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ABSTRACT

Combining high conductivity, hydrophilicity and excellent electrochemical performance in one, MXenes
have attracted increasing attention since their inception. However, easy to stack caused by the van der
Waals' force between the layers limits their practical application. Fortunately, intercalating other
substances between layers of MXenes and getting intercalated MXene-based layered composites (IMLCs)
with open structure can improve their physical and chemical properties effectively. Larger available
surface helps expose more active sites and enlarged layer spacing facilitates ion transport. In addition,
other substances fixed in the interlayers by MXenes’ two-dimensional confinement effect can produce
synergistic effect and expand their applicable range greatly. This review is dedicated to summarizing the
preparation methods and applications of IMLCs, emphasizing the advantages of them in the fields of
energy storage, catalysis, sensors, electromagnetic interference (EMI) shielding and biomedicine.
Furthermore, prospects and further developments in these gratifying fields are also commented.

© 2020 Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.
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1. Introduction

MXenes, new transition metal carbide, nitride and carbonitride
two-dimensional crystals expressed as M,,41 X, Tx (M represents an
early transition metal such as Ti, V, Nb or Mo, X stands for carbide,
nitride or carbonitride, T represents the active functional groups
such as —OH, —O0, —F on their surface), have become popular
rookies for their good electrical conductivity, large specific surface
area, excellent energy storage performance. The first of MXene,
TizC,Ty, was achieved by using HF etched and extracted Al layers
from MAX (A usually represents the third and fourth main group
chemical element) based on the weaker bond energy of M-Al than
M—C in 2011 by Professors Gogotsi and Barsoum [1,2]. It is
predicted that there may be more than 256 MXenes through the
different combinations between M, T and X subsequently, in which
Ti3C,Ty is the most studied one [3].

However, similar to graphene and many other two-dimensional
materials, except the in-plane covalent bonds, MXenes also have
van der Waals interactions between adjacent sheets, which make
MXenes narrow interlayer distance and serious aggregation,
restrict their practical application severely [4-6]. Hence, opening
the interlayer space to obtain larger available surface area, more
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active sites and wider ion transport channels is critical for
achieving materials with improved properties [7]. To this end,
several strategies have been used such as converting the MXene
flakes into hollow spheres by template method [8,9], obtaining the
three dimensional porous structure composed of interconnected
MXene nanoribbons by alkali treatment [10] or aligning MXene
sheets vertically through mechanical shearing [11]. Nonetheless, as
the increasing requirement for performance, single material could
not meet the demand. The design and construction of composites
by making use of various materials with complementary and
synergistic impact on the structure and performance are highly
desired.

In 2013, Gogotsi and Barsoum successfully expanded the
interlayer spacing of multi-layers MXenes by large organic
molecules such as hydrazine and urea, obtained single-layer or
few-layer MXene flakes through subsequent sonication in water
[12]. Later, the same research group used LiF and HCl as mild
etching agents instead of HF, the obtained TisC, sheets have higher
volumetric capacitances attributed to the intercalation of Li* [13].
In addition, there are many other materials can be used as
intercalators, such as cation, dimethyl sulfoxide, N,N-dimethylfor-
mamide, isopropylamine and organic alkali [14-16].

This method has gradually developed into the preparation of
intercalated MXene-based layered composites (IMLCs) with these
advantages: i) prevents MXenes from stacking, expands the
interlayer space and exposes more active sites; ii) combines the
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advantages of MXenes and other materials, further improves the
performance in application; iii) enhances the stability of the
composites by fixing other materials between layers of MXenes; iv)
the IMLCs are easy to be processed into films with layered
structure, which has great potential in the fields of self-supporting
electrodes and flexible wearable devices [17,18].

With the flourishing development of MXenes, many reviews
have been reported. Nevertheless, most of the reviews are focusing
on the preparation of MXenes and their application in a specific
field, there are few reviews focusing on the construction of
composites thoroughly. Furthermore, as the most widely used and
universal strategy, review article focusing on the construction of
IMLCs to improving the overall performance in application has not
been found. Hence, in this paper, we classify the strategies of
preparing IMLCs firstly and summarize their advantages in
enhancing performance in various applications in detail secondly.
Finally, we outline the challenges and development prospects of
IMLCs, hoping that this review can promotes the deeper
application of MXenes.

