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The rapid development of communication and electronic technologies has brought forward new and compelling
demands for electromagnetic radiation protection. Two-dimensional transition metal carbides and nitrides
known as MXenes entered the field in 2016 and have been quickly reshaping it. Here, we provide a perspective
on recent progress and challenges of the MXene family for protection against electromagnetic jamming, including
electromagnetic interference (EMI) shielding and microwave absorption. We examine the intrinsic electronic and
dielectric properties of MXenes, which are of critical importance for fundamental understanding of electro-
magnetic response. By tracing the state-of-the-art design strategies, we explore how to optimize MXene-based
EMI shielding and microwave absorption materials. Particularly, we highlight the metrics and fundamental
mechanisms of electromagnetic protection, aimed to clarifying common misconceptions, and objectively assess
the performance of the reported materials. Finally, we discuss challenges to be addressed and give an outlook to

future opportunities in the development of MXenes for electromagnetic radiation protection.

1. Introduction

Electromagnetic (EM) radiation is ubiquitous, resulting from elec-
trotechnical, electronic and wireless communication technologies, from
cables to integrated circuits, and from cell phones to satellites [1,2]. To
reduce the unwanted interference from EM radiation sources, it is
essential to either reflect or absorb the incident EM waves. Hence, EM
protection materials are generally comprised of two types: electromag-
netic interference (EMI) shielding materials that provide both, reflection
and absorption of EM waves (e.g., metals), and EM wave absorption
materials, which are dominated by absorption (e.g., ferrites) [3]. With
the growing demand for light weight and frequency selection, carbon
materials (graphene, nanotubes, fibers, carbon black, etc.) were exten-
sively explored for EM protection in past two decades [4-8]. Particu-
larly, low-dimensional carbons (e.g., reduced graphene oxide and
carbon nanotubes) which have anisotropic charge transport and modi-
fiable surface, facilitated the design of architectures for microwave
attenuation [9]. Nevertheless, compared with carbon-based microwave
absorption materials, thin EMI shields made with carbons are less
effective, presumably due to their limited electrical conductivity.

MXenes, a large class of two-dimensional (2D) transition metal

carbides or nitrides, were reported in 2011 and quickly developed into a
very large family of materials with dozens of compositions reported to
date [10,11]. In 2016, Ti3CoT, MXene was reported to exhibit EMI
shielding effectiveness (SE) of 92 dB at a thickness of 45 pm, making it a
highly promising shielding material [12]. Almost at the same time,
Ti3CoT, was also demonstrated to be efficient microwave absorber at
gigahertz frequencies after moderate surface modification [13]. Since
then, MXenes have become a game changer in the field of EM protection
materials. Generally, MXenes are obtained by the removal of A-layer
atoms from their parent MAX phases. Hence, MXenes inherit the
metallic conductivity of the carbide and nitride precursors [14,15].
Moreover, the top-down synthesis with acid etching endows MXenes
with abundant surface functionalities (-O, -F, -OH, etc.), which make
MXenes hydrophilic and processable from aqueous solutions. Mean-
while, the polar and negatively charged MXene surfaces facilitate the
intercalation of various cations or organic molecules, such as Li", NHZ,
or dimethylsulfoxide [16-19]. This offers the possibility to modify the
surfaces and form complex heterostructures. In contrast to the simple
chemistry of graphene, these features, coupled with the variety of
compositions and number/structure of atomic layers, allow tunability of
electronic and dielectric properties of MXenes, which play crucial roles
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in EM protection performance.

The general formula of MXenes is My 11X, Ty, where M represents
early transition metals, X is C and/or N, Ty is the surface termination (-O,
-OH, halogens, chalcogens, or their mix), and n = 1-4 [20-22]. The wide
variety and tunability of MXene compositions and structures, including
the change of M and/or X element, the control of the surface chemistry
(Ty), and the modification of the number of atomic layers (n), determine
the diverse MXene family in which more than 40 stoichiometric MXene
compositions and numerous solid solutions have already been synthe-
sized, and an almost infinite number of compositions should be possible
[23-25]. However, over the past five years, more than 90% of all
MXene-related EM protection research focused on TizCyT, MXene. In
addition, while research efforts are currently directed towards
Ti3gCyT,-based hybrids/composites for the optimization of EM protection
capability, such as Ti3CyT,/polymers, TigCoT,/magnetic particles, and
TigCyT,/carbons [26-30], the fundamental understanding of electronic
and dielectric properties of pristine MXenes is still lacking.

