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MXenes are emerging materials that find significant applications in EMI
shielding. Ferrites, carbon, cotton fabrics, and polymer composites of
MXenes are said to improve EMI shielding. These composites are flexible
with low weight exhibiting high conductivity and large surface area. The
shielding effectiveness depends on parameters like reflection and absorp-
tion. Hence, the shielding efficiency may be enhanced by tailoring the
MXenes’ composite to suitable absorption and multiple reflections.
MXenes are two-dimensional materials, which are rapidly expanding in
view of their high conductivity, thermal stability, water dispersibility,
and easy-process ability. Their effective EMI shielding makes them more
significant in electromagnetic applications. This review aims to discuss
the shielding effectiveness (SE) obtained by MXenes and their composites.
The shielding parameters related to total attenuation (SE;), attenuation
due to absorption (SE,), attenuation due to reflection (SEg), and attenua-
tion due to multiple reflections (SE,;) of an electromagnetic wave are dis-
cussed. These values determine shielding effectiveness of a given materi-
al. If the value of SE; >30 dB, it signifies best efficiency; if SE; <10 dB,
no shielding exists, while, if SE; is between 10 dB and 30 dB, it denotes
minimum effective range of shielding.

Maxkcinu € HOBiTHIMHM MaTepidnamMuy, AKi 3HaXOAATH 3HAUHE 3aCTOCYBaHHS Y
3axucTi Big enexkrpomarHetHux 3aBan (EM3). Braskaerbca, mo (epuru, By-
rJelnb, 0OaBOBHSHI TKaHWMHMW Ta IOJiMEepHI KOMIO3UTHM HA OCHOBI MakKcCiHiB
nosinmylorh 3axucr Bix EMS3. Ili KoMmosuTu € THYYKMMU, JETKUMHU Ta
MalOTh BHCOKY €JIEKTPONPOBimHIiCTH i BeqmKy mJuormly moBepxHi. EdexTus-
HICTh 3aXHMCTy 3aJE€KUTh BiJf TAaKUX IIapaMeTpiB, K BigOwmBamusa Ta BOMpaH-
HaA. ToMy epeKTHBHICTbL 3aXHCTy MOKe OyTH MHiJBHUINEHA IILIAXOM OIITHMi-
3amii KOMIO3UTYy MAaKCiHiB [qJd BiAmoBigHOro BOMpaHHA Ta 06araTopasoBOTO
BimOomBaHHs. MakKCiHM € JBOBUMipHMMH MaTepidjaMu, AKi IMIBUIKO HAOHU-
PaoTh TONYJIAPHOCTU 3aBASKU BUCOKiM mpoBigHOCTi, TepMmiuHill cTabiabHO-
cTi, 8HaTHOCTI AucHepryBaTucsa y BOAL Ta Jerkocti oOpoOiAHHA. IxHIifT ede-
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KTuBHUE 3axucT Big EM3 pobuTs iX 6GiJbIll 3HAUYIIUMU Y €JIeKTPOMAarHeT-
HUX 3aCTOCyBaHHAX. lleil oryAx mae Ha MeTi 06roBopuTu €heKTUBHICTH €K-
panyBauHa (SE), omep:kaHy 3a ZOIIOMOIOI0 MaKCiHIB Ta iXHiX KOMIIO3UTiB.
PosriagaoThbeda mapaMeTpu eKpaHyBaHHSA, IOB’SA3aHi i3 CYKYIIHUM 3aracaH-
Ham (SE;), saracanuam uepe3d BOupanHs (SE,), 3aracaHHaAM uyepe3 Biabu-
BauHaA (SEp) Ta 3aracanHaM uepes OararopasoBe BimbuBauHA (SE,) emexrt-
pomarHeTHol xBuui. Ili 3HaueHHS Bu3HA4ailOTh eEeKTUBHICTH €eKPAaHVBAHHA
KOHKDPeTHOTo MaTepisgay. fAkmio smauenna SE., > 30 nb, 1e osHauae Haii-
Bumy ederkTuBHicTh; AKINo SE; < 10 1B, ekpanyBaHHA BifCyTHE, a AKIIO
SE, sHaxogutbca mik 10 B i 30 1B, me o3Hauae MiHiMaNbHO eheKTHUBHUI
piBeHb eKpaHyBaHHA.

Key words: MXenes, MXenes’ composites, EMI shielding, shielding effec-
tiveness.

Karouori cioBa: MaKciHM, KOMIIO3UTH MaKCiHiB, eKpaHyBaHHS Bi eIeKT-
pOMarHeTHUX 3aBajl, eeKTUBHICTh eKPaHYBaHHS.
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1. INTRODUCTION

High-frequency electromagnetic waves in the range of gigahertz
harm commercial IT devices and defence devices due to interference
with devices input signal [1]. This type of interference is called
electromagnetic interference (EMI), which leads to EMI pollution.
This phenomenon affects the efficiency and durability of the device.
Besides this, human health will be affected by EMI pollution that
includes cancer. It is inevitable to save humankind and electronic
devices from this EMI pollution. Hence, shielding of electromagnet-
ic interference using certain materials is of prime importance.
Shielding materials may be classified into metals, which exhibit re-
flection, as well as absorption ferrites, which have absorption only
[2, 8]. Shielding by reflection utilizes Faraday’s cage principle and
by absorption dealing with permeability [4, 5]. The main principle
behind EMI shielding is to design an effective material (shield) that
reflects incoming electromagnetic waves or to absorb energy in the
form of heat. Figure 1 shows the mechanism of EMI shielding [6].
As shown in this figure, the incident electromagnetic waves are re-
flected by the shields’ surface.

The extent of reflection depends on the electron density (availa-
bility of free electrons) and conductivity. It is reported that the EM
waves will be reflected, if the shielding material is highly conduc-
tive with large number of charge carriers [7]. If a shield with re-
flection dominance is used, the effectiveness will be reduced due to
creation of secondary waves. To overcome this drawback, shields
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Fig. 1. EMI-shielding mechanism (a, b) [6].

with absorption dominance with varying dielectric and magnetic
losses are preferred [8—10]. Graphene and MXenes prove to be po-
tential materials for EMI shielding [11, 12]. It is reported that
foaming materials (foamed polymers blended with carbon nanotubes
(CNTs)) effectively enhance dispersion, which improves shielding
efficiency [3]. Highly conductive MXenes lead the race due to lim-
ited usage of graphene/carbon-based materials [13, 14].

High metallic conductivity, mechanical flexibility, and customi-
zable surface chemistry of MXenes made them rapidly growing [15—
17]. The path travelled by electromagnetic waves in the shield and
the energy dissipated prior to transmission depend on the structural
design [18—20]. Apart from this, heat dissipation may affect stabil-
ity and duration of the device [21]. This drawback can be minimised
by using MXenes having layered structure and high temperature
stability [22]. In addition, secondary reflections affect environment
that can be overcome through green EMI shielding. In this context,
development of green M-Ti,C,T, MXene/hydroxyethyl cellulose
composite film was of importance. This film exhibited good shield-
ing performance confirming absorption-dominant EMI shielding
[23]. Hence, absorption dominated MXenes’ composites are pre-
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ferred for EMI shielding over secondary reflections. Based on the
above brief introduction, we provided a comprehensive analysis re-
garding the role of MXenes and their composites in EMI shielding
with focus on high-frequency devices.

2. PARAMETERS OF EMI SHIELDING

EMI-shielding effectiveness (SE) is given by the ratio of transmitted
power P, and incident power P;: SE = 10logP,/P,. It is reported that
the total EMI-shielding effectiveness (SET) is purely a function of
SE, (absorption loss), SEj (reflection loss) and SE,, (multiple reflec-
tion loss) of electromagnetic waves, which propagate through the
shielding material (Schelkunoffs theory). The total shielding effec-
tiveness is given by SE; =SE, + SE; + SE,,.

3. STRUCTURE OF MXenes

MXenes (pronounced as ‘max-eens’) are 2D nanomaterials discov-
ered in 2011. They belong to ceramics class within the 2D materi-
als. MXenes are made of bulk crystal MAX. Their structure consists
of molecular sheets derived from titanium nitrides and titanium
carbides making them exhibit high conductivity and volumetric ca-
pacitance inherently. MXenes are known for various applications in
medicine, sensing, and energy storage, etc. MXenes can be easily
structured by ordering millions of carbon, transition metals, and
nitrogen with emphasis on stable arrangement. These ceramics pro-
duce 3D materials, when substituted with Ti;AlC, powder in hydro-
fluoric acid through selective removal of aluminium. Two-
dimensional Ti;C, nanosheets (MXenes) can be derived through ex-
foliation. MXene is similar to graphene with different properties.
MXene was first demonstrated in 2011 by transforming the three-
dimensional Tiz;AlC, materials representing MAX phase into a 2D
material [24]. Figure 2 displays the journey of MXenes during
2011-2021.

MXenes gained prominence with high conductivity and mechani-
cal flexibility as compared to other materials. They can be moulded
into nanoparticles, nanosheets of single layer and multilayers.
MXenes easily form composites with other materials. The structure
of MXenes enhances their mechanical flexibility and stretch ability
making them feasible for EMI shielding.