2. Preparation strategies

Understanding the interfacial interactions between different
components is essential for constructing hybrid structures and
expanding the scope of application. In general, the interactions
between MXenes and other materials can be divided into two
categories: physical and chemical interactions. Physical
interactions such as electrostatic interaction, van der Waals’
force and hydrogen bond have been widely used to obtain
MXene-based composites due to their relatively simple and
convenient. While chemical interactions also are chosen for the
construction of hybrid structures on account of they can
introduce strong mutual coupling between MXenes and other
materials, which usually manifest as the formation of chemical
bonds [19,20].

Therefore, according to the different interactions and configu-
ration between MXenes and other substances, we summarized
three common preparation methods here. The principles, proce-
dures and relative merits of each type are also discussed.
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2.1. Active surface connection

MXenes tend to connect with other objects and stack
alternately to form layered structures through electrostatic force
or hydrogen bond due to their electronegativity and the presence
of active functional groups on their surface, these layered
structures could form IMLCs through subsequent processing, such
as vacuum filtration, hydrothermal or annealing.

Firstly, focusing on the electronegativity of MXenes, some
positively charged ions or molecules can be adsorbed directly on
the surface of them. For example, in the work recently reported by
Jietal. [21], Cu®* are attracted to the surface of Ti5C, flakes through
directly mixing TisC, flakes with copper nitrate trihydrate, the
target TisC/CuS with sandwich structure were obtained by
hydrothermal reaction in the presence of thioacetamide
(Fig. S1a in Supporting information). Furthermore, to combine
more non-positively charged materials with MXenes, surfactants
were chosen to modify the surface potentials of intercalators or
MXenes [22-24]. In the work of Li et al. [25], MoS4>~ can insert into
the interlayers of TisC, MXene uniformly attributed to the pre-
intercalation of CTAB which expanded the MXene’s interlayer
space and modified them with positively charged (Fig. 1a). In
addition, ion exchange is also an important technology, Dong et al.
got C/TizC; composite triumphantly by in situ carbonized long-
chain fatty amines which intercalated into the interlayers of
MXene through ion exchange with TMA™ [26].

Secondly, active functional groups on the surface of MXenes
also provide more possibilities for grafting other substances [27,
28]. For example, Huang et al. [29] take advantage of the functional
groups (—0, —OH and —F) on the surface of MXenes and the
carboxyl group (—COOH) on metal-porphyrin frameworks (MPFs)
to form hydrogen bond, MXene/MPFs composites was obtained
through subsequent vacuum filtering (Fig. S1b in Supporting
information). Analogously, connected on the surface of Ti3CyTy
according hydrogen bond between N—H and —O/—F, pyrrole
monomers in the interlayer of MXene could in situ polymerize and
form pyrrole/TisCoTy film [30].

Certainly, active surface connection is the most widely used
method in the preparation of IMLCs, easy operating makes it more
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Fig. 1. Preparation strategies of IMLCs. (a) MoS,-in-TisC, hybrids prepared by CTAB assisted intercalation. Copied with permission [25]. Copyright 2018, WILEY-VCH. (b)
Abridged general view of the preparation of S@titanium oxides-Ti3C, composite according to controlled oxidation process. (¢) Raman spectra of Ti3C, and 500-Ti3C,0x
obtained by controlling oxidation. Reproduced with permission [35]. Copyright 2018, Elsevier. (d) Schematic diagram of Ti;C,Ty MXene/CNT prepared by layer-by-layer
spraying. (e) The cross section of TisC;Ty MXene/CNT layered structure observed by SEM. Reproduced with permission [44]. Copyright 2017, American Chemical Society.
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promising. But it is necessary to conduct in-depth research to
achieve better use of this method and make it more controllable
and universal.