While the intrinsic properties of diverse MXenes for EM protection
are essential, there is an urgent need to clarify some concepts and
metrics for the evaluation of EMI shielding and microwave absorption
materials [31,32]. EM radiation protection is becoming one of the most
promising applications for MXenes. More than 500 research publications
about MXenes for EMI shielding or microwave absorption appeared in
the past three years (Source: Web of Science). As the community grows
rapidly, it is important to properly report and interpret the experimental
results. Achieving the fundamental understanding of interactions be-
tween MXenes and EM waves would have far-reaching benefits.

In the following sections, we discuss the essential electronic and
dielectric characteristics of MXenes and summarize the key advances in
MXene-based EM protection materials over the past six years. While
several reviews have covered MXene-based shields and MXene-based
microwave absorbers [26,27,33], we center our discussion around the
role of MXenes in the EM responses to dig into the effective routes for EM

Carbon 204 (2023) 17-25

protection enhancement. Specifically, combining the merits of MXenes
in EM protection, we examine the scientifically justified metrics for
comparison and optimization of the effectiveness in reflection and ab-
sorption. Finally, we provide an outlook to challenges and new oppor-
tunities of EM protection with MXenes for future research.

2. Electronic and dielectric properties of MXenes
2.1. Electronic properties

As EMI shielding performance is directly related to the electrical
conductivity of materials, it is essential to optimize the electronic
transport in MXene-based shields [34,35]. Electronic properties of
MXenes have been extensively explored computationally [23,36-38].
However, electronic transport in MXenes varies with compositions,
surface terminations, defects, layer arrangement, etc., which are not
easy to model. Here we only examine the experimental results for MXene
flakes, MXene films, and MXene-based composites.

Before discussing the conductivity of MXene films, it is critical to
understand the intrinsic transport in single 2D flakes, which was
measured with a field-effect transistor (FET) device (Fig. 1a). The elec-
trical conductivity of monolayer Ti3CoT, flake reached 11,000 S cem !
and the field-effect electron mobility was up to 6 cm? V! s~ (Fig. 1b)
[39]. It showed an improvement by a factor of two compared with the
first study of similar Ti3CyTy FETs, which is attributed to the improved
stoichiometry of MXene [40]. However, it is lower than the conductivity
of Ti3CyTy films (>20,000 S cm~!) which was made of stacked Ti3CoTy
flakes by vacuum-assisted filtration [41]. For the monolayer TizCoTy
with a larger flake size (>10 pm), the electrical conductivity and the
electron mobility were 6,500 S cm ™! and 4.2 em? V™! 571, respectively
[42]. The reported electrical conductivity of NbsC3T, monolayer was
about 1,024 S cm ™!, which is higher than that of Nb4C3Ty films [43,44].
The fabrication of FET devices and variations in the quality of MXenes
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Fig. 1. Electronic properties of MXenes. MXene flake: (a) Schematic of a two-terminal device with a Ti3C,T, channel, showing the electronic measurement on a
single MXene flake; (b) Two-terminal transfer characteristics of a monolayer Ti3C,T, field-effect transistor. Vpg = 0.1 V. Reprinted with permission from Ref. [39],
Copyright Elsevier 2021. MXene film: (c¢) SEM image of the cross-section of a blade-coated Ti3C,T, film with highly aligned MXene flakes; (d) Comparison of the
electrical conductivity as a function of film thicknesses for TizC,Ty films prepared using different methods, including spin coating, spray coating, filtration, elec-
trophoretic deposition, and rolling compressing. Reprinted with permission from Ref. [66], Copyright Wiley-VCH 2020. MXene composite: (e) Structure schematic and
SEM image of the cross-section of sequentially bridged MXene (SBM) film with sodium carboxymethy! cellulose; (f) Conductance retention percentage as a function of
time for different MXene films, including pure MXene, covalently bridged MXene (CBM), hydrogen-bonded MXene (HBM), and SBM films in humid air. Reprinted
with permission from Ref. [62], Copyright AAAS 2021. (A colour version of this figure can be viewed online.)
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(defects, oxidation, etc.) may affect the measured properties of indi-
vidual MXene flakes. Thus, additional measurements on pristine MXene
flakes of various MXene compositions and with various surface chem-
istries are needed.

Electron transport in MXene films is more complicated as there is a
convolution of intraflake and interflake effects. First, with the
improvement of MXene quality (stoichiometry, minimization of defects,
increase in flake size, etc.) in recent years, the conductivity of TigCaT,
film showed a significant increase to over 20,000 S em™! [41,45]. Sec-
ond, MXene films have been manufactured using various techniques,
including spin coating [46], spray coating [47], drop casting [48], inkjet
printing [49], screen printing [50], interfacial assembly, etc. [51-55],
owing to easy solution processibility of MXenes. Different processes lead
to differences in arrangements/alignment of MXene flakes in the film,
which have a profound effect on the conductivity. For example,
blade-coating method can produce TizCyTy films with highly aligned
flakes, when a liquid crystalline MXene dispersion is used (Fig. 1c).
Compared with vacuum-filtered films (~9,860 S cm’l), the conductivity
of blade-coated Ti3CyTy film showed a significant increase (~15,100 S
cm ™) (Fi g. 1d). The interflake intercalants in MXene films also affect the
electron transport. Li*-intercalated V,CT, film after ion exchange was
more conductive than the tetramethylammonium ion-intercalated film
[56]. The removal of intercalant ions and partial removal of surface
groups after vacuum annealing also decreased the film resistance [57].
In addition, although MXenes are metallic, the interflake electron hop-
ping process makes the temperature-dependent behavior of the film
conductivity unique. The resistance decreases with the increasing tem-
perature at 10-300 K, resembling the trend for semiconductors rather
than metals [23,58,59]. Hence, the conductivity of MXene films can be
adjusted by the modulation of intercalation, surface termination, and
flakes arrangement.

MXene composite films with various polymers have higher me-
chanical strength and environmental stability compared to neat MXenes
[60]. However, the introduction of polymer between MXene flakes af-
fects the conductive network. Two strategies are effective to optimize
the conductivity through enhancing the carriers transport channels.
Wan et al. densified MXene films through sequential bridging of
hydrogen and covalent bonding agents, leading to strong and highly
conductive MXene composites (Fig. 1e) [61,62]. The conductivity of
sequentially bridged MXene (SBM) films with sodium carboxymethyl
cellulose reached >6,000 S cm™! and was retained in humid environ-
ment (Fig. 1f), which was attributed to compact and aligned layers with
few voids. Another approach is making laminated structures using
layer-by-layer assembly [63,64]. For instance, laminated cellulose
nanofiber/TizCyTy films maintain the high mechanical strength (>250
MPa) and low resistance (3.1 Q D_l), leading to an EMI SE value of 60
dB at a thickness of 7.7 pm [64]. Semi-transparent Ti3CyT,/carbon
nanotube films fabricated by spin spray layer-by-layer deposition
showed a conductivity of 130 S cm ™! at nanometer-scale thickness [65].
High alignment of MXene layers in composite films facilitates the for-
mation of local conductive network and the electron hopping. The
conductivity of MXene films has been improved with the optimized
synthesis of MXenes and rational structural designs. Still, the funda-
mental understanding of intraflake and interflake electron transport is
incomplete. Besides MXene/polymer composites, incorporating MXene
into ceramic matrix could be effective approach for high-temperature
EMI shielding [35].

2.2. Dielectric properties

Dielectric properties are important for designing microwave ab-
sorption materials, especially for non-magnetic microwave absorbers.
Since MXene-based microwave absorbers attracted tremendous atten-
tion, there are numerous reports on the permittivity of MXene-based
absorbers at gigahertz frequencies (mostly 2-18 GHz). However, few
investigations of dielectric properties outside this frequency range have

19

Carbon 204 (2023) 17-25

been reported. In this regard, we briefly summarize the dielectric
properties of MXenes in a broad range of frequencies, which may inspire
the community to explore the frequency-dependent EM responses of
MXenes in depth.

In visible and near infrared (Vis-NIR) ranges, the dielectric constant
of MXene films is usually measured with spectroscopic ellipsometry. The
real part turns to be negative with the increasing wavelength, indicating
the onset of free carrier oscillations in TigCyT, films (Fig. 2a). A similar
trend was observed for TiyCTy, VoCTy, and V4C3Ty films, suggesting their
metallic nature [36,67]. When the frequency is extremely low (e.g.,
kHz), the permittivity significantly increases with the increasing filler
loading of Ti3CyTy in polymer matrix, but the dielectric loss is low when
the filler loading is < 10 wt% (Fig. 2b) [68]. The dielectric enhancement
is attributed to the accumulation of charges at the interfaces which
forms the dipoles [69]. Similarly, at gigahertz ranges, when a tiny
amount of Ti3CeTy (~2 wt%) is introduced in a polymer, the real
permittivity is high (up to 73), but the dielectric loss is only 0.09 (Fig. 2c
and 2d) [70]. This feature of Ti3CyT,/polymer composites has been
repeatedly demonstrated in the literature [13,71]. It indicates that
pristine Ti3CyTy is not a promising candidate for microwave absorption,
which will be discussed in detail in the next section.

It is worth noting that there is still a lack of systematic investigation
of dielectric properties of various MXenes in different frequency ranges.
As the operation frequencies of electronic devices vary, it is important to
consider the EM protection in a broad or a specific frequency range.
There is much room for adjusting the dielectric response of MXenes on
demand, which is critical for the electromagnetic wave absorption
rather than only ‘microwave’ absorption.

3. MXene for electromagnetic protection

While the EM protection with MXenes attracts extensive attention,
some readers, especially newcomers to the field, may get confused with
the concepts of EMI shielding and microwave absorption. The most
common misinterpretation is that microwave absorption can be treated
as EMI shielding and the same metrics are used to index the perfor-
mance. In principle, both refer to the basic responses to the incident EM
waves (reflection, absorption, and transmission). However, they are
calculated based on different models and equations. We clarify these
concepts in combination with the discussion of MXene-based EMI
shielding and microwave absorption materials in the following sections.

3.1. MXene for EMI shielding

Compared with conventional metal shields, the merit of MXenes is
the feasibility of manufacturing flexible (bendable and foldable) thin
films for effective EMI shielding. Films starting from 1 pm in thickness
can be used freestanding. By interfacial self-assembly, Yun et al. re-
ported EMI shielding behavior of TizCyT, films, monolayer-by-
monolayer (Fig. 3a-c) [72]. It shows that a monolayer Ti3CyT, film
shields ~20% of electromagnetic waves and a 24-layer film (~55 nm
thick) can achieve effective shielding (EMI SE > 20 dB). With the
improved quality of MXene, sprayed Ti3CoT, film reached EMI SE of 21
dB at a thickness of only ~40 nm, owing to the high conductivity (~14,
000 S cm™ 1) and good interflake contacts [73]. Although Ti3CyTy films
have the best shielding performance so far, many other MXene compo-
sitions with high conductivity are promising as well, including TizCTy,
TichTx, VzCTx, M02TiC2Tx, MOzTingTX, Nb4C3Tx, and V4C3Tx (Fig. 3d
and 3e) [36,73,74]. Particularly, TisCNT, films after thermal annealing
have a higher absorption effectiveness than Ti3CoTy films, although their
conductivity is lower [74]. This may be attributed to its
metamaterial-like architecture with voids between the layers. With the
emergence of new MXene compositions and the optimization of syn-
thesis, it is believed that more members in the MXene family can be used
for EMI shielding and further developed into multifunctional films with
superior and selective shielding properties, depending on specific
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Fig. 2. Dielectric properties of MXenes. (a) Imag-
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characteristics of individual MXenes.

Owing to the active surface and high Young’s modulus (~0.33 TPa)
[75], MXene composite films, such as MXene/Ag nanowire films
[76-78], MXene/carbon nanotube films [65,79,80], and MXene/cellu-
lose films [62,81-84], with optimized EMI shielding capability and
mechanical strength were developed. Chen et al. fabricated transparent
MXene/Ag nanowire films with enhanced interconnection by welding
the nanowire junctions (Fig. 3f and 3g) [77]. The flexible film with a
visible transmittance of ~83% achieved an EMI SE value of 49 dB,
allowing applications in integrated electronics and smart windows. For
personal EM protection, MXene-coated fabrics with simple dip-coating
process are a promising alternative to currently used metal wires [85].
Considering their scalability, mechanical properties, and adhesion,
MXene composite films offer promise for practical applications.

Porous design is an effective approach to modulating the reflection
and absorption of incident EM waves. Various MXene-based foams have
been developed to obtain lightweight, compressible/stretchable EMI
shields with weak reflection. Pure MXene aerogels with aligned lamellar
architecture maintain a stress recovery of >80% and stable electrical
resistance after compression cycles. Meanwhile, the ratio of reflection to
absorption is tunable with compression and the total shielding effec-
tiveness is maintained [86]. Hydrazine-induced MXene foams have SEp
(SE of absorption) below 5 dB, while the total EMI SE reaches 70 dB. It
demonstrates a significant contribution of porous structure to the EM
wave absorption. With additives, MXene foam shields can be further
optimized. For example, compressible MXene/polyaniline foam presents
an EMI SE of ~24-40 dB, but its reflection coefficient is only ~0.2-0.3
[87]. MXene/reduced graphene oxide aerogel with a small TigCyT,
amount of 0.74 vol% achieved an EMI SE of >50 dB, owing to its regular
cellular structure [88]. Furthermore, the MXene/graphene oxide aerogel
was also effective for shielding in the terahertz range [89].

Following the discussion on the ratio of reflection to absorption, the
“absorption-dominated mechanism” is frequently mentioned in the
literature. However, in many cases, this claim is misleading, especially
for MXene-based shields, because the physical meaning behind calcu-
lations is neglected [31]. This is not a new issue but it should be
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addressed. EMI SE, which is the core parameter to evaluate EMI
shielding capability, is represented on a logarithmic scale, as shown in
the following equations:

1
SE o = 10 log (?) (@)
1
SEg =10 log,, (m) 2)
1—-R
SE, =10log,, (T) 3)

where A, R, and T are absorption, reflection, and transmission power,
respectively (A + R + T = 1). SEtal, SEg, and SE, represent the total,
reflection, and absorption effectiveness, respectively.

Most EMI shielding materials have high electrical conductivity,
which leads to strong reflection (high R). Moreover, when SEg is only 10
dB, R value is 0.9 apparently. It means that >90% of incident EM waves
are reflected. In other words, although SE, can be significantly
increased, the real absorption (A) contribution just has a slight change in
most cases. As a result of this deceptive calculation, the real ratios of
reflection and absorption are often neglected. We advocate for a scien-
tific and rigorous description on the contribution of reflection and ab-
sorption to EMI shielding. In principle, only when SEg is < 3 dB (R <
50%), the shielding mechanism can be considered as absorption-
dominated [32]. When the effect of absorption is emphasized specif-
ically, it is necessary to provide A and R values, which explicitly show
the ratio between absorption and reflection. Moreover, in term of
shielding mechanisms, the EM absorption contribution should not be
overrated when the absorption ratio is low.

3.2. MXene for microwave absorption

While the excellent shielding capability of MXene films is mainly
achieved by the EM wave reflection, efficient EM wave absorption
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Fig. 3. EMI shielding with MXene films. (a) TEM image of a monolayer assembled Ti3C,T, film. (b) Cross-sectional TEM image of a five-layer assembled Ti3CoT,
film, showing the flakes alignment. (c) EMI SE of Ti3C,T, films varied with the number of layers. Reprinted with permission from Ref. [72], Copyright Wiley-VCH
2020. (d) Thickness-dependent EMI SE of various MXene films. (e) The relationship between EMI SE and the electrical conductivity of MXenes. Reprinted with
permission from Ref. [73], Copyright American Chemical Society 2020. (f) EMI SE of Ti3C,T,/Ag nanowire (MA) films and double MA films with various gap
distances. (g) Schematic of the EMI shielding behavior of a double transparent MA film, such as Ti3C,T,/Ag nanowire film, for EMI shielding. Reprinted with
permission from Ref. [77], Copyright American Chemical Society 2020. (A colour version of this figure can be viewed online.)

without secondary EM pollution is desired. Due to the metallic con-
ductivity of MXenes, MXene-based microwave absorption materials are
generally the composites that mix MXene with microwave-transparent
polymers to weaken impedance mismatching with free space. Before
tackling the question of microwave absorption enhancement with
MXenes, it is worth mentioning the basic calculations for microwave
absorption. Generally, reflection loss (or return coefficient) value is used
to evaluate the microwave attenuation, which is different from the “EMI
SE” for EMI shielding. It is based on the metal back panel model and
transmission-line theory [90]. Reflection loss (RL) is directly determined
by the permittivity and permeability of materials rather than the con-
ductivity. The calculation equations are as follows:

RL (dB) =20 log,y|(Zu — 1) / (Zu +1)| @
Zin= \/gmnh (jZﬂ\/ﬁ fd / c) %)

where Z;, is the normalized input impendence of the microwave ab-
sorption layer, € and p are the permittivity and permeability, fis the EM
wave frequency, d is the absorption layer thickness, c is the light velocity
in vacuum. RL < —10 dB means that >90% of microwaves energy is
absorbed (dissipated as heat).

In light of the dielectric properties of MXenes that we discussed
above, pristine Ti3CoT, composites have poor microwave attenuation

21

ability. Hence, in recent years, the main strategy was to introduce
additional absorbers along with the architecture design (material ar-
chitectonics) to improve the dielectric loss of TigCyTy. Magnetic mate-
rials, such as magnetic metal particles (Fe, Co, Ni, and alloys) and
magnetic oxides (FeyOs, Fe3O4, and ferrites) [30,80,91-94], carbon
materials (carbon nanotube/fiber, reduced graphene oxide, graphite,
etc.) [95-99], high-loss semiconductors (SiC, MoS,, etc.) or multiple
additives were used [100-103].

Wen et al. assembled double-shell MXene@Ni microspheres with
outer Ni nanospikes and inner MXene flakes, enabling the additional
magnetic loss (Fig. 4a and 4b) [94]. The effective absorption bandwidth
reached 4.48 GHz (13.52-18 GHz) at a thickness of 1.5 mm (Fig. 4c).
The formation of electro-magnetic heterogeneous interfaces facilitates
the charge accumulation, which contributes to the microwave dissipa-
tion under an alternating EM field. While additional magnetic phases
induce magnetic loss, adding carbons or semiconductors can optimize
the permittivity and enhance dielectric loss. Li et al. reported light-
weight TizCoTy/MoS; self-rolling rods with improved polarization loss,
which achieved the effective absorption over the whole X-band
(8.2-12.4 GHz) (Fig. 4d-f) [103]. MoS; rods hinder the construction of
conductive network but balance the dielectric loss, enhancing the
relaxation along with hierarchical interfaces. In addition, foam structure
is another approach to improving the microwave absorption with better
impedance match and inner scattering [104,105]. These strategies
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Fig. 4. MXenes for microwave absorption. MXene/magnetic material: (a) SEM image of a Ti3C,T,/Ni microsphere. (b) off-axis electron hologram of TizC,T,/Ni
interface, showing the charge density distribution. (¢) Microwave absorption performance of TizC,T,/Ni microspheres. Reprinted with permission from Ref. [94],
Copyright American Chemical Society 2021. MXene/non-magnetic material: (d) SEM image of TizC,T,/MoS; foam showing the self-rolling rod structure. (e) TEM
image of Ti3C,T,/MoS,, showing the interface between TizC,T, and MoS,. (f) Microwave absorption performance of Ti3C,T,/MoS, foam. Reprinted with permission
from Ref. [103], Copyright Wiley-VCH 2022. V,,,;C,Tx MXene: (g) Schematic and TEM image of V4C3T, MXene in polyurethane, showing the aligned MXene flakes.
(h) Permittivity of V4C3T,/polyurethane composites. (i) Microwave absorption performance of V,,,1C,T,/polyurethane composite, showing the effective absorption
in the whole X-band. Reprinted with permission from Ref. [36], Copyright Elsevier 2022. (A colour version of this figure can be viewed online.)

indicate that the principle of designing MXene-based microwave ab-
sorbers is to obtain a synergetic effect of dielectric loss, magnetic loss,
and conductive loss with moderate conductivity, which is different from
EMI shields with high conductivity. Owing to the 2D layers, native de-
fects, and abundant functional groups of MXene, dielectric properties of
MXene-based absorbers dominate the internal EM response, including
transport of electrons and formation of dipoles at multiple hetero-
interfaces [106-108]. The polarization relaxation of dipoles at the in-
terfaces and defects contributes greatly to the consumption of incident
EM waves energy. Therefore, defect engineering and surface modifica-
tion could be effective routes to adjust dielectric properties and enhance
microwave absorption.

While tremendous effort was made to modulate microwave attenu-
ation of Ti3CyTy, there are only a handful of studies that have attempted
to explore other MXenes as microwave absorbers [36,109]. Recently, it
was found that V-based MXenes (V,CTy, and V4C3Ty) have efficient
dielectric loss and lower conductivity (~1,000 S cm™! for films) than
TigCyTy, providing an advantageous balance between microwave ab-
sorption and impedance match (Fig. 4g and 4h) [36]. Vy1C,Ty/po-
lyurethane composites with an ultralow loading (~2 wt%) exhibited
efficient EM wave absorption in the whole X band (Fig. 4i). Both TigCyT,
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and Vy.1C,Ty, have abundant surface groups, free electron transport,
native defects, and 2D nature, which have profound effects on the
optimization of microwave attenuation. However, the proper dielectric
and electronic properties make V;.1C,T, MXenes more promising as
microwave absorbers.

As numerous MXene-based and carbon-based microwave absorbers
have emerged in recent years, it is important to report proper metrics for
evaluating microwave absorption performance. Generally, the mini-
mum reflection loss (RLnin), the effective bandwidth, the absorber
thickness, and the filler loading ratio are the main metrics used in the
literature. However, sometimes these parameters are deceptive and
cannot accurately reflect the scientific merit behind the work. First, the
RLpin value is not suggested to be overrated in the reports, when it meets
the standard of effective absorption. Because, in most practical sce-
narios, there may be no significant difference between —30 dB (99.9%
absorption) and —70 dB (99.99999% absorption). Second, the broad
effective bandwidth is significant. However, it is noteworthy that it is
easier to achieve broader bandwidth at higher frequency range (e.g.,
12-18 GHz). Therefore, it is meaningful to specify the frequency range
of effective bandwidth and put efforts to enhance absorption at lower
frequencies, which are important in many applications. Third, the filler
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loading ratio of absorber is often neglected, although it is critical for the
practical applications, when pursuing minimal cost and simple
manufacturing.

4. Conclusions and outlook

We offer our perspective on the key challenges and potential op-
portunities for the development of MXene-based EM protection. While
only about 6 years passed since the first report on EMI shielding with
MXenes, MXenes have already demonstrated significant promise for EM
radiation protection. Improved fundamental understanding of the EM
responses of MXenes and their interaction with EM waves will be needed
for predictive modeling and computational design of MXene-based
shields utilizing a variety of already known and potentially available
MXenes.

Although improvements in specific performance have been achieved,
we still know little about the electronic and dielectric properties of
pristine MXenes in different frequency ranges. Future studies should
concentrate on building physical models and systematic measurements,
as 2D MXenes have shown differences from the bulk materials under an
alternating EM field. It is helpful to understand the interactions of
MXenes with EM waves, extending the application scenarios beyond
gigahertz range, especially towards lower frequencies.

While numerous studies focused on Ti3CyTy, it is reasonable to
investigate the large MXene family beyond Ti3CyTy, especially since
Ti3CyTy is not ideal for microwave absorption. The potential of other
MXenes has been well demonstrated, e.g., Ti3CNT, for EMI shielding and
Vn+1CnTx MXenes for microwave absorption. Solid solution MXenes
could be candidates for modulation of electronic and dielectric proper-
ties by the substitution of M-site or X-site elements. More broadly, high-
entropy MXenes may offer further ways to control the EM responses,
although the study just started. With the continuous expansion of the
MXene family, it is essential to conduct systematic investigations on the
basic physical properties that will allow selection of building blocks for
developing MXene-based EM protection. Moreover, utilizing specific
properties of different MXenes may enable development of multifunc-
tional MXene shields.

Finally, the chemical and thermal stability of MXenes have been
improved in the past decade. However, the reliability and scale-up of
high-quality MXenes will require further efforts to meet industry ex-
pectations. While there is a strong desire to commercialize MXenes in
protection of integrated electronics, more sophisticated approach to
manufacturing MXene films/coatings and their encapsulation should be
explored to ensure stable operation under variable environmental con-
ditions, that may include high humidity, elevated temperatures, sun-
light, etc. Meanwhile, it is important to further improve mechanical
properties of MXene films/coatings, such as adhesion, tensile strength,
etc.

Last but not least, given the 2D nature of MXenes, their unique
electronic transport properties, large and highly polar surface, we
envision that the use of MXene for metasurface design could potentially
open new avenues for selective reflection and absorption with ultrathin
and flexible films in a broad frequency range, which is impossible with
traditional EM radiation protection materials. The active control of EM
response with MXenes could make a huge impact on many fields.
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