MXenes are derived from MAX phases, whose formula is given
by M,,AX,, where ‘n’=1,...,4; ‘M’ represents early transition
metal, ‘A’ represents A-group element, ‘X’ represents nitrogen or
carbon.
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Fig. 2. Journey of MXenes from 2011 to 2021 [25].

They have edge-sharing structure with distorted XM, octahedral
loaded by single planar layers of A-group element [26]. 3D MAX-
phase structure is displayed in Fig. 3.

MXenes are derived from MAX phases through selective etching
of A layers (Fig. 4). Different preparation methods for MXenes are
reported in Ref. [28].

4. MXenes in EMI Shielding

High electrical conductivity is required for any material to be used
as EMI shield. 2D MXenes can be processed to have large surface
area and low density as compared to heavy metals, stretch ability
(foldable devices), and easy-process ability [29]. Conductivity of
two-dimensional MXenes ranges between 5 to 20 000 S/cm based on
composition with least conductivity required being 1 S/ecm [30].
MXene films possess high electrical conductivity with multilayered
2D MXene sheets. This structure helps them to absorb the incident
electromagnetic wave as compared to conventional shielding materi-
als. Various forms of MXene films are available and are capable of
attenuating the energy with efficient shielding. MXene with a sin-
gle layer having 2.3 nm thickness could prevent EM interference
[31]. With suitable modification of MXenes’ structure by adding
pores or dielectric domains, reflections from multiple interfaces in
the shield can be enhanced that reduces the strength of electromag-
netic waves. In addition, electromagnetic-waves’ absorption can be
achieved by increasing polarization losses through chemical compo-
sition. Using the technique of capacitive loss, dipoles can be pro-
duced by negatively charged surface on applying electromagnetic
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field to reduce its energy [32, 33]. This is due predominance of di-
polar polarization gigahertz-frequency range. These characteristics
signify MXenes as potential materials for EMI shielding in electron-
ic devices.

The impact of heat treatment after etching on dielectric and wave
absorption on MXene was reported. Fifty percent annealed MXenes
exhibit a minimum reflection loss of —-48.4 dB at 11.6 GHz with
good absorbance and shielding. MXenes of unit thickness exhibited
76.1 dB, when untreated, and 67.3 dB, when annealed. Absorbing
and total shielding effectiveness values were found to be 24.2 dB
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Fig. 5. MXenes with various functional groups [6].

and 32 dB [34]. MXene of 0.8 mm-thickness with sandwich struc-
ture demonstrated EMI-shielding effectiveness above 70 dB in X-
band [35]. MXene with large area, smooth surface, and high electri-
cal conductivity exhibited the mean and absolute shielding effec-
tivenesses equal to 55.7 dB and 48.800 dB-cm?g'. These results in-
dicate that EMI-shielding effectiveness of MXenes may be enhanced
with different manufacturing techniques [36]. Hence, it can be in-
ferred that MXenes can be considered EMI shields. As per the men-
tioned examples, large surface area, multilayered structure, and
high electrical conductivity of MXenes significantly contribute to
increase EMI shielding.

4.2, MXenes and Polymer Composites in EMI Shielding

Conductive polymer composites (CPCs) with conductive fillers are
highly considered for EMI shielding. They are of lightweight, eco-
nomical, resistive to corrosion and can be easily processed [37—40].
Even though these materials exhibit high electrical conductivity,
increased impedance mismatch and dielectric loss act as major
drawback [41, 42]. In addition, CPCs filled with fillers are thick
and not adaptable to use and lose their mechanical strength. Hence,
MXene and polymer composites, wherein the polymer acting as
binder increases the mechanical strength, make them suitable for
EMI-shielding materials [43]. This combination was first tested in
2018. An ultrathin MXene/cellulose nanofibres-composite paper
with excellent mechanical property reported tensile strength of
135.4 MPa and strain near to 16.7% [44]. These materials can be
used in robot joints, weapon equipment, and flexible electronics.
Similarly, a composite of polyvinylidenefluoride, MXene and nickel
was synthesized and reported with good EMI-shielding properties
[45]. In addition, multilayered films of MXene, polydimethylsilox-
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Fig. 6. Synthesis (a) and shielding (b) mechanism of MXene, PDMS and BN
composites [6, 44].

ane (PDMS) and boron nitride were synthesized with spin-coating
method.

Figure 6, a [46] shows the synthesis and Fig. 6, b shows the
shielding mechanism of the prepared film. These films reported SE
of 35.2 dB for an 11-layered material with thermal conductivity of
3.29 kV/mm at 10.9 GHz. In addition, SE, was greater than SEj.

Figure 6, b explains the mechanism behind this effect. As shown
in this figure, electromagnetic waves, which are incident on
BN/PDMS layer, are penetrated directly. The waves, which strike
PDMS/MXene, are divided into two beams, in which one beam re-
flects back and the remaining part transmits through the interior
layer. The existence of alternative multilayer enhances the quantity
of reflection and scattering, which attenuates the waves continuous-
ly. Hence, it is inferred that SE depends on the number of
MXene/PDMS layers. Considering this, fabrication of less-layered
Ti;C,T,/epoxy composites using casting method, was reported [47].
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In addition, SE was of 41 dB with 15% loading, when annealed.
This was by 37% higher as compared to without annealing. This
can be attributed to formation of large number of dipoles post an-
nealing.

4.3. MXenes and Cotton Fibre Composites in EMI Shielding

Cotton and their composites are becoming prominent in view of
their advantages over synthetic textiles [48—50]. Electronic equip-
ment with conductive cotton fabrics has the ability of blocking elec-
tromagnetic radiation [51, 52]. However, the main drawback of cot-
ton is its flammability, when used in electronic equipment. Hence,
it is preferable to use materials, which are flame resistant for EMI
shielding. In this context, EMI-shielding cotton textiles developed
with aqueous impregnation and dip coating are of importance [53].
Three-layered combination of MXene, ammonium phosphate and
polyacetimidate could increase conductivity from unity to 670 S/m
by increasing MXenes. This addition of MXene sheets to cotton fi-
bre makes the fibre to act as a conducting body. In extension to
this, a conductive network of cotton fabrics was reported [54].

As shown in Fig. 7, MXenes are modified by adhering fabric sur-
faces. These fabrics exhibit high conductivity, Joule heating capa-
bility at 150°C with 6 V supply and are reported to block EM inter-
ference. In addition, they can be used as strain sensors to track the
activity of humans. In this sequence, waste fibres of cotton were
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Fig. 7. Preparation of modified cotton fabrics and its applications [6, 52].
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converted to aerogels by dissolving them in aqueous solution of
NaOH/urea. These aerogels were combined with MXene nanosheets
through dip coating to develop the woven carbon fibres/MXene
composites [55].

These composites exhibit an effectiveness of 39-t0-48 dB between
2 GHz and 18 GHz. As mentioned earlier to avoid flammable issues,
a combination of MXene with inflammable aramid non-woven fabric
was developed [56]. In this order, composites of MXene, polyaniline
(PANI) and cotton fabric were developed that increased shielding
effectiveness by 54 dB [57]. Similar developments include light-
weight non-woven fabrics combined with MXenes, which were ab-
sorption dominant [58]. Based on the number of fabric layers, con-
ductivity increased from 5.04 S/m to 13.45 S/m with optimum ef-
fectiveness of 25.26 dB at 12.4 GHz [59].

Even though cotton fabrics show increase in ohmic loss because
of being porous and absorb incoming radiation; their poor heat re-
sistance and low mechanical-strength challenge their EMI-shielding
characteristics.

4.4. MXenes and Carbon-Derivatives’ Composites in EMI Shielding

Carbon and its derivatives play an important role in EMI shielding
[60—62]. 3D structure and other characteristics made these materi-
als significant. However, porous nature and weak hydrogen bonding
make these materials to have low mechanical strength [63]. To
avoid this drawback, porous carbon composites using very thin aer-
ogel of MXene and wood were designed [64]. This enhanced the re-
quired mechanical strength and SE; was found to be of 69.4 dB.
This could achieve a shielding effectiveness of 71.3 dB. In continua-
tion, spin layered-composite films with MXene and CNTs were re-
ported [65]. Similarly, a lightweight-layered fabric with MXene and
PANTI polymer was prepared and checked for shielding effectiveness
and Joule heating. SE, and SE, are reported to increase with as-
sembly cycles [66]. MXene and CNTs composite of 100-um thickness
prepared with facile electron deposition demonstrated an effective-
ness of 60.5 dB in X-band [67]. SE decreases to 50.4 dB, if the
thickness was reduced to 15 ym. The mechanism behind this high
shielding is due to reflection of EM waves on reaching the high-
conductive hybrid surface, as shown in Fig. 8.

2D composites of MXene and graphene nanoplatelets of 1.75-m
thickness exhibited 64 dB electromagnetic absorbance between 60—
80 GHz) [68]. MXenes being highly potential for EMI shielding and,
as graphene, exhibit good electrical conductivity, low density, and
corrosion resistant; their combination leads to excellent applications
in EMI shielding.
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Fig. 8. EMI-shielding mechanism for MXene and CNTs composites [6, 65, 95].

4.5. MXenes and Ferrite Composites in EMI Shielding

Low magnetic losses in MXenes make them poor electromagnetic-
wave absorbers. Hence, magnetic losses need to be enhanced [69—
72]. This can be achieved with the help of magnetic nanoparticles
[73]. Observations indicated that spinel ferrites possess superior
magnetic properties and, if coupled with MXenes, yield good results
[74-78]. MXene and Ni,;Zn,;Fe,0, composites prepared with co-
precipitation method yielded saturation magnetization of
27.08 emu/g. MXene and Ni—Zn ferrite composites were reported to
be effective shields [79]. Different composites of this combination
with excellent absorption that could be used in 5G networks were
reported [80—88]. MXene and Ni,¢Zn, ,Fe,0, (NZFO) nanocomposites
with reflection loss (RL,;,) of 66.2 dB at frequency of 15.2 GHz and
4.74 GHz bandwidth were reported. These composites simulate the
properties of double-loss electromagnetic absorbing material with
strong reflection loss [89]. This loss was attributed to impedance
matching. The mechanism behind this was shown in Fig. 9. As
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Fig. 9. EMI-shielding mechanism for MXene/NZFO composites [6].
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shown in this figure, impedance matching favours reflection of in-
cident waves. Various interfaces between MXene layers improve in-
terfacial polarization contributing to dielectric relaxation. Numbers
of dipoles are generated due to large number of MXene-surface
termination groups leading to dipolar polarization and, finally, in-
teraction between magnetic and dielectric losses that enhances elec-
tromagnetic-wave absorption. Hence, combination of MXenes with
ferrite nanoparticles improves EMI shielding.

4.6. MXenes and MOF Composites in EMI Shielding

In view of the limitations exhibited by MXene over its own compo-
sites, a composite of MXene with metal-organic frameworks (MOFSs)
was considered. MOFs have metal-ion terminals connected with or-
ganic ligands. They benefit from high porosity and large specific
surface area, which make them suitable for energy storage [90-92].
Co/Zn0O/Ti;C,T, MXene/MOFs composites were prepared. They re-
ported improvement in morphology due to interaction of MOFs with
MXene possessing excellent dielectric and magnetic losses [93]. Sim-
ilarly, an intertwined one-dimensional heterostructure with MXene
and cobalt—nickel MOFs was reported. Three-dimensional structures
with CNTs with a matching thickness of 1.6 mm could exceed RL,;,
by 51.6 dB and 4.6 GHz for embedded array blocks (EAB) [94]. The
mechanism behind these absorption properties was shown in Fig.
10. As shown in this figure, interaction between MXene, MOFs and
CNTs lead to good attenuation and impedance matching promoting
interface polarization improving microwave absorption. Porous
structure of this combination enhances scattering and multiple re-
flections of incident EM waves.

5. CONCLUSIONS

EMI shielding has gained significance in protecting human beings
and electronic devices from pollution due to electromagnetic radia-
tion. Even though various materials are used for EMI shielding,
MXenes gained prominence in recent times. High conductivity, good
thermal stability, surface chemistry, and simple-process ability of
these materials make them crucial in EMI-shielding applications.
Since MXenes alone could not satisfy the criteria required by EMI
shielding, combination of MXenes with other shielding materials
was in the radar of researchers. Keeping this in mind, an attempt
was made to review the reported publications, which analysed the
role of MXenes and their composites in EMI shielding in a nutshell.
It was observed that, among the cotton fabrics, fabrics made of



APPLICATIONS OF EMI SHIELDING: AREVIEW ON THE ROLE OF MXenes 645

Incident
microwave

Reflected
microwave

Transmitted
microwave

B Impedance Matching M Interfacial Polarization M Eddy Current M Natural Resonance

B Defect dipole Polarization B 3D conductive network B Multiple Reflection and Scattering

e

"
i
i
i
i
i
i
i
i
i
i

’

Fig. 10. Schematic mechanism of EMI-shielding performance of Co—Ni-
bimetal MOFs/MXene [6, 94].

MXenes and wood pulp show highest SE of 90.2 dB. Improved
shielding was seen in case of MXenes combined with cotton fabrics,
polymers, and ferrite nanoparticles. Hence, they may be used in IT
and defence sectors. In addition, various composites in combination
with MXenes suitable for EMI shielding were discussed.
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