2.2. Controlled oxidation process

As early in 2014, Barsoum et al. obtained a material of ordered
graphite carbon flakes with TiO, on the surface by heating MXene
in air [31]. Since then, experiments and in-situ characterization
techniques have been used to further study the process of
oxidation [32-34]. With the development of scientific research,
this method has gradually appeared in the field of preparing IMLCs
for its simple and fast.

TiO,-Ti3C, composite obtained by Huang’s group through fast
heating TisC, MXene in air, which integrated the conductivity of
Ti3C; and the absorption ability of TiO, to polysulfide, is an ideal
sulfur host for lithium sulfur batteries (Li-S batteries) (Figs. 1b and
¢) [35]. In the same way, IMLCs were also obtained by choosing
different oxidizing substances (such as H,0, and CO,) and heating
methods (hydrothermal, annealing, microwave) [36-39]. In
consequence, the key to the success of controlled oxidation
process is to understand the mechanism and the control of
temperature and heating speed in the process of reaction.

2.3. Layer by layer assembly

Layer-by-layer assembly technology plays an important role
in the preparation of multilayer composites since its emergence
30 years ago with the advantages of simple preparation,
controllable thickness and wide application [40]. For IMLCs,
Gogotsi et al. successfully obtained MXene-CNT layered composite
with sandwich structure by vacuum filtrating of MXene and
CNT layers alternately [41]. With the continuous progress of
equipment technology, spray and atomic layer deposition (ALD)
are gradually used for the more accurate control of concentration
and amount [42,43]. The MXene/CNT composite membrane
obtained by spray coating is more uniform and controllable
compared with vacuum filtration (Figs. 1d and e) [44]. As proved in
the reported of Alshareef et al., SnO,/MXene obtained by ALD has
higher cycling stability than hydrothermal and sputtering when
used as lithium ion battery anodes (Fig. Slc in Supporting
information) [45].

3. Application

In view of the excellent properties, IMLCs have experienced
rapid progress in practical application recent years. Therefore, in
this section we summarized their pivotal role in various fields,
expecting to provide some references for the further development
of them.

3.1. Energy storage

3.1.1. Supercapacitors

Supercapacitors have been widely studied in recent years in
high-power electronic devices due to their remarkable advantages
of fast charge and discharge rates and long cycle life. There are two
energy storage mechanisms of supercapacitors: forming electric
double layer at the interface of electrode and electrolyte or
occurring redox reaction on the surface or near surface of the
electrode. Based on this, large specific surface area, rapid electron
transport and ion diffusion, excellent redox reactivity of the
electrode materials are the crux to improve the electrochemical
performance of supercapacitors [46,47].

MXenes are ideal electrode materials for supercapacitors due to
their transition metal redox activity and high electrical conductiv-
ity [48]. In order to overcome the obstacles caused by stack,
intercalating other substances to the interlayers of MXenes is a
general approach.

In the first place, carbon materials are commonly used as the
intercalators to preparing IMLCs for supercapacitor electrodes.
For instance, the electronegative TisC, MXene and the modified
electropositive graphene could self-assemble into a high
conductive (2261 S/cm) film [6], which can prevent both MXene
and rGO from stacking and accelerate the transport of
electrolyte ion (Figs. 2a-c). When as a self-supporting electrode,
it can achieve a volumetric capacitance of 1040 F/cm? at a scan
rate of 2 mV/s and retain 61% at 1 V/s (Fig. 2d). In addition, when
assembled into a symmetrical supercapacitor, the volume
energy density could reach 32.6 Wh/L (Fig. 2e). There were
some other successful applications of IMLCs as supercapacitors
electrodes with carbon materials as intercalator (Table 1)
[25,26,49-51].

Although the combination of MXenes and carbon materials can
expand the capacitance to a certain extent, the general redox
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Fig. 2. Application of IMLCs in energy storage. (a, b) The cross section of pure MXene and MXene/rGO layered hybrid films observed by SEM. (c) TEM images of MXene/rGO. (d)
CV curves of MXene/rGO at different scan rates. (e) Gravimetric energy and power densities for symmetric supercapacitors based on pure MXene and MXene/rGO electrodes.
Reproduced with permission [6]. Copyright 2017, Wiley-VCH. (f) Schematic diagram of preparing SnO, nanowires@MXene and TiO, nanorods@MXene. (g, h) cycle
performance of SnO, nanowires@MXene and TiO, nanorods@MXene. Reproduced with permission [62]. Copyright 2018, Wiley-VCH.
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Table 1
Performance of supercapacitors with IMLCs as electrode materials.
Interlayer material types Composition Capacitance Rate performance Cyclic Capacitance Ref
number retention (%)
Carbon materials TizCoT,/C 364.3F/g@1 Alg 231.7 F/g@10 Alg 10000 99 [25]
mesoporous carbon/Ti3C, 329F/g@1 Alg 215 F/g@50 Alg 10000 97 [26]
N,O co-doped C@Ti5C, 250.6 F/g@1 Alg 175.4F|g@20 Alg 5000 94 [49]
TizCo/CNT 226 mF/cm?® 171 mF/cm @120 Hz — — [50]
N-doped p-Ti5C, [rGO 314 F/g@0.5 Alg 221F/g@5 Alg — — [51]
Pseudocapacit-ance material Ti3C,T,/MnO, NWs 1025 Fjcm? — 10000 98.38 [53]
TisC,/polyoxometalate 384.6F/g@1 Alg 90.5%@10 Alg 2000 91.7 [54]
Ti5C,/Fe(OH)s3 1142 F/cm®@0.5 Alg 828 C/cm>@20 Alg 10000 90.5 [55]
Ti3C,/NiC0,S4 1028 C/g@1 Alg 830 C/g@10 Alg 5000 94.27 [56]
Graphene/Ti,CTy@PAN 635F/g@1 Alg - 10000 97.54 [57]
TisC,/PDT 284 mF/cm?@50 mA/cm? — 10000 100 [58]
Ti;C,/PPy 416 F/g@0.5 Alg 208 F/g@20 Alg 5000 86.4 [59]

activity limits their energy density. Using pseudocapacitance
materials instead of carbon materials as intercalator to provide
additional specific capacitance is becoming an excellent choice.
Rosen et al. used high conductive Mo, 33C MXene and poly(3,4-
ethylenedioxythiophene) modified by poly(styrenesulfonic acid)
to form a homogeneous suspension and subsequently obtained a
flexible film through vacuum filtration, achieved a ultrahigh
energy density of 33.2mWh/cm® and a power density of
19,470 mW/cm? [52]. Other IMLCs constructed by MXenes and
pseudocapacitance materials for supercapacitors [53-59] are also
detailed in Table 1.

3.1.2. Alkali metal ion batteries

Alkali metal ion batteries, expanding from lithium-ion batteries
to sodium, potassium and other ion batteries recent years, store
energy by ion’s moving through the electrolyte and interacting
with the electrodes. With people’s pursuit of thinner and higher
endurance of portable electronic products, traditional graphite
anode is unable to meet the requirements due to its relatively low
theoretical capacitance, low density and poor rate performance,
new anode materials with higher volumetric capacitance are
urgent to be discovered [60].

According to the energy storage mechanism, taking lithium-ion
batteries as representative, the ways to improve the performance
of electrode materials are as follows: i) Select other materials with
higher theoretical capacitance such as transition metal oxide,
transition metal sulfide or polymer to provide higher specific
capacitance; ii) Use Si, Sn or other materials that can form
reversible alloy with lithium ions as anode materials [3]. However,
to realize ideal rate performance and cycling stability, the poor

conductivity and easy volume expansion of the above materials
must be overcome.

As new electrode materials of lithium-ion batteries [61],
MXenes can also prevent the expansion and crushing of active
materials during lithiation/delithiation through spatial confined
effect. Meanwhile, they are also ideal bases to promote the rapid
electronic transmission for super high conductivity. In the report of
Xu et al, transition metal oxides with low surface energy can
coated on the surface of individual TizC, MXene through van der
waals’ force (Fig. 2f). Specifically, by forming a reversible alloy
between SnO, (theoretical capacitance 790 mAh/g) and Li*, SnO,
nanowires@MXene as electrode material can achieve a higher
capacity of 530 mAh/g after 500 cycles and an initial reversible
capacity of 303 mAh/g at 50 mA/g. Moveover, storage energy
through intercalation/deintercalation of Li*, TiO, nanorods@M-
Xene achieves an initial reversible capacity of 303 mAh/g at 50
mA/g (Figs. 2g and h) [62]. Moreover, to make the electrodes
thinner and more powerful, using MXene instead of soft carbon as
matrix shows greater advantages. Based on this, thinner film
n-MoC/MXene/C with higher conductivity shows higher perfor-
mance of lithium storage and cyclic stability compared with
carbonaceous materials as conductive agents [63].

It is also applicative for many other anode materials possessing
high capacity but relatively low conductance, such as Si, Ge, Fe30y,
Co304, MnO, and red P [64-71]. Additionally, studies on the
replacement of lithium ions with sodium, potassium or magne-
sium ions which is larger have been gradually increased due to the
limited lithium storage on the earth, fortunately, IMLCs can also be
applied to these ion batteries according the adjustable layer
spacing of MXenes [23,72-76]. The details are listed in Table 2.

Table 2
Performance of alkali metal ion batteries with IMLCs as electrode materials.
Device Compositions Current rate Initial discharge capacity Cycle Last capacity Ref.
(mAh/g) number (mAh/g)
Li-ion batteries Sn/SnO0x@Ti3C, Ty 50mA/g 1981.3 200 594.2 [64]
LisVO4@ TisC,Ty 5C 187 1000 146 [65]
MXene/Si@CNT 200 mA/g 1260 200 1008 [66]
Fe304@Ti5Cy 1C mA/g 521.9 1000 747.4 [67]
MXene/CNTs@P 0.05 C 2598 500 2078 [68]
Bi;MoOg/MXene 100 mA/g 844.2 200 692 [69]
V,C@Co 100 mA/g 686.7 100 644.2 [70]
V,C@Sn 100 mA/g 1284.6 1600 1157 [71]
Na-ion batteries FeS,@MXene 100 mA/g 665 100 563 [23]
BP@Ti3C, 100 mA/g 2588 500 1112 [72]
CT-S@Ti3C,-450 — - 100 492 [73]
CoS/MXene 100 mA/g 508 1700 267 [74]
MXene-bonded HC 30 mA/g 368 1500 368 [75]
Mg-ion batteries TizC,T,@C 10 mA/g 198.7 400 168.9 [76]
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3.1.3. Li-S batteries

The general theoretical energy density of lithium-ion batteries
(420 Wh/kg or 1400 Wh/L) limits their application in mobile
transportation. Unlike the intercalation energy storage mechanism
of lithium-ion batteries, Li-S batteries store energy by the plating
and stripping of metal on the lithium anode and occurring
conversion reaction on the sulfur cathode. Benefiting from their
higher theoretical energy density (2500 Wh/kg or 2800 Wh/L), Li-S
batteries become a promising substitute for lithium-ion battery
since their inception in 1960 [77,78]. Despite their great
advantages, the development of Li-S batteries encounters some
obstacles: First, low utilization of active materials resulted from
the insulation of sulfur cathode and its intermediates lithium
polysulfides (LiPSs); Second, shuttle effect of LiPSs in electrolyte
may cause the loss of active materials, the contamination of
lithium anode and the damage of membrane; Third, low rate
performance and short cycle life due to the volume expansion from
sulfur to LiPSs [3,79].

MXenes have become promising materials for mitigating these
problems mentioned above. Sulfur was inserted and fixed in the
interlayer of MXenes, which not only increase the load of active
substances, improve the conductivity of electrodes, but also
prevent the structure damage caused by the volume change of
active substances during charging and discharging [80]. Yang and
Zhang have achieved a Ti3C,Ty/S flexible paper through vacuum
filtration and sulfur impregnation. Due to the high electrical
conductivity, mechanical property and the strong adsorption
capacity for LiPS of MXene nanosheets, the Ti3C,T,/S paper get an
initial capacity of 1169 mAh/g and just 0.014% capacity decay after
1500 cycles (Figs. S2a-c in Supporting information) [81]. Besides,
for the separator, Lai et al. had designed T@CP through the one step
self-assembled of TisC; MXene and polyethyleneimine function-
alized CNT, in which the intercalation of CNT between MXene
sheets provides spacious channels for the transport of Li ions,
alleviates the shuttle of LiPSs and the growth of lithium dendrite
(Fig. S2d in Supporting information) [82].

To make the best use of the stronger adsorption energy of TiO,
to LiPSs, TiO, quantum dots/TizC,Ty becomes a potential material
for sulfur host with higher sulfur loading and weaker shuttle effect
of LiPSs [83,84]. Moreover, CNT, carbon fibers and GO are also
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intercalators for MXenes to enhance ion and electron transport
while mitigated LiPSs shuttling through physical shielding and
strong chemical affinity [85-88].

3.2. Catalysis

Precious metals play important roles in catalysis, but the
features of scarcer and expensive hinder them from widespread
industrial application. The studies of substitution for precious
metals have been carried out for many years, however, catalysts
which can replace precious metals generally have inherent low
conductivity, limited activity surface area and strong tendency of
aggregation.

2D MXenes’ excellent electrical conductivity, adjustable elec-
tronic structure and chemical stability make them ideal conjugate
and carrier for the active substances including metals, metal
oxides, chalcogenides, metal organic frames and graphene
derivatives via interlayer assembly. MXenes cannot only serve
as electron transport mediums, but also ensure the accessible
surface sites of the active substances, prevent them from leaching
via fixing them in the interlayer [89].

In 2015, Qiao et al. constructed a self-supporting flexible film
with small impedance and low current loss during cycling by
vacuum filtration of g-C3N4 and Ti3C, sheets. It also demonstrated
excellent oxygen evolution reaction (OER) and oxygen reduction
reaction (ORR) activity when used as oxygen electrodes for Zn-air
batteries (Figs. 3a-c) [90]. Similarly, IMLCs are also widely used to
further improve the performance of electrochemical hydrogen
evolution. CoxMo, xC/MXene/N-doped carbon obtained by simple
coannealing of MXene, Mo,0,4°~, Co?* and dopamine demon-
strated higher activity of hydrogen evolution reaction in the full pH
range and seawater than commercial Pt/C [91]. NiFe-LDH/MXene/
Nickle foam electrode in which the nickel foam coated with MXene
as superconducting skeleton contributed to large current density,
greatly promoted the high adsorption and activation of NiFe-LDH
on the surface to water molecules [92].

In addition to energy conversion, IMLCs also play significant
roles in catalyzing the degradation of pollutants. The Co304/MXene
with sandwich shape obtained by immersion evaporation could
effectively catalyze the degradation of peroxymonosulfate to

Thin MXene nancsheet

POMS substrate

Fig. 3. Application of IMLCs in catalysis and sensors. (a) Preparation process of porous g-C3N,4/TizC; film. (b) SEM image and photo of g-C3N4/TisC; film. (c) The polarization
curves of g-C3Ny4/Ti3C, film and IrO,/C powder in the whole OER/ORR region in the three-electrode system. Reproduced with permission [90]. Copyright 2016, Wiley-VCH. (d)
Schematic diagram of preparing Ti3C,/NMPs film. (e) Schematic diagram of flexible sensor made by Ti3C,/NMPs thin film. Reproduced with permission [105]. Copyright 2019,

American Chemical Society.
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bisphenol at a rate of 95% in seven minutes [93]. a-Fe,053/TisC,
MXene composite has high photocatalytic activity for rhodamine B
degradation under visible light irradiation [94].

3.3. Sensors

On account of the high conductivity and biocompatