [79]
PC/GNP/MWCNT 4 5.6 8.2-12.4 21.6 [80]
PVA/MWCNT-Graphene 10 1 1-2 32.89 [81]
GCNT/WPU 10 3 12.4-18 47 [82]
r-OCNTs/TG/PDMS cake - 1 8.2-12.4 67.3 [83]
rGO/MWCNT/PDMS 0.98 2.4 8.2-12.4 56 [84]
PC/MWCNT/GO/MnO 8 0.9 8-18 57 [85]
G-CNT-Fe,03 - 0.1 8-12 134 [86]
Fe304,@AGA/EP 0.36 - 12.4 40.4 [87]
PDMS/FRS/RGO-SWCNH 11 10 14.5-20 34.83 [88]
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high aspect ratios formed a segregated structure in the polystyrene (PS) matrix, leading to a composite with a low percolation threshold
of 0.67 vol%. Hence, the CuNW/PS composite with a copper concentration of only 1.3 vol% possessed a high electrical conductivity of
10* S m™!, resulting in a high EMI SE of more than 20 dB even though the thickness of the film is only 0.21 mm. Lee et al. reported a
silver nanowire (AgNW)-coated cellulose paper fabricated by a facile dip-coating method [31]. AgNW is distributed in a hierarchical
structure, with density gradually reducing in the thickness direction of the cellulose paper, resulting in anisotropic apparent electrical
conductivity. The AgNW/cellulose paper, composed of only 9.57 wt% AgNW content, exhibited a high EMI SE of 48.6 dB with a
thickness of 160 pm at 1 GHz. AgNW was also used as the primary material to prepare transparent EMI shied in a study by Jia et al.
[32]. The AgNW network was formed on the sodium alginate (SA) layer by the Meyer-rod coating technique, followed by the blade
coating polyurethane (PU) layer, and finally immersed in CaCl; solution to obtain a flexible calcium alginate (CA)/AgNWs/PU film.
The film possessed an EMI SE of 31.3 dB, a high optical transmittance of 81 %, and impressive durability. Another flexible, transparent
EMI shield based on AgNW was developed by Hu et al. [33]. Through the Meyer rod coating method, an AgNWs/polyethylene oxide
(PEO) mixture was coated on a PET substrate, and then a poly(ethersulfone) (PES) layer was coated on top by a drawn-down rod
coating to form a sandwiched structural PES/AgNWs/PET film. The film displayed an EMI SE of 30-40 dB in the X-band and a
transmittance of ~70 %. Compared with 1D metal materials, 2D metal materials are predicted to give better EMI shielding perfor-
mance ascribed to the large lateral area, which can efficiently reflect and absorb EM waves. Silver (Ag) nanoplates were erected in poly
(lactic acid) (PLA) matrix through two steps: (i) coating PLA particles with Ag by electroless plating, and (ii) fusing these coated
particles to form PLA/Ag nanoplate film by hot pressing [34]. The large-area Ag nanoplates in the composite resulted in excellent EMI
shielding performance (60.4 dB) with a low silver content of 7.75 wt% and a thickness of 2.7 mm. Repeating reflection-absorption at
the interfaces between Ag and PLA is supposed to be the mechanism of EM wave attenuation. Sambyal et al. investigated the EMI
shielding performance of FeSiAl (sendust flakes)/metal hybrid materials [35]. Sendust flakes were covered by a metal layer through
the electroless plating method and then incorporated with paraffin wax to form a composite. The composite based on Ni-plated sendust
demonstrated a high EMI shielding performance of 65.6 dB (Fig. 2c), owing to its high electrical conductivity and good ferromagnetic
properties.

Despite their high electrical conductivity, EMI shielding materials based on metals often have a heavy weight and low flexibility.
The metallic coating layers would suffer from poor wear and scratch resistance and be susceptible to corrosion. The drawbacks of
metal-based EMI shields hinder their broad applicability.

2.2.2. Carbon based EMI shielding materials

Conductive carbon materials, such as carbon black, graphite, carbon fibers, carbon nanotubes (CNT), and graphene, have been
extensively studied to fabricate EMI shielding materials. The most prominent of them are CNT and graphene, which have demonstrated
the ability to produce excellent EMI shielding materials with high EMI SE and good flexibility. Below, typical studies on EMI materials
based on CNTs and graphene will be highlighted. The comparison of the EMI shielding performance of carbon-based EMI shielding
materials is shown in Table 2.

CNT is one of the most common 1D carbon materials used to fabricate EMI shielding materials. CNT is often combined with a
polymer matrix to form films. The advantage of this type of film is that it is easy to manufacture, making it suitable for large-scale
production while ensuring excellent EMI shielding performance. Through facile blending methods, CNTs and polymers are mixed
to obtain a uniform dispersion of CNTs in the polymer matrix. The CNT content is adjusted to increase until the composite becomes
electrically conductive. In general, the EMI shielding performance of composites is directly proportional to their electrical conduc-
tivity. Wang et al. reported a poly(vinylidene fluoride) (PVDF)/multi-walled carbon nanotube (MWCNTSs) composite containing 7 wt%
MWCNTs that achieved an EMI SE of 30.89 dB in the X-band [36]. Li et al. mixed MWCNT and waterborne polyurethane (WPU), then
fabricated a composite film using a filtration process [37]. With 10.6 wt% CNTs, the MWCNT/WPU film exhibited an EMI SE of 24.7 dB
at 0.4 mm thick. Poly(L-lactide) (PLLA) was used as a polymer matrix in an ultralow percolation threshold PLLA/MWCNT composite to
obtain an EMI SE of 30 dB [38]. CNTs were incorporated with natural rubber (NR) in a ratio of 7:3 by filtration technique to form a
strong and tough CNTs/NR film [39]. The film possessed a brilliant EMI SE of 44.7 dB with a thickness of 0.25 mm. Melt mixing
followed by molding is a sequence used to prepare an EMI shield based on MWCNTs/polycarbonate (PC) composites [40],
MWCNTs/polystyrene (PS) composites [41], MWCNTs/acrylonitrile butadiene styrene (ABS) [42], and MWCNTs/polypropylene
random copolymer (PPCO) [43]. Meanwhile, Jia et al. used polyethylene (PE) to mix with CNT to prepare CNT/PE composite films
[44]. They found that the selective distribution of CNTs at the interfaces between PE polyhedrons would enhance conductivity and EMI
shielding performance. As a result, the 2.1 mm-thick CNT/PE composite film exhibited an EMI SE of 46.4 dB with a CNT content of only
5 wt%. Other than the uniform blend, a controllable blend is a strategy to construct a segregated structure of CNTs in the polymer
matrixes. For these composite films, conductive networks can be formed with only a small amount of CNT composition. Kar et al.
reported that the PMMA-wrapped MWCNTs localized at the interface of immiscible PVDF-ABS to construct an interconnected network
of CNTs [45]. This resulted in high electrical conductivity with a CNT content of only 3 wt% and an EMI SE of 32 dB. A perfect
segregated structure of MWCNTs was indicated by Ren et al. [46]. PLAgc @PLLA hybrid particles were obtained by coating a poly
(L-lactid acid) (PLLA) with a poly (lactic acid) stereocomplex crystallite (PLAg¢) via a solution method before mixing with MWCNTs.
Finally, through injection molding, PLAsc@PLLA-MWCNT segregated film was fabricated. Wu et al. controlled temperature and
pressure to make a typical semi-crystalline polypropylene (PP) during mixing with CNTs [47]. Due to the introduction of the PP solid
phase, CNTs formed segregated networks in the CNT/PP composite and endowed it with an excellent EMI SE of 48.3 dB, a CNT content
of 5 wt%, and a thickness of 2.2 mm. In addition, a solid-phase extrusion (SPE) method was also used to fabricate highly oriented
segregated CNTs/ultrahigh-molecular-weight polyethylene (UHMWPE) composites for EMI shields [48]. Segregated structure
CNTs/UHMWPUE were also obtained by mechanically mixing UHMWPE powders with CNTs and then compression-molding [49].
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With 2 wt% CNTs, the composite showed a maximum EMI SE of 33.5 dB at 1 mm thickness. Liu et al. introduced a simple technique to
control the segregation of MWCNTs in isotactic polypropylene/poly(ethylene-co-1-octene) blends (iPP/POE) [50]. The pulverization
of POE particles encouraged the segregated distribution of MWCNTs in the composites, resulting in a low percolation threshold of 0.24
vol%, enabling excellent EMI shielding performance.

To further enhance the EMI shielding performance of CNT-based composites, other additives can be added to supplement their
magnetic and/or electrical properties. Park’s group demonstrated that EMI shielding performance increased when Ni was plated on
MWCNTs in Ni-MWCNTs/high-density polyethylene composites (Ni-MWCNTs/HDPE) composite [51] and Ni-MWCNTs/epoxy com-
posites (Ni-MWCNT/EP) composite [52]. Liu et al. reported an EMI shield made from three nanocomposite layers consisting of 15 wt%
epoxy-Fe30y4, 5 wt% CNTs-Epoxy, and 10 wt% CNTs-Epoxy [53]. In a study published by Bhingardive et al. [54], Ni-Fe alloys were
combined with MWCNTs in a poly(vinylidene fluoride) matrix. An EMI SE of 35 dB was achieved with 50 wt% of NigoFes( alloy
particles and 3 wt% MWCNTs. Li et al. developed a unique EMI shielding composite composed of two layers: the absorbent layer,
consisting of MWCNTs and NdFeB magnetic powders as fillers in an epoxy matrix, and the reflection layer, made from MWCNT-coated
non-woven fabric [55]. The absorbent layer would suppress the EM waves generated from the inside of the device, while the reflection
layer could prevent the external EM waves from entering. In the research of Lei et al., Au nanoparticles were coated on the surface of
CNTs to improve the electrical conductivity of Au@CNT/SA/PDMS flexible composites, leading to excellent EMI shielding perfor-
mance [56]. The EMI SE reached more than 60 dB with a thickness of 2 mm and 6 wt% Au@CNT content. Yang et al. found out that the
EMI SE of CNT was further densified to reduce the resistance between neighboring CNTs via thermal-induced evaporation followed by
filtration processes. The densified CNT is then soaked in a gold-ion solution to fabricate CNT/Au film. The resultant film exhibited
excellent EMI SE of 71 dB with a thickness of 14.3 pm in the X band, as shown in Fig. 3a [57]. By atomic precision modulation, Wu et al.
reported multispectral compatible CNT films exhibiting the highest EMI SE of 78.0 dB at a film thickness of 23 pm with a high ab-
sorption effectiveness ratio of 86.9 % in the X band [58].

Graphene, with its two-dimensional (2D) structure, is known to be an effective EMI shielding material. This is feasible due to the
exceptional electrical properties of graphene, which include a high electrical conductivity and a substantial number of free electrons
distributed on the surface, which can interact to mitigate the energy of the incident electromagnetic waves. Furthermore, thanks to the
2D structure, the large specific surface area of graphene also increases its ability to block electromagnetic waves, as well as helping to
achieve a low percolation threshold in graphene composites. In addition, the excellent thermal and mechanical properties make
graphene a suitable carbon filler for EMI shielding materials. Nimbalkar et al. reported a very low percolation threshold of 0.005 vol%
graphite nanoplatelets (GNP) in a polycarbonate (PC)/GNP composite [59]. The PC/GNP was prepared through facile solution mixing
followed by a hot-compaction sequence. The prepared film showed an EMI SE of 35 dB with a thickness of 1 mm and 0.037 vol% GNP.
To obtain excellent EMI shields, intrinsic electrical properties play a crucial role. Therefore, Zhang et al. carefully investigated the
effects of the sulfonation on defects of graphene oxide (S-rLGO) to ensure the highest conductivity before mixing with P(St-BA) latex to
form an EMI shielding composite via a blending-casting process [60]. A high EMI SE of 15.9 dB at a thickness of only 0.25 mm was
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Fig. 3. Carbon-based EMI shielding materials. SEM image of the microstructure and EMI SE performance of (a) Metal-decorated densified CNT film.
Reproduced with permission from Ref. [57]. Copyright 2023 Elsevier Ltd. (b) Polyvinyl alcohol/MWCNT-graphene composite. Reproduced with
permission from Ref. [81]. Copyright 2015 Elsevier Ltd. (c) Fe3O4@anisotropic reduced graphene oxide aerogel composites. Reproduced with
permission from Ref. [87]. Copyright 2022 Elsevier Ltd.
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achieved. Similarly, Wei et al. prepared the mixture of P(St-BA) latex and sulfonated graphene nanosheets (S-GNS) by self-assembly via
a blending method, then cast it into a composite film. The flexible P(St-BA)/S-GNS film displayed an ultrahigh EMI SE of 71.5 dB with
25 wt% S-GNS and a thickness of 1.8 mm [61]. Waterborne polyurethane (WPU) is a good choice to incorporate with graphene fillers
for the fabrication of composites because it is eco-friendly, easy to form a film, and has good mechanical properties [62]. Graphene
nanosheets (GN) after covalently modifying with aminoethyl methacrylate become highly compatible with a WPU matrix, leading to
high electrical conductivity and EMI shielding performance of the GN/WPU composite [61]. In another approach, an electrospun WPU
sheet was deposited with graphene oxide (GO) through layer-by-layer (L-b-L) assembly of two oppositely charged GO dispersions.
After reducing GO into rGO, the obtained rGO/WPU composite showed a high EMI SE of 34 dB with a thickness of 1 mm [62]. George
et al. reported an excellent EMI shielding composite with an EMI SE of 50 dB in the frequency range of 8-18 GHz [64]. The composite,
fabricated from polypropylene (PP) and rGO by compression molding, has a thickness of 2 mm and 20 wt% rGO content. In addition,
compression molding was also used to fabricate a flexible sandwich-structured silicone rubber (SR)/graphene (GN) [65]. GN content of
3 wt% was selectively localized at the surface layers of SR, leading to an EMI SE of 34.72 dB at 0.35 mm. Acrylonitrile butadiene rubber
(NBR) was incorporated with GN using a conventional rubber-roll milling method to obtain a lightweight and flexible NBR/GN
nanocomposite for EMI shields [66].

Graphene can be combined with another additive in a polymer matrix to enhance EMI shielding performance. The functionalized
graphene oxide was decorated with silver nanoparticles to improve its electrical conductivity of 25.52 S/m with an EMI SE of 35 dB
[67]. Moreover, the epoxy-based nanocomposites with reduced GO were simply mixed by centrifugation with magnetic carbonyl iron
to obtain the highest EMI SE of 40 dB at 11.7 GHz [68]. On the one hand, the introduction of Ni nanoparticles has increased the
performance of thermal conductivity, and EMI attenuation has gained a lot of attention. In 2015, Ni particles were decorated into the
graphene via chemical and hydrogen reduction processes using nikel (II) salt solutions at the proper time and treated at the same
temperatures as the polycarbonate/poly(styrene-co-acrylonitrile)-supported graphene/Ni-blended film with an EMI SE of 29.4 dB at
18 GHz [69] and the graphene nanoplatelet/Ni/wax nanocomposite using molecular-level mixing with an EMI SE of 40 dB in the X
band [70]. Further development of employing Ni particles on graphene/polyvinylidene fluoride (PVDF)-based composites has been
claimed by Liang et al. that an alternating multilayer structure of graphene sheet and Ni nanochain composite film was fabricated and
highly oriented via hot compression molding and lamination. In this method, aligned nanofillers improved the in-plane thermal
conductivity of composites and the multi-level EM multireflection for high performance in heat dissipation and EMI SE of 51.4 dB with
a film thickness of 0.7 mm in the K, band range [71]. Similarly, Zhao et al. reported a PVDF/carbon/Ni-based 0.6 mm-thick composite
film with an EMI SE of 55.8 dB in the frequency range of 18-26.5 GHz [72]. On the other hand, magnetic iron oxide (Fe3O4) nano-
particles have attracted researchers to use them as an additional nanofiller in composites for enhancing EMI SE performance [73-76].
Chen et al. showed a polystyrene/Fe304/2.24 wt%-rGO hybrid material with an EMI SE of 30 dB in the 9.8-12 GHz frequency range
[74]. After that, Zhan et al. demonstrated a segregated structure of flexible natural rubber/Fe304/rGO 1.6 mm-thick composite film
with an EMI SE of up to 37 dB in the X band [76]. Likewise, an epoxy-based Fe304/rGO composite is well fabricated via electrostatic
self-assembly and a co-prepitation approach with an EMI SE of 13.45 dB at 8.2 GHz [75]. According to the layer-by-layer technique, a
multi-layered graphene nanosheet/Fe304/PVDF homogeneous composite solution was successfully prepared by ultrasonication and
constructed by the casting process as a flexible film with a remarkable EMI SE of 52 dB at a thickness of 0.3 mm and high stability after
bending [73]. To further upgrade the EMI SE, Yadav et al. developed a spinel ferrite nanoparticle (NiFe;04)/rGO/elastomer nano-
composite with an EMI SE of 28.5 dB in the frequency range of 5.8-8.2 GHz [77]. The composite composed of graphene nanoplate,
carbonized loofah fiber, and polyether-ether-ketone was fabricated via mechanical blending followed by hot compression and showed
an EMI SE of 27.1 dB in the X band [78]. Recently, Singh et al. proved the high EMI SE of 42.83 dB in the X band of rGO/-
Fey03/C/phenolic resin-based composites produced by compression molding with electrical conductivity up to 171.21 S/cm [79].

To enhance the electrically conductive network of composites, CNTs are used as a conductive bridge to connect between graphene
flakes, resulting in excellent EMI shielding performance. A polycarbonate (PC)/graphene nanoplate (GNP)/multiwall carbon nanotube
(MWCNT) hybrid composite was prepared by a simple melt-mixing of PC with GNP and MWCNT at 330 °C, followed by compression
molding. The resultant hybrid composite showed a high EMI SE value of 21.6 dB for the hybrid with a ratio of 4 wt% (GNP/MWCNT)
and an electrical conductivity of ~6.84 x 107% S ecm™! was achieved for 0.3 wt% (GNP/MWCNT) [80]. Furthermore, a low-cost,
eco-friendly manufacturing method to prepare sandwich-structured composites having desirable mechanical properties, flexibility,
good electrical conductivity, and EMI SE was demonstrated by Lin et al. [81] as described in Fig. 3b. The reported sandwiched
structure had polypropylene/multi-walled carbon nanotubes (MWCNTs) as the surface layers, while polyvinyl alcohol
(PVA)/MWCNTs and PVA/graphene nanosheets were the interlayer composites. Maleic anhydride-grafted polypropylene (PP-g-MA)
reinforces the interfacial adhesion between the sandwich-structured composites and thereby enhances their tensile strength. The
findings suggested that, with the interlayer PVA/MWCNTs, the polymer composites would have an optimal electrical conductivity of
5.8 S/cm and an EMI SE of —28.60 dB for 0.0003 GHz-1 GHz, —32.89 dB for 1 GHz-2 GHz, and —33.52 dB for 2 GHz-3 GHz bands.
Similarly, interesting works based on graphene and CNT have been reported by Verma et al. that the ternary hybrid nanocomposite,
which consisted of thermoplastic polyurethane as matrix and graphene nanoplatelets-carbon nanotubes hybrid (GCNT), showed a —47
dB EMI SE at the Ku-band of microwave [82]. Zhu et al. reported a cake-like flexible PDMS-coated graphene/reduced oxidized
MWCNTSs composite with an electrical conductivity of up to 15.15 S cm™! and an EMI SE of 67.3 dB in the X-band [83]. Likewise, Jia
et al. reported a 3D graphene/MWCNTs/polydimethylsiloxane composite with an EMI SE of 54.43 dB at 1400 °C [84].

Besides the electrically conductive fillers, magnetic fillers have been incorporated into composites for enhanced shielding per-
formance, resulting in the formation of multiple filler-based EMI shielding materials. To minimize electromagnetic (EM) pollution, the
intrinsic wave impedance matching and intense absorption of incoming EM radiation have been taken into consideration by poly-
carbonate (PC) and PVDF with doped MWCNTs and a three-dimensional crosslinked GO framework doped with ferrite nanoparticles



Q.-D. Nguyen and C.-G. Choi Heliyon 10 (2024) e31118

by Biswas et al. [85]. The unique combination of magnetodielectric couplings resulted in an EMI SE of 37 dB at 18 GHz. Moreover, an
EMI SE of 57 dB was measured for a thin shield of 0.9 mm thickness of rationally stacked individual composites in a multilayer ar-
chitecture [85]. Furthermore, a rapid and simple microwave method has been demonstrated to synthesize a multilayered and inter-
connected three-dimensional graphene-carbon nanotube-iron oxide (3D G-CNT-FeyOs) hetero-nanostructure for a flexible and
wideband high-performance EMI shielding film [86]. The fabricated thin and flexible composite films consist of 3D G-CNT-Fe,03
nanostructures and poly(3,4-ethylenedioxythiophene) poly(4-styrenesulfonate) demonstrated excellent EMI SE over 130 dB and
durability under repeated bending tests over 1000 times. Moreover, Fe3Os@anisotropic reduced graphene oxide aerogel
(Fe304@AGA/EP) nanocomposites fabricated by one-step hydrothermal reduction reaction and unidirectional freezing reported that
EMI SE reached 40.4 dB along the radial at 12.4 GHz, as shown in Fig. 3¢ [87]. The introduction of Fe304 nanoparticles promoted
interfacial polarization among composites, leading to an improvement in shielding effectiveness. Whereas, Bera et al. demonstrated a
lightweight compressible porous polydimethylsiloxane (PDMS)/FRS [ferrous ferric oxide (Fe304)], which decorated reduced graphene
oxide (RGO)/single wall carbon nanohorn (SWCNH)] composite with an electrical conductivity of 2.5 x 1072 S/cm and an EMI Se of
—34.83 dB at extended Ku band [88].

2.2.3. MXenes based EMI shielding materials

Due to its metallic conductivity, higher electron density near the Fermi level, 2D structure, and excellent mechanical properties,
MXene is becoming a flagship in EMI shielding materials. In 2016, the group Koo reported MXenes films (TizCoTx, M02TiCoTx, and
Mo2TiaC3Ty) for EMI shielding material [4]. The Ti3CoTy flakes of large size were obtained from TizAlC; MAX via a minimally intensive
layer delamination (MILD) method. The large lateral-size Ti3CyTyx flakes were laminated to form thin films by vacuum-assisted
filtration. Mo,TiCoTx and MoyTipoCsTx films were also prepared. The electrical conductivities of Ti3CeTy, MoyTiCeTy, and
Mo,TiyCsTy films achieved 4665 S em™!, 120 S em ™!, and 300 Sem ™, respectively. As a result, Ti3C,Ty film showed the highest EMI SE
of 48-92 dB with a thickness range of 1.5-45 pm. Especially, the EMI SE of 92 dB with a uniform thickness of only 45 pm demonstrated
the highest EMI shielding performance ever known. In addition to the ultrahigh conductivity, the multilayered structure, which
enhanced absorption of EM waves due to multiple reflections, and polarization losses owing to abundant functional groups on the
surface of TigCyTx contributed to the excellent EMI shielding performance. Since this discovery, much more research has been con-
ducted to develop EMI shields based on MXenes. Liu et al. treated a TigCoTx MXene film with a hydrazine solution to enhance EMI
shielding performance, as presented in Fig. 4a [89]. The film thickness increased from 6 pm to 60 pm after treatment, along with the
appearance of foam and widening spacing between layers in the film structure. The porous structure was formed when H20 vapors and
CO/CO,, gases were released from the reduction reactions of hydrazine molecules with functional groups such as OH and C-OH on the
surface of MXene sheets. Although a reduction in electrical conductivity from a value of 4000 S cm ™! (original film 6 pm) to 580 S cm ™
(foam 60 pm) was observed, the EMI SE value increased from 53 dB to 70 dB. The enhancement of EMI shielding performance is
attributed to the multireflection of incident EM waves, leading to improved EM wave absorption due to the widening spacing between
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Fig. 4. MXene-based EMI shielding materials. SEM image of the microstructure and EMI SE performance of (a) MXene foam. Reproduced with
permission from Ref. [89]. Copyright 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim (b) MXene/aramid nanofiber composite film.
Reproduced with permission from Ref. [91]. Copyright 2022 Elsevier B.V. (c¢) TizC2Tx/CNF composite film. Reproduced with permission from
Ref. [92]. Copyright 2022 Elsevier Ltd.
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MXene layers in the porous structure. The treatment also resulted in the hydrophobic properties and good oxidation stability of the
MXene foam. In addition, the group Koo continued reporting another member of the MXene family, Ti3CNTy, as an outstanding EMI
shielding material [90]. Ti3sCNTx nanosheets, which were prepared by etching from their corresponding MAX phase Ti3AICN, were
laminated into a 40-um-thick film through vacuum filtration. The film possessed an electrical conductivity of 1125 S cm™! and an EMI
SE of 61 dB. Interestingly, the structure of the Ti3CNTy film also transformed from compact to porous under annealing treatment.
Annealing temperature was up to 350 °C, and the porosity was proportional to temperature. The effect of annealing temperature on the
electrical conductivity of the film was observed with an enhanced electrical conductivity of 2475 S cm ™! at 250 °C. It was ascribed to
the removal of adsorbed H,O molecules and surface terminations. Further increasing the annealing temperature to 350 °C, the surface
oxidation of TigCNTy occurred, resulting in a slight decrease in electrical conductivity. However, the EMI SE of the film still increased
and achieved 116 dB, which is higher than the EMI SE of annealed Ti3CyTy film (93 dB) with the same thickness. This outstanding EMI
shielding performance was contributed by the induced porous material and improved electrical conductivity.

The hydrophilicity of MXenes endows them with the ability to easily form stable dispersions and combine with polymer matrix into
low-percolation threshold composites. Therefore, EMI shielding materials developed from MXenes polymer composites are attracting
more and more attention. Luo et al. incorporated TizC2Tx MXene into natural rubber (NR) to form an EMI shielding film with a
thickness of 251 pm [93]. A mixture of Ti3CyTy colloidal and NR latex with 6.71 vol% Ti3CyTx was vacuum-filtrated on filter paper.
After peeling, the Ti3C2Tx/NR film was dried entirely at room temperature. The film exhibited an excellent electrical conductivity of
1400 Sm™! and an EMI SE of 53.6 dB. Owing to the combination between MXene and NR, the mechanical properties of the film were
enhanced, with tensile strength and modulus increasing by 700 % and 15000 %, respectively, as compared to those of neat NR.

The vacuum-assisted filtration method was also used to fabricate an ultrathin EMI shielding based on Ti3CyTx MXene and aramid
nanofiber (ANF) [94]. The ANF/MXene with a weight ratio of 20:80 showed an excellent conductivity of 879.0 S/cm, resulting in an
EMI SE of 40.6 dB with a thickness of only 3.2 pm. Similarly, Liu et al. mixed chitosan (CS) solution with Ti3C2Ty MXene dispersion,
then filtered by vacuum-assisted filtration to collect a film [95]. The CS/MXene film displayed an EMI SE of 34.47 dB with a thickness
of only 37 pm and a T3Cy Ty content of 75 %. The strong, light, and durable composites of MXene integrated with ANF were successfully
fabricated in the form of anisotropic aerogel [96] and film [91] with excellent EMI SE. Yao et al. investigated the EMI SE performance
of a hierarchical structure superhydrophobic MXene/aramid nanofiber (SHMA) film (Fig. 4b) prepared by the layer-by-layer method
and hot-pressing [91] at temperatures ranging from 25 to 300 °C. The superhydrophobic MXene/ANF film showed a high EMI SE of
63.2 dB at a thickness of 70 pm. Meanwhile, Wang et al. claimed that the conductive composite film of AgNW/MXene/polyurethane
exhibited an EMI SE of 27.1 dB with a high transmittance of 82.8 % [97]. The polyvinylidene fluoride (PVDF)-MXene composite
nanofiber, which is decorated by ZnO, was developed as a flexible and stable film with an EMI SE of 61 dB [98]. Due to the 2D structure
of the MXene nanosheet, MXene/polymer nanocomposite films fabricated by vacuum filtration often possess a nacre-like “brick and
mortar’’ with a highly ordered nanostructure of MXene [99-101]. Liu et al. reported a nacre mimetic polyurethane (PU)/Ti3CyTx
MXene composite film for EMI shielding [99]. The composite film showed an ultrahigh electrical conductivity of ~2897.4 S cm ™! and
excellent EMI SE of 27.6 dB in the X-band with an ultra-small thickness (<10 pm) and 80 wt% TizCyTx. In addition, PU/Ti3CyTx
displayed flexibility and good mechanical properties, with a tensile strength of ~100 MPa and a fracture toughness of ~3.0 MJ m°.
Numerous techniques have been proposed to enhance the EMI SE performance of composite materials composed of TizCoTx/cellulose
nanofiber (CNF), including a gradient structure [92], an aligned structure [102], a layered structure [103], a porous structure [104],
and a 3D printed structure [105]. Ma et al. proved that the MXene and CNF are well-constructed together to maximize the EMI SE of
composites by controlling the conductive gradient layer via layer-by-layer vacuum filtration [92], as shown in Fig. 4c. The best EMI SE
of CNF/MXene (0-5-10-15-100) composites performed an EMI SE of 44.5 dB at 105 pm in the X band. The nacre-like lamellar structure
of Ti3CyTx/CNF composite paper was prepared by Cao et al. through a vacuum-filtration-induced self-assembly process [101]. This

Table 3
Comparison of EMI shielding performance of MXene-based EMI shielding materials.

Material Filler content (wt%) Thickness (mm) Frequency (GHz) SEr (dB) Ref.
TisCyTy 100 0.045 8.2-12.4 92 [4]
TizCoTx foam 100 0.06 8.2-12.4 70 [89]
TigCNTx 100 0.04 8.2-12.4 116 [90]
TizCaTx/NR 6.71 0.251 8.2-12.4 53.6 [93]
TizCoTx/ANF 80 0.0032 8.2-12.4 40.6 [94]
TizCyTx/CS 75 0.037 8.2-12.4 34.7 [95]
TizCoTx/ANF aerogel 80 2.5 8.2-12.4 65.5 [96]
TizC2Tx/ANF film 80 0.07 8.2-12.4 63.2 [91]
AgNW/MXene/PU - - 8.2-12.4 27.1 [97]1
(PVDF)-MXene ZnO 10 0.015 8.2-12.4 61 [98]
TizCoTx/PU 80 0.01 8.2-12.4 27.6 [99]
Ti3CoTx/PEDOT:PSS 87.5 0.0111 8.2-12.4 42.1 [100]
TizC,Tx/CNF 80 0.074 8.2-12.4 25.8 [101]
TizCoTx/CNF 26 0.105 8.2 44.5 [92]
Delaminated-MXene/CNF - 0.02 8.2-12.4 36.51 [102]
Layered-MXene/CNF - 0.0101 8.2-12.4 44.6 [103]
CNF/MXene-50/MCHSM-5 50 0.05 8.2-12.4 41.7 [104]
m-TizC,Ty)/CNFs 90 3.3 8.2-40 80.3 [105]
TizCoTx/Epoxy 15 2 8.2-12.4 41 [106]
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structure not only possesses strengthening, toughening with tensile strength (135.4 MPa), fracture strain (16.7 %), and folding
endurance (14260 times), but also electrical conductivity (739.4 S m™1). Asa result, the paper achieved an EMI SE of 25.8 dB with a
thickness of 74 pm. In the “brick-and-mortar” structure of film reported by Liu et al., poly(3,4-ethylenedioxythiophene)—poly(styr-
enesulfonate) (PEDOT:PSS) served as the “motar,” while Ti3C,Tyx nanosheets assumed the role of “bricks” [100]. As known as an
intrinsic conductive polymer, the presence of PEDOT:PSS led to excellent electrical conductivity (340.5 S/cm) of the film, resulting in a
superior EMI SE of 42.10 dB with a thickness of only 11.1 pm. Furthermore, the mechanical properties of the film were significantly
improved, with a tensile strength of 13.71 MPa and a fracture strain of 0.29 %. For a scalable and facile fabrication method, Wang et al.
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used a mechanical mixing process to obtain a mixtrure of annealed Ti3CyTx and epoxy, which was then poured into a mold to form a
Ti3CyTyx/epoxy nanocomposite [106]. The composite exhibited an electrical conductivity of 105 S/m and an EMI SE of 41 dB with a
Ti3CoTy content of 15 wt% and a thickness of 2 mm. Table 3 summarizes the EMI shielding performance of MXene-based EMI shielding
materials.

3. Beyond EMI shielding function
3.1. Strain sensing function

Strain sensing materials have great potential in today’s critical and innovative applications, such as robotics and wearable elec-
tronics, as they can assist robotic systems to sense tactile feedback or collect signals for monitoring the health of wearers. For strain
sensor materials, their accuracy is one of the most important requirements. However, they are very susceptible to electromagnetic
interference from external sources or caused by internal components. In addition, the trend toward multifunctionalities, performance
improvement, and size reduction in electronic devices has encouraged research on multifunctional materials. Therefore, the intro-
duction of multifunctional EMI shielding materials with strain sensing ability is necessary to substitute for a typical sensing material in
the device without any additional EMI protection. These multifunctional EMI shielding materials can protect the equipment, the
human body, or the robotic systems from harmful EM waves and EMI while providing strain sensing ability.

To the best of our knowledge, the strain sensing function in multifunctional EMI shielding materials is mainly based on resistive-
type strain sensing. These materials are generally fabricated by depositing thin conductive layers onto stretchable substrate surfaces or
embedding conductive nanomaterials into elastomers. Therefore, multifunctional EMI shielding materials with strain sensing ability
can be classified based on supporting materials.

To meet the increasing demand for wearable devices, textiles have been used as supporting materials with the advantages of
flexibility, stretchability, ventilation, ambient stability, and even washability. They have been developed to make sensors [107],
energy storage materials [108], electrodes [109], and EMI shielding materials [110]. So far, large-area fabrication of multifunctional
EMI materials with strain sensing capabilities that are textile-based has been achieved [111,112]. Conductive materials, such as
metallic nanomaterials, conductive polymers, carbon nanomaterials, and MXenes, can be used to coat the surface of fabrics to form
multifunctional EMI shielding fabrics. Nevertheless, it still has several drawbacks caused by the low electrical conductivity, weak
interfacial adhesion, and unsatisfactory mechanical properties of the stretchable substrate, such as the low EMI SE, low sensitivity (i.e.,
gauge factor), durability, response speed, stability, and resilience [113].

Zhang et al. reported a MXene-decorated cotton fabric (M — CF) for a multifunctional EMI shielding textile with strain sensing
ability to recognize human motion [9], as shown in Fig. 5a. Ti3CoTx MXene ink was prepared by etching Ti3AlC, with a hydrochloric
acid (HCI) and lithium fluoride (LiF) mixture, followed by the delamination process. Via adjusting spray coating-drying cycles, the
MXene nanosheets were loaded on a templated cotton fabric, resulting in a conductive surface. Owing to the excellent electrical
conductivity of MXene, the M — CF performed a high average EMI SE of 0.33 mm thickness, which was about 25, 33, and 36 dB,
corresponding to 2, 4, and 6 wt% MXene loading content, respectively, in the X-band. Besides the main function of EMI shielding, the
M — CF also had superior sensitivity to bending strain. The strain-bending sensing property was due to the changing conductive path
inside the fabrics. Under bending, the adjacent MXene nanosheets were distanced, and the relative resistance changed versus the
bending strain of MXene-modified fabrics. The gauge factor (GF), which represents the sensitivity, can be calculated by the slope of
relative resistance change-bending strain curves. The 2 wt% MXene loading content M — CF sensor showed the highest GF compared
with the other two sensors due to the maximum change in resistance with the same bending strain. Furthermore, the sensing per-
formance showed high stability and durability under cyclic bending of 5000 cycles. Due to their outstanding flexibility, high sensi-
tivity, and stability, M-CF-based sensors have broad application prospects in wearable devices to track human movements, such as
finger flexion, hand motion, heart rate detection, and pronunciation recognition.

Sang et al. fabricated a multifunctional EMI shielding textile by dip-drying a non-woven fabric using silver nanowires (AgNWs)
dispersion and multiwall carbon nanotubes (MWCNTs) dispersion, respectively, followed by solution-casting with poly(vinylidene
fluoride) (PVDF) solution [116]. This EMI shielding textile possessed an EMI SE of 34 dB with a thickness of 390 pm and demonstrates
its multifunctional ability through a force-sensing (0, 20, 44, and 60 N) property due to piezoelectric phenomena that can detect
human body movements, such as jumping, running, finger joint bending, and heart beating with self-power. A self-powered strain
sensor based on piezoelectric and triboelectric phenomena was also developed by Zhang et al. [117]. The sensor was composed of
several small-sized layers of Ag thin films deposited on both sides of a polarized PVDF film attached to a large-sized layer of Ag-coated
fabric sandwiched between two rubber layers. It exhibited a good strain-sensing performance with a strain of 40 % that would monitor
the breathing process. In addition, the material shielded more than 99.9978 % of EM waves ranging from 0 to 1.5 GHz. Through
dip-coating reduced graphene oxide and spray-coating TisCoTx MXene, Zheng et al. have successfully fabricated
rGO/MXene-decorated cotton fabric (RMC), a smart cloth with many functions [118]. With a thickness of ~500 pm, the RMC provided
an EMI SE of 29.04 dB. Another interesting function of this fabric is its bending-strain sensing ability with negative resistance variation
and high sensitivity to monitor human motions, including bending fingers, elbows, knees, and swallowing. The negative resistance
variation phenomenon has also been recorded by Zhang et al. when they tested stretching-strain sensing of a flexible Ni@PET-g--
PAO/Fe304 textile, which was fabricated by radiation-induced graft polymerization (RIGP) treatments and electroless plating [118,
119]. The strain sensor showed that the performance of a fast and repeatable response displayed long-term stability in the strain range
of 0-40 % and an EMI SE of 19.4 dB at an operating frequency of 0.05-1 Hz.

Besides fabric-based shielding, multifunctional EMI shielding with strain sensing ability can be fabricated based on elastomer
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composites. Nguyen et al. proposed a multifunctional EMI shielding skin with the dual purpose of protecting robotic systems from EM
waves and sensing pressures, mimicking the functions of human skin [114]. The EMI shielding skin was a Fe304@TisCyTx/GF/PDMS
composite, as shown in Fig. 5b. A graphene foam (GF) synthesized by CVD was decorated by Fe;04 nanoparticles that intercalated the
Ti3CyTx nanosheets, followed by reinforcement in polydimethylsiloxane (PDMS) matrix. The Fe3O4@TizC2Tx/GF/PDMS composite
exhibited an ultrahigh EMI SE of 80 dB in 8.2-12.4 GHz and 77 dB in 26.5-40 GHz with 11.35 wt% filler content and a thickness of 1
mm due to excellent absorption SE. Furthermore, due to their good elasticity, rapid recovery, highly conductive nature, and large
specific surface area, the deformation of Fe304@Ti3C,Ty/GF/PDMS composites resulted in a change in electrical resistance, leading to
a promising pressure-strain sensing performance under the external pressure range of 62.4-700 kPa. The time-dependent (R — Ro)/Ro
of Fe304@Ti3C2Tx/GF/PDMS under different press releases are shown. When pressurization, the conductive pathways were generated
from contact of graphene-graphene, TizCoTx-TisCoTx, and graphene-TizCyTy, thereby the (R — Rg)/Rg of the composites became
negative and proportional to the applied pressure. When released, the resistance recovered to its original status; thus, (R — Rg)/Rg
became zero. This result opens the possibility of being used as a multifunctional EMI shield for wearable electronics and robotics.

Liang et al. reported a sponge of polyurethane@polydopamine@silver nanoparticles (PU@PDA@Ag), fabricated by a facile bio-
response method consisting of two steps: decorating PDA on the surface of the PU sponge and in-situ growing Ag nanoparticles on
the PU@PDA [120]. Due to its excellent compressibility, the sponge possesses a human motion-sensing ability, such as walking,
bending knees, fingers, wrists, and elbows, with a maximum of 80 % compression strain. The compression reduced the gap between Ag
nanoparticles, improved the conductive network, and reduced electrical resistance, which quickly responded to the deformation of the
sponge. Besides, the PU@PDA@Ag sponge exhibited an impressive EMI SE of 84 dB with a thickness of 5 mm. Silver nanoparticles
(AgNPs) were used by Wu et al. in another report, which showed a 14.8 pm-thick coating film with an EMI SE of 37.8 dB [121]. The
coating material was a mixture of AgNPs and polystyrene-block-poly(ethylene-co-butylene)-block-polystyrene (SEBS) that would be
applied to various substrates to demonstrate multifunctionality. SEBS/AgNPs were coated on an elastic tape to form a strain sensor that
exhibited excellent sensitivity (66 and 1075 in the strain range of 0-51 % and 53-60 %, respectively) and fast response time
(approximately 100 ms). By a scalable technique of melt blending and compression molding, Zhao et al. fabricated a flexible poly
(ether-block-amide) (PEBAX)/graphene composite film, which performed an average EMI SE of 30.7 dB with a thickness of 2 mm and
only 8.91 vol% graphene content [119]. In addition, the film exhibited a negative pressure coefficient (NPC) effect of resistance with
increasing outer pressure. The compression molding technique was also used by Yuan et al. to fabricate a 1.8-mm film composed of
branched carbon nanotubes (CNS) and recycled epoxy [122]. The CNS formed a segregated structure in composite as an electrically
conductive network, leading to good strain-sensing performance and EMI shielding performance (EMI SE of 22 dB) with a CNS content
of only 1 wt%. Based on the natural wood structure, the MXene nanosheets are impregnated onto the delignified wood, followed by a
densification process to prepare a flexible MXene/wood film with high EMI SE performance, as shown in Fig. 5¢ [115]. The advantage
of this method is that well-aligned celluloses support the arrangement and stacking of MXene on the cellulose framework, resulting in a
highly conductive, flexible, and robust MXene/wood composite. This composite reached 55.5 dB with a MXene content of 32.5 wt% in
the X band. In addition, the MXene functionalized wood composite film showed a high sensitivity to human motions (finger, wrist,
nape, and knee).

Jia et al. reported sandwich-like structure graphene oxide/silver nanowire (GO/Ag-xL, x represents the number of layers) films,
which are fabricated through vacuum-assisted self-assembly [123]. The GO/Ag-7L displayed a maximum EMI SE of 62 dB with a
thickness of 8 ym in the broad-band frequency range of 8-40 GHz and acted as a bending strain sensor with high sensitivity and quick
response. Therefore, it could be applied to protect EMI and detect motions in robotic systems. Also targeting robotic applications, Pu
et al. developed a multifunctional electronic skin (M-E-skin) [124]. The M-E skin consisted of AgNW spray-coated onto the rough
PDMS and another layer of AGNW deposited on the smooth PDMS. These components came together to create an exceptional pressure
sensor characterized by high sensitivity (9.8 x 104 kPa™! for the pressure range 0-0.2 kPa and 3.5 x 103 kPa~! within 0.2-20 kPa),
broad operating range (0-20 kPa), rapid response and relaxation times (<62.5 ms), excellent pressuring-relaxing stability (10 kPa,
1000 cycles), low operating voltage (0.1 V), low power consumption (1.5 nW), and low detection limit (5 Pa). It also possessed EMI
shielding performance, with shielding effectiveness greater than 99.66 %.

3.2. Humidity sensing function

The rapid development of flexible and wearable EMI shielding materials has driven the scavenging of their combined functionality
with humidity or human skin moisture monitoring. The humidity sensing functionality of the EMI shielding textiles, which are widely
required as electromagnetic protection clothes for pregnant women, military, and electronics industry workers can be useful to
monitor vital physiological signals from sweat, skin moisture, and breath in real-time. The noninvasive real-time monitoring of human
physiological biomarkers, such as humidity levels in the skin, can yield crucial information about the metabolic and aging states and
healing progress of wounds [125,126]. Moreover, humidity sensors can detect sweat rates from different regions of the body to enable
real-time monitoring of vital information on health conditions, such as hypohydration (dehydration) or hyperhydration, and other
diseases [127,128], or non-invasively monitor the sweat rate from a different region of the human body (wrist, neck, or forehead) after
exercise [129]. The MoS;-based humidity sensors could effectively detect sweat from 3 mm of distance from the skin by decreasing the
electrical resistance according to the water content in the sweat from different regions of the body.

Compared to hydrophobic MoS; and graphene, the widely studied EMI shielding material 2D MXene could be more suitable as a
humidity sensor thanks to its hydrophilic surface and metallic conductivity [130]. Furthermore, Ti3CoT, MXene had a multilayer
nanostructure with hydration/dehydration behavior on water molecules and showed hydration heterogeneity over a wide range of
relative humidity (RH) [131,132]. The interlayer spacing between MXene was affected by this hydration or dehydration of water
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molecules, causing changes in electrical conductivity. Indeed, it was demonstrated by An et al. in a comprehensive study on the
humidity sensing mechanism of the Ti3CyTx/PDAC (MXene/polyelectrolyte) multilayer films prepared by layer-by-layer assembly
[133]. The MXene interlayer distance increased at high humidity, leading to an increase in tunneling resistance. Conversely, at low
humidity, the interlayer distance decreased, resulting in the recovery of resistance. This sensing mechanism was supported by the
quartz crystal microbalance and ellipsometry measurements by observing the film thickness upon humidity variation. Therefore, the
MXene-based wearable material offers a practical solution by combining humidity sensing for health monitoring with EMI shielding
materials.

It is imperative to develop an efficient strategy for permeable, porous, nontoxic functional wearable shielding materials or fabrics
for the comfort and safety of military personnel, pregnant women, industrial workers, etc. Various methods have been proposed to
address this problem, including the biodegradable, non-toxic, and renewable biomass polymer chitosan/MXene (CS/TizCyTx) film-
based EMI shielding material with humidity sensing reported by Lu et al. [95]. Three different concentrations of MXene solution
were uniformly dispersed into a certain volume of CS solution, and the mixture was filtered by a sand core funnel connected with a
vacuum pump to obtain CS/MXene films with different MXene contents. The well-aligned MXene layers with 75 % concentration
yielded CS/MX-75 films of 37-um thickness with a high electrical conductivity of 1402 + 70 Sm!, resulting in a high EMI shielding
effectiveness of 34.7 + 0.2 dB in the X-band frequency (8.2-12.4 GHz). Furthermore, the relative change of resistance (AR/Ry) in the
CS/MX-75 film remarkably increased as humidity exposure time increased in high relative humidity (RH) of 73 % and could be used to
identify deep and normal breathing by monitoring the trace amounts of moisture from exhaled air.
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Fig. 6. Preparation procedures and characterization of EMI shielding materials with humidity sensing functions (a) Flexible and multifunctional silk
textiles with biomimetic leaf-like MXene/Silver nanowire nanostructures. Reproduced with permission from Ref. [134]. Copyright 2019
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (b) Bacterial cellulose-reinforced carbon nanotube buckypaper. Reproduced with permission
from Ref. [135]. Copyright 2022 Elsevier B.V.
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Fig. 6a illustrates a vacuum-assisted layer-by-layer (LbL) assembly approach for fabricating superhydrophobic silk textiles for EMI
shielding and humidity monitoring applications. Ti3C2Tx MXene and silver nanowire (AgNW)-decorated silk fabrics (MAy), were
prepared by vacuum-assisted LbL spray coating in repeated cycles, where M is MXene, A is AgNW, x is the concentration of AgNW, and
n is the number of spray cycles [134]. The AgNWs and MXene nanosheets are incorporated into porous textiles to generate a highly
conductive leaf-like nanostructure, leading to high electrical conductivity, EMI shielding, and humidity sensing responses. The
leaf-like nanostructure consisted of TigCyTx as the conductive lamina and AgNWs as the conductive veins. Note that the electrical
conductivity increased linearly with an increase in AgNW concentration; on the contrary, the higher concentration resulted in a
continuous film that reduced the air permeability of the multifunctional textile. The EMI shielding efficiency increased linearly with an
increasing number of cycles and AgNWs content over the X-band frequency range. Interestingly, the 120 pm-thick leaf-like structure of
(MA1)1 silk showed an EMI SE of 42 dB, which was increased up to 90 dB by adding four layers of leak-like silk throughout the X-band.
The MAF silk showed consistent resistance changes under the repeated exposure of RH 57 % testing, indicating stable and durable
humidity sensing with a response and recovery time of 5 s and 80 s, respectively, which is comparable to a commercial humidity
sensor. Therefore, MXene-based multifunctional textiles or composites, with excellent humidity sensing capabilities, hold promise as
smart wearable garments for human health monitoring and EMI shielding applications.

Fan et al. demonstrated that a bacterial cellulose (BC)-supported carbon nanotubes (CNT) buckypaper exhibited high humidity
sensing properties in the wide relative humidity range (5-90 %RH) and good EMI SE performance, as shown in Fig. 6b [135]. The
buckypaper was fabricated using vacuum filtration of BC and CNT mixtures following drying. The EMI SE of composites decreased with
the increase in BC content due to the reduction in electrical conductivity. The highest EMI SE was as high as 33.04 dB in the frequency
range of 5.85-8.2 GHz (C-band). The relative resistance of composites changed as a function of RH from 5 to 90 % for different BC
contents. The 50 %BC buckypaper-based humidity sensor showed a dynamic response with high stability when humidity varied be-
tween 5 % and 20, 40, 60, and 80 %RH. Jang et al. combined multi-walled carbon nanotubes with graphene nanoplatelets via powder
mixing and hot press to produce a composite with a high EMI SE of 50 dB at 40 vol% MWCNT and a humidity sensitivity of 82.22 %
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[136].
3.3. Temperature sensing function

The demand to develop EMI shielding materials with temperature sensing functions has also been increasing due to their ability to
sense temperature for applications in temperature control and warning systems, which protect electronic devices and circuits from
operating in severe conditions precisely and speedily, such as outdoors and automatic continuous operation. The temperature sensing
function is integrated into EMI shielding materials by blending the proper materials into a composite structure that is sensitive to
temperature. When the temperature increases, the conductivity of the composite material increases (positive temperature coefficient
(PTC) effect) or decreases (negative temperature coefficient (NTC) effect). This change in conductivity is caused by the thermal
expansion of the matrix (polymer) phase at elevated temperatures.

In 2005, Farid El-Tantawy demonstrated functional conducting elastomer blends with temperature sensing and EMI shielding
abilities based on the combination of butyl rubber (IIR), polyethylene (PE), and other additives [137]. The network structure and
electrical conductivity of elastomer blends on PE loading were investigated. The blends with a PE content of 10 wt% showed high
sensitivity to temperature and high EMI shielding up to 61 dB in the frequency range of 1-16 GHz. Similarly, a few years later,
El-Tantawy and his colleagues published a work on natural rubber (NR), PE, and Bi-based superconductor (BSCCO) nanoparticles as
the main components of conducting elastomer blends for high-sensitivity temperature sensors and EMI shielding materials [138]. The
composites behaved as both NTC and PTC effects at a certain temperature (called double thermistors’ effect) through the conduction
mechanism of tunneling (activation) and surface acceptor state (hopping energies) in the blends. In addition, the NR composite with
10 wt% PE performed with a shielding effectiveness of 44-60 dB at the microwave frequency (8-12 GHz). Liu et al. proposed the
segregated polypropylene/cross-linked poly(ethylene-co-1-octene)/multi-walled carbon nanotube nanocomposites [50], which were
sensitive to a wide temperature range of 45-120 °C and 150-190 °C with the NTC effect. However, the EMI SE of this composite
structure with 3.0 vol% MWCNTSs (thickness 1.2 mm) was only as low as 25 dB.

Recently, scientists from Southwest University, China, have successfully developed a foam-structured composite material by
introducing the thermo-expandable microsphere (EM) into polydimethylsiloxane (PDMS) and multi-walled carbon nanotubes (CNT)
with excellent temperature sensing and high EMI shielding performance [139]. Fig. 7a shows the fabrication process of the composite
with the uniform distribution of EM into the PDMS/CNT matrix and its EMI SE and sensing performances. The PDMS/EM/CNT
composite performed firstly the NTC effect, then changed into the PTC effect from near the T, point (108 °C) of the thermoplastic
microsphere, and finally came back to the NTC behavior at 150 °C. These temperature responses of composites through three heating
processes could be explained by the high crosslinking density of PDMS at the first stage; the thermal expansion of EM, which destroyed
partly the original conductive paths with the enlarged distance between adjacent CNT fillers, resulting in high temperature sensitivity
at the second stage; and the failure of the microsphere and reconstruction of CNT filler-conductive paths at the final stage. The
unfoamed composite with 50 vol% EM showed a high EMI shielding performance of 43 dB in the X-band with an absorption-dominant
mechanism.

Besides, the temperature-sensing properties with EMI SE performance were investigated early in the functional textile materials.
The AgNWs/MXene-based knitted fabric prepared by dip-coating showed an EMI SE of 44 dB in the frequency range of less than 3 GHz
[141]. The composite exhibited a temperature coefficient of resistance of —0.07 %/°C under the NTC effect in the temperature range of
25~126 °C. On another cotton fabric, Zing et al. fabricated a flexible silver nanowire/cotton fabric that was highly sensitive to
temperature by using agents including caffeic acid and polyvinypyrrolidone at room temperature, as shown in Fig. 7b [140]. The
composite showed a good EMI SE of 38.2 dB in the X band with a thickness of 0.225 mm. Meanwhile, the relative resistance of
composite fabric increased with increasing temperature at —20~90 °C. The high sensitivity of AgNW-coated cotton to temperature was
clearly observed in both increasing temperatures from 18 °C to 68 °C and falling temperatures from 22 °C to 12 °C, corresponding to
the increase and the decrease in their relative resistances.

3.4. Heating function

Under low ambient temperatures, such as in icy regions, polar regions, or outer space, electronic devices also become numb to
inactivity. Batteries, displays, sensors, touch screens, etc. Components of electronic devices will stop working in extreme cold. The
materials for the devices can even crack, and EMI shielding components are no exception. To minimize the harmful effects of cold
environments, the devices are equipped with heating elements. Therefore, the idea of combining the EMI shielding function with the
heating function in one material has attracted a lot of attention because these two functions are basically based on the good electrical
conductivity of the material. By endowing heating capability, the multifunctional EMI shielding materials will be able to withstand the
extreme cold ambient temperature conditions, assisting to reduce distortion, frost formation, and surface freezing, as well as ensuring
normal operation for the device. Moreover, if these multifunctional EMI shields with heating abilities are used in wearable electronic
devices, they can help keep the wearer warm and protect their health while providing a comfortable feeling.

Most electromagnetic wave shielding materials are based on excellent electrically conductive properties [56], which benefit the
Joule heating effect. An electric-to-heat conversion is based on Joule law, whereby a current from an external power supply flows
through a conductive material and is converted into thermal energy, according to the principle of conservation of energy. This thermal
energy then raises the temperature of the conductive material. The temperature of the conductive material is directly proportional to
its electrical conductivity. Therefore, high electrical conductivity is the key to combining EMI shielding and heating functions.

With the advantages of high applicability and facile fabrication methods, multifunctional EMI shielding with heating ability based
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on conductive fabric or e-textile was still one of the priority selections [142-144]. Jia et al. prepared MXene-decorated wood-pulp
fabric as a multifunctional EMI shielding with a Joule heating function [142]. As shown in Fig. 8a, the exfoliated TizC2Tx MXene sheets
were formed by etching Ti3AlC, in an HCl/LiF mixture solution, followed by ultrasonication. The Ti3CoTy MXene nanosheets were
deposited onto a wood-pulp fabric grid (FG) by vacuum filtration followed by hydrophobic methyltrimethoxysilane (MTMS) coating.
As a result, a rough surface due to the covering of MXene nanosheets and the MTMS coating layer was observed. The MTMS-M/FG
fabric with a thickness of ~0.5 mm showed an improved EMI SE from ~16.9 to ~34.6 and ~38.8 dB when MXene content
increased from ~5.0 to ~9.3 and ~11.3 mg/cm?, respectively. EMI SE reached a maximum of ~57.8 dB with a MXene content of
~14.5 mg/cm?, meaning nearly 99.9999 % of incident EM waves are blocked. To achieve the higher EMI shielding performance, the
MTMS-M/FG fabric layers with MXene content of ~9.3 mg/cm? were stacked together, and the EMI SE of 2 layers and 3 layers
achieved ~69.5 and ~90.2 dB, respectively. Furthermore, the multifunctionality of MTMS-M/FG was demonstrated when it worked as
a heater with the function of deicing or snow melting under a relatively low applied voltage, owing to its Joule-heating performance.
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Fig. 8. Preparation procedures and characterization of EMI shielding materials with heating functions (a) A wood-pulp fabric grid/MXene/hy-
drophobic methyltrimethoxysilane fabric. Reproduced with permission from Ref. [142]. Copyright 2020 Elsevier Ltd. (b) MXene/silver nano-
wire/poly(vinyl alcohol) film composite. Reproduced with permission from Ref. [145]. Copyright 2020 American Chemical Society. (c) Large-scale,
layered MXene/aramid nanofiber nanocomposite paper. Reproduced with permission from Ref. [146]. Copyright 2022 American Chemical Society.
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The heater reached a saturated temperature of ~40-95 °C at an applied voltage of 1-4 V with thermal stability. This result was
attributed to the outstanding electron-phonon interaction (EPI) of MXene nanosheets, allowing phonons to be dragged by electrons
from low temperature to high temperature. Under the applied voltage, electrons actively move and excite phonons via scattering,
resulting in a rapid increase in Joule heat.

Besides the strain sensing ability as discussed above, the multifunction EMI shielding textile based on Ti3CoTx MXene-coated cotton
fabric in the research of Zhang et al. proved a good Joule heating performance with temperatures up to 150 °C at a supply voltage of
only 6 V and good cyclic stability [9]. Zheng et al. also reported a Joule heating performance besides strain sensing ability of the
multifunctional EMI shielding fabric based on RMCs with an increased temperature AT = 36.0 °C and an applied voltage of 12 V [118].
Tian et al. reported another multifunctional textile, which was fabricated by alternatively depositing poly(sodium 4-styrene sulfonate)
(PSS), and Chitosan adopted graphene on cotton fabric via layer-by-layer (LbL) electrostatic self-assembly [147]. The fabric possessed
excellent EMI shielding performance, with a maximum EMI SE value of 30.04 dB in the frequency range of 30 MHz to 6 GHz. Its
multifunctionality is demonstrated through its ability to work as a heater, where the temperature could increase by a AT of 134 °C
within 8 min at a voltage of 7 V. In the report of Luo et al., a polypropylene (PP) fabric was decorated with Ag nanoparticles (NPs) by
dipping in silver trifluoroacetate (STA) and treated with hydrazine, followed by spray-coating FesO4 NPs/polydimethylsiloxane
(PDMS) [148]. Although the presence of Fe304/PDMS limited the electrical conductivity to 108.8 S/cm, the multifunctional fabric still
achieved an EMI SE of ~56.1 dB with lower EM wave reflection in the X band and guaranteed excellent heating performance with a
temperature of 79.3 °C under a voltage of 0.8 V and an area of 20 x 20 mm?2. Moreover, this fabric could absorb the light energy and
transfer it into heat in the absence of electric power, owing to the photo-thermal effect. To fabricate a multifunctional EMI shielding
fabric with heating ability, Bai et al. chose a facile and cost-effective method, which was coating a nickel-tungsten—phosphorus
(Ni-W-P) ternary alloy on a polyamide (PA) textile by electroless plating technique [149]. The presence of W enhanced both thermal
resistance and Joule heating properties; hence, the balance of the ratio between Ni (a magnetic metal) and W (a high impedance metal)
resulted in excellent heating and EMI shielding performance. The fabric possessed an EMI SE of 43.6 dB in the frequency range 2-12.5
GHz with a thickness of ~117 pm and a heating temperature of up to 140 °C under 2 V within 60 s. Wang et al. reported a high EMI SE
(~42 dB with a thickness of 0.43 mm) for silicone coated polypyrrole (PPy) modified MXene decorated polyethylene terephthalate
(PET) textiles [150]. This exceptional EMI shielding performance of the textile is attributed to its excellent conductivity (~1000 S/m)
due to the in situ polymerized PPy on MXene nanosheets. Furthermore, it led to a low voltage-driven Joule heating performance for
multifunctional textiles (79 °C at 4 V, area of 4 x 1 cm?).

Multifunctional EMI shielding materials with heating ability could also be fabricated as thin films for a variety of purposes [151,
152]. Zhou et al. reported a flexible MXene/AgNW-PVA film as a multifunctional EMI shielding with heating function [145]. As shown
in Fig. 8b-a polycarbonate (PC) substrate was used as a template to orderly spray-coat Ti3CyT, MXene and AgNWs on top to construct
sandwich-structure conductive networks. After that, the PVA layer was formed by a spin coating on the top of the hybrid conductive
network. After hot-press treatment, the MXene/AgNW-PVA film could be peeled off from the PC substrate. The MXene/AgNW-PVA
film could be loaded on the leaf of an asparagus fern, indicating that it was very light. The AgNW loading density (mg/mz) deter-
mined the electrical conductivity and EMI shielding performance of the composite film. The EMI SE of the MXene/AgNW,-PVA film (x
is the loading density of AgNW) was enhanced with an increasing loading density of AgNW. The highest average EMI SE was 36.4 dB
for the MXene/AgNWo4g-PVA film, owing to its lowest sheet resistance of 4.4 Q/sq, but with a relatively low transparency of 45 %.
Obviously, SET, SE4, and SER increased with the increasing AgNW content. The power impeded through reflection and absorption
becomes apparent, with a rise in the silver nanowire (AgNW) content leading to an increased blockage of power through reflection,
owing to enhanced conductivity. Initially, with a small amount of AgNW, the percolated conducting network could not be formed in
MXene/AgNW-PVA, resulting in very small reflection. However, with the increase in AgNW loadings, the conductive network was
more desired, and the reflection increased. The excellent Joule heating performance of MXene/AgNWgs2-PVA film (20 x 20 mm?) was
observed. The heater increased the temperature rapidly under the applied voltages of 1-5 V and achieved a steady-state temperature
(SST) of 27-114 °C within 10 s. The tailored temperature with applied DC voltage in real time indicated the excellent controllable
Joule heating performance of the heater. Furthermore, the linear relationship between temperature and the square of the applied
voltage demonstrated the controllability by varying the applied voltage of MXene/AgNWg32-PVA film. In addition, the heating effi-
ciency of the MXene/AgNWe32-PVA film was found to be ~254 °C/(W.cm?), which is comparable to or superior to that of other
transparent films.

Similarly, by a combination of spray and spin coating, Zhou et al. fabricated multifunctional transparent EMI shielding films (TSFs)
composed of MXene and Hf-SiO on polycarbonate, which showed EMI SE of ~20 dB and Joule heating performance with a saturated
temperature of ~100 °C at voltages of 13 V [153]. Various coating methods could be used to make multifunctional EMI shielding films.
For example, Wu et al. coated silver nanoparticles (AgNPs)/(polystyrene-block-poly(ethylene-co-butylene)-block-polystyrene) (SEBS)
on various substrates through the dripping method [121]. The 14.8 pm-thick coating layer provided multifunctionality with an EMI SE
of 37.8 dB and a Joule heating-induced temperature of 80 °C in 60 s at a voltage of 1 V. UV-lithography and electroplating techniques
were chosen by Han et al. to fabricate a multifunctional EMI shielding based on Cu/Cu0 mesh-deposited glass [154]. It provided an
EMI SE of ~24 dB in the Ku band and Joule heating up to 100 °C at a voltage of 3 V.

One of the most preferred methods to fabricate EMI-shielding thin films from colloidal nanomaterials is vacuum-assisted filtration.
Zhan et al. used this method to deposit layer-by-layer (LBL) natural rubber/carbon nanotubes (NR/CNT) and natural rubber/hex-
agonal boron nitride (NR/hBN) to form a thin film [155]. The 1.4 mm thick (8 layers of NR/CNT-NR/hBN) film exhibited a specific EMI
SE of 22.41 dBmm ! and a Joule heating-induced temperature of ~103 °C at a voltage of 2.5 V. The alternating multilayered structure
was also used by Zhou et al. to concentrate MXene nanosheets together to form continuous conductive layers in a cellulose nano-
fiber/MXene (CNF@MXene) composite film by alternating vacuum filtration [7]. The 35 pm-thick CNF@MXene film exhibited EMI SE
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of ~40 dB in the X-band and K-band while endowing Joule heating performance with saturated temperatures up to 100 °C at a voltage
of 6 V within 10 s. Meanwhile, Li et al. mixed MXene nanosheets with montmorillonite (MMT) to form a uniform colloidal solution
before filtrating by vacuum-assisted filtration [156]. The obtained MXene/MMT composite film containing 90 wt% MXene showed an
EMI SE of 69 dB in the X-band with a thickness of only 25 pm. Furthermore, this film enables excellent Joule heating performance with
a temperature up to 141 °C at an applied potential of 5 V and fast response (<10 s) due to the high electrical conductivity of 4420 S
m 1. Another structure, mimicking nacre, was developed by Sun et al. using suction filtration techniques to form a MXene/xanthan
composite film [157]. In the microstructure of this composite film, MXene nanosheets played a role as bricks, and xanthan molecules
served as mortar to mount MXene nanosheets in high order. This brick-and-mortar structure enhanced the electrical conductivity of the
film up to 11,530 & 176 S m~* with 67 wt% of MXene, leading to an ultrahigh absolute shielding effectiveness (SSE/t = 14490.1 dB
cm? g~ 1) and excellent Joule heating performance (equilibrium temperatures of 105.1 °C at an applied voltage of 4 V). To form a dense
film for enhancing mechanical properties with rigid structure, Liang et al. processed hot-pressing after vacuum-assisted filtration to
make silver nanowires (AgNWs)/cellulose film [158]. Moreover, the in-plane alignment of AgNWs resulted in ultrahigh electrical
conductivity (6 = 5571 S/cm), leading to an impressive EMI SE of 101 dB with a thickness of 44.5 pm, AgNWs of 50 wt%, and
outstanding Joule heating performances (heating temperature of 99.5 °C, voltage of 2 V, area of 10 x 20 mm).

To make multifunctional EMI shielding films in production, some methods could be applied on a large scale. Ha et al. reported that
a uniform graphene-PDMS composite film with a thickness of 500 ym and a graphene content of 8 wt% was fabricated using hot-
pressing [159]. The film showed EMI SE of 25 dB and Joule heating performance with rapid heating from room temperature to
200 °C in 50 s that demonstrated fast de-icing ability. Li et al. mixed polyoxymethylene (POM) with multi-walled carbon nanotubes
(MWCNT) and graphene nanoplates (GNP), then fabricated PMCNT and PMGNP composites, respectively, through a
compression-molding process [160]. With the same thickness of 0.15 mm, the PMCNT (with 40 wt% MWCNT) and PMGNP (with 48 wt
% GNP) films achieved EMI SE of 45.7 and 44.7 dB, respectively. In addition, these films demonstrated Joule heating performance by
rapidly increasing the temperature up to 101.4 °C at a voltage of 3 V (in the case of PMCNT) and 107.6 °C at a voltage of 6 V (in the case
of PMGNP). An aerogel film composed of aramid nanofibers (ANFs), carbon nanotubes (CNTs), and fluorocarbon (FC) resin, which is
not only porous but also inherits the structure of a thin film, was developed via blade coating by Hu et al. [161]. The film exhibited an
EMI SE of 54.4 dB in the X-band with a thickness of 568 yum. Besides, its good electrical conductivity (230 S m ™) resulted in a Joule
heating property with a temperature of 113.5 °C at 10 V. In a report about multifunctional EMI shielding based on metal nanowire
networks (MNWs), Yang et al. used an electrodeposition technique to wrap nanowires of the silver nanowire (AgNW) network with
reduced graphene oxide (rGO) to improve the conductivity of the network [162]. Owing to the enhancement of electrical conductivity
(sheet resistance of 3.3 Q/[]), ASNW@rGO networks displayed an EMI SE up to 35.5 dB in the 8.2-12.4 GHz range, a high Joule
heating temperature of 366 °C within 50 s at a voltage of 7 V, and good thermal stability. Wang et al. fabricated layered MXene/aramid
nanofiber (ANF) nanocomposite papers using blade-coating and sol-gel conversion processes of dispersion solutions of the MXene and
ANF mixture, as shown in Fig. 8c [146]. The strong connection between MXene and ANF led to a high tensile strength of 198.80 + 5.35
MPa, a large strain of 15.30 + 1.01 %, good flexibility, and continuous conductive paths inside the resultant composite with a
maximum conductivity of 93063 + 7914 S/m at a MXene content of 80 wt%. This composite paper showed an excellent EMI SE of 48
dB in the X-band and a specific shielding effectiveness of about 13188.2 dB cm?.g L. In terms of Joule heating performance, the paper
exhibited a fast thermal response of less than 10 s and a low driving voltage of less than 4 V, stability, and long-term working
conditions.

3.5. Other functions

One of the important functions that can be easily integrated into multifunctional EMI materials is thermal management. Nano-
materials that act as active materials to block EM waves often have very good thermal conductivity [163,164]. Therefore, EMI ma-
terials can take advantage of this property to act as heat dissipation materials. Rajavel et al. reported a MXene-polyvinylidene fluoride
(PVDF) nanocomposite film fabricated by the hot pressing method, which exhibited a remarkable EMI SE of 48.47 dB with 22.55 vol%
MXene contents and a thickness of 2 mm [165]. The addition of MXene nanosheets enhanced the thermal conductivity of MXene/PVDF
to 0.767 Wm ™K1, significantly higher than that of pristine PVDF (0.18 Wm 'K!). As a result, MXene/PVDF showed a quick
temperature reduction in a cooling test due to the faster heat dissipation. MXene was also chosen by Jin et al. to be the filler in poly
(vinyl alcohol) (PVA)/MXene film [3]. The film was fabricated by alternate drop casting PVA and MXene colloidal solution to form a
layer-by-layer structure. The PVA/MXene film, composed of 19.5 wt% MZXene content, showed excellent thermal and electrical
conductivity, resulting in a maximum EMI SE of 44.4 dB with a thickness of 27 pm and an in-plane thermal conductivity coefficient of
4.57 W/mK. More than that, the film also exhibited flame retardancy and anti-dripping performance. The multifunctional EMI
shielding MXene/MMT composite film, along with the heating function explained above, exhibited fire-resistant ability and aniso-
tropic heat conduction with in-plane heat dissipation (a high in-plane thermal conductivity of 28.8 W m K ™!) and cross-plane heat
insulation (a low cross-plane thermal conductivity of 0.27 W/mK) [156]. Similarly, besides heating features, the multifunctional EMI
shielding composites based on PMCNT and PMGNP in the report of Li et al. showed more functions, such as good thermal conduc-
tivities (1.95 Wm 'K~ ! for PMCNT and 4.24 W m~'K™~! for PMGNP), solvent resistance, and anti-dripping. Jia et al. prepared a
graphene/CNTs film in three steps: (i) vacuum filtration, (ii) hot-pressing carbonization, and (iii) graphitization at 2800 °C [2]. The
film achieved an excellent EMI SE of 75 dB in the Ku-band with a thickness of 106 pm. Furthermore, the introduction of CNTs improved
cross-plane thermal conductivity (6.27 W/m-K), while the graphitization process enhanced in-plane thermal conductivity (933.37
W/m-K), resulting in bidirectional thermal dissipation of the film. The multifunctional EMI shielding film based on AgNWs/cellulose
developed by Liang et al., besides Joule heating properties, displayed an excellent in-plane thermal conductivity coefficient (A =
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10.55 W/mK) to dissipate heat accumulation [158]. Taking advantage of copper’s good thermal and electrical conductivity through
the hot-press molding method, Lee et al. fabricated a copper coated expanded polymer bead (EBCu)/poly(e-caprolactone) (PCL)
composite with dual functions, EMI shielding, and heat dissipation [166]. The composite composed of Cu content of ~9.8 vol%
exhibited excellent EMI shielding (EMI SE of 110.7 dB at 7 GHz with a thickness of 1 mm) and thermal conductivity (7.0 Wm™1K™1).
Fan et al. designed and fabricated a flexible multilayered composite film based on microfibrillated cellulose (MFC) and carbon
nanotubes (CNT) (Fig. 9a) [167]. The dispersion solutions of MFC and CNT are alternatively vacuum-filtrated, followed by drying to
form a multilayered composite film. The large-scale composite film showed excellent flexibility and was lightweight, even when folded
into many types of shapes. When the CNT content was increased to 80 wt%, the EMI SE reached 28.87 dB. The EMI SE of M4C3
increased from 26.67 to 37.20 dB as the thickness increased from 36 to 110 pm. The thermal conductivity of M4C3 film showed high
anisotropy, with cross-plane and in-plane TC of MC as high as 0.24 and 8.5 Wm ™K}, respectively.

To protect EMI materials from external agents, such as weather, moisture, chemicals, dust, etc., these materials are often integrated
with hydrophobic features. Along with EMI shielding, strain sensing, and Joule heating performance, in addition to providing EMI
shielding, strain sensing, and Joule heating capabilities, a superhydrophobic element has been incorporated into the AgNP/SEBS-based
coating [121]. This addition enhances the coating’s effectiveness in preventing corrosion and ensuring durability, attributes attributed
to the presence of SEBS. The self-powered strain sensing multifunctional EMI shielding based on PVDF-Ag-CNT/NWF fabric also
exhibited good hydrophobicity (CA110.0°) and self-cleaning ability, protecting from rain and water [116]. Besides the
electro-photo-thermal effect, Lou et al. demonstrated that their multifunctional EMI shielding fabric displayed super hydrophobicity
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Fig. 9. Preparation procedures and characterization of EMI shielding materials with other functions (a) EMI shielding material with high EMI SE
and thermal conductivity of multilayered microfibrillated cellulose/carbon nanotube composite film. Reproduced with permission from Ref. [167].
Copyright 2022 Elsevier Ltd. (b) Cellulose-wrapped silver nanowire-based transparent/EMI shielding film. Reproduced with permission from
Ref. [168]. Copyright 2022 Elsevier B.V.
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(CA = 151.1°) owing to the presence of PDMS, leading to excellent self-cleaning performance [148]. To enhance the hydrophobic
properties of multifunctional EMI shielding materials, hydrophobic agents are often used. Wang et al. coated silicone oligomers on EMI
shielding-heater textiles to provide a water-resistant function for wearable intelligent garments [150]. Hu et al. used a hydrophobic
fluorocarbon (FC) resin to change the hydrophilicity of the ANF/CNT aerogel film [161]. The multifunctional EMI shielding based on
FC-ANF/CNT hybrid aerogel film exhibits a self-cleaning feature thanks to its excellent hydrophobic property (CA up to 137.0°). A
superhydrophobic property was also observed on PC/MXene/Hf-SiO, film, which is a multifunctional EMI shielding with Joule heating
ability, in the report of Zhou et al. [153]. The superhydrophobic Hf-SiO5 layer provided the film with a contact angle CA greater than
150.7°, resulting in excellent self-cleaning ability and resistance to environmental factors such as oxidation, water, chemicals, and
dust. Interestingly, without hydrophobic agents, the MXene/Silver nanowire silk EMI shielding textile still achieved superhydrophobic
property with a contact angle of 141.9° after aging five months under ambient conditions, despite its initial hydrophilic nature [134].
Liu et al. clarified that the alterations in surface properties during aging are attributed to the release of F groups from fractured Ti-F
bonds in MXene. This process results in the formation of hydrophobic C-F bonds, ultimately giving rise to self-derived hydrophobicity.

EMI shielding materials with high optical transparency are desirable for visual optical windows or displays [32,153,169]. The key
to developing optically transparent EMI shielding materials is highly transparent conductive materials. However, with the rising
demand for flexible electronics, the brittleness and rigidity of current popular transparent conductive materials, such as ITO and FTO,
no longer meet the requirements, leading to the search for alternative solutions. MXene has emerged as a potential candidate for
transparent EMI shielding due to its metallic electrical conductivity and small light absorption. However, electromagnetic shielding
efficiency and transparency are still on opposite sides. In the report of Zhou et al., the multifunctional EMI shielding film based on
PC/MXene/Hf-SiO film had to sacrifice its optical transparency (transmittance of only 33.4 % at a wavelength of 550 nm) to achieve
EMI SE > 20 dB [152]. In their next research, they continued developing a multifunctional EMI shielding film based on MXene [145].
The supplementation of AgNW bridge-linked MXene nanosheets to form heterogeneous 1D/2D hybrid conductive networks in
MXene/AgNW-PVA film led to an enhancement of both EMI shielding performance (EMI SE of 32 dB in the X-band) and transparency
(transmittance of 52.3 % at a wavelength of 550 nm). In addition, the film worked as an electrical heater (described above) and can
even warm itself without an electrical power supply due to a good photothermal response under light irradiation. Metallic mesh is also
a significant candidate for transparent EMI shields because of its cost-saving, high transparency, and excellent conductivity. Han et al.
reported an EMI SE of 24 dB when depositing Cu/Cuz0 mesh on a glass substrate to form a transparent EMI shielding-heater with a
transmittance of ~82 % and reflectance of 8.7 % at a wavelength of 633 nm [154]. A flexible EMI shielding-heater film based on
AgNW@rGO networks was developed by Yang et al., showing an average transmittance of 91.1 % [162]. Wang et al. found that an EMI
shielding film made of Ag nanowires, ionic liquids, and thermoplastic polyurethane had an EMI SE of ~26.8 dB at 10 GHz and a
transmittance of 67 % [170]. Zou et al. constructed a double-layered structure composed of cellulose-wrapped silver nanowire as a
film, as shown in Fig. 9b [168]. The synthesized AgNWs were droplet-coated on a hydroxy propyl methyl cellulose (HPMC)/PET
structure and then dried at 140 °C to form AgNWs/HPMC film. The strong hydrogen bond and adhesion force between AgNWs and
HPMC resulted in improvements in the continuous conductive network of composites, high flexibility, and oxidation resistance. They
observed that a high transmittance of 90.55 % at 550 nm and an EMI SE of 45.79 dB in the X band were attained.

In addition, numerous other studies have endowed multifunctional EMI shielding materials with diverse functions and broadened
their field of application. Zhang et al. coated polyaniline (PANI) on cotton fibers through an in situ polymerization process to form a
flexible EMI shielding cloth with additional features such as improved UV-VIS absorption, high tensile strength, and particularly gas
sensing [171]. The gas sensing properties of these materials showed high selectivity for NHs, fast response, short recovery time (20.1s),
repeatability, and stability even under bending conditions. The multifunctional EMI shielding fabric based on RMC developed by
Zheng et al., besides strain sensing and Joule heating functions as discussed above, could also play a role as a flexible all-solid-state
supercapacitor electrode with a high specific capacitance of 383.3 F g1 (or 258 mF cm~2) [118]. Interestingly, Zhang et al. inte-
grated energy-havesting capability into a stretchable EMI shielding material called the EMI shielding hybrid nanogenerator (ES-HNG)
[117]. This material would scavenge thermal and mechanical energy based on triboelectric, piezoelectric, and pyroelectric effects.
Another function of this ES-HNG is a self-powered strain sensor, as mentioned in the previous part. Especially, the strain sensor-EMI
shielding based on Ni@PET-g-PAO/Fe304 fabric exhibited a magnetic response characteristic owing to the introduction of Fe304 NPs
[113]. The fabric could be used as a non-contact magnetoelectric switch. Enhancing mechanical properties and environmental
resistance were also noticed for the EMI shielding material in the report of Jia et al. [123]. The combination of GO with AgNW
protected the material from corrosive agents and improved its bending endurance. Obviously, there is a trade-off between EMI
shielding performance and added features in multifunctional EMI shielding materials.

4. Conclusions and perspectives

The proliferation of electromagnetic waves is probably inevitable at this moment and in the future. Therefore, studies on the EMI
shielding properties of materials need to be extensively explored. Research aimed at increasing EM wave absorption and reducing EM
wave reflection at the surface of EMI shielding materials is an urgent trend. In addition, the general properties required for EMI
shielding materials, such as high shielding effectiveness, lightweight, flexibility, high mechanical properties, low cost, facile process,
etc., also need to be further developed.

The multifunctional EMI shielding materials with additional functions beyond EMI shielding are still in their infancy but have
initially shown promising signals and great potential. As a result, there are still many opportunities and fundamental questions to be
explored. Depending on the intended application, multifunctional electromagnetic wave shields need to be equipped with specific
properties. This report summarized and categorized the most recent advances in EMI shielding with additional functions including
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strain sensing, humidity sensing, temperature sensing, heating, thermal conductivity, heat dissipation, hydrophobicity (self-cleaning,
environment resistance, such as oxidation, water, chemicals, and dust), transparence, gas sensing (NHs), flame retardancy and anti-
dripping, photothermal (self-warm), supercapacitor electrodes, and nanogenerator.

From the point of view of material science and applications, we would like to propose the following potential research directions for
multifunctional EMI shielding materials in the future:

Composite materials may be the key to unlocking the features of multifunctional EMI shielding materials by combining different
relevant and desirable features of nanomaterials to form a new material with broad properties. Especially for the nanocomposites
based on MXene, as MXene itself is already a super material with many properties and applications that have been announced.
Moreover, the EMI shielding property of MXene is at the forefront of all materials. Hence, effectively using the properties of the MXene
in combination with other nanomaterials, such as graphene, CNTs, etc., to form nanocomposite can open new functions for materials
while maintaining a high EMI shielding performance. We strongly suggest that the development of multifunctional EMI shielding
based on MXene nanocomposites will continue to thrive for many more years, especially if the oxidation stability of MXene is
enhanced. Besides, the composite based on cellulose nanofibers also attracts more attention due to its natural resources, high elastic
modulus, high strength, low density, and low thermal expansion for diverse applications.

The multifunctional EMI shielding textile is an attractive alternative to currently used conductive wires and dyes for smart gar-
ments, sensors, actuators, energy generators, and EMI shielding applications. Enabling a widespread implementation of seamlessly
integrated textile-based multifunctional EMI shielding can greatly improve noninvasive healthcare by monitoring the physiological
states of sweat (humidity sensing), human motion (strain sensing), keeping the body warm (heating), and providing maximum EMI
shielding performance in military personnel, industrial workers, pregnant women, hospital workers, etc. Furthermore, multifunctional
EMI shielding textiles with nanogenerator functionality that can utilize human body heat, humidity, movement, and solar power for
energy harvesting are another promising sector for efficient and alternative sources of energy at inaccessible locations, low Earth orbit,
space, robotics, etc.

In addition, we propose some features for multifunctional EMI shielding materials when considering the demand for practical
applications. A transparent multifunctional EMI shield with a touch-screen feature that can be used in display applications. In elec-
tronic devices equipped with a touch screen, EM waves generated during operation of the devices can transmit through the touch
screen, causing malfunction of other devices and a detrimental effect on human health simultaneously, or penetrating through the
touch screen to damage the device by external EM waves. Therefore, the touch screen should be equipped with EMI shielding features.
Similarly, the combination of the EMI shielding feature with the electrochromic property on smart windows endows a protection
solution from both UV radiation, heat from IR radiation, and harmful EM waves. Remarkably, EMI shielding materials with healing
properties (shape memory effect) have been studied for their useful applications in biomedical fields such as tissue engineering,
neurosurgical stents, implanted cardioverter defibrillators, etc. For example, the shape-memory integrated EMI shielding composite
material could be used for precise devices like pacemakers. This application is crucial to avoid damage to other organs by controlling
their size during surgical procedures. Simultaneously, it prevents EM radiation from damaging the working status through in-
terruptions or malfunctions of implanted equipment in human emergency cases. Several works showed the promise of these kinds of
functional materials, but their EMI performance is still low (~30 dB) or the thickness is large (500 pm, ~50 dB) [172-175]. We expect
researchers to focus on the EMI shielding ability of devices while maintaining enough healing properties by improving the interfacial
connection between fillers and shape-memory polymers of flexible-compatible composite films, or high-power density for triboelectric
nanogenerators [176].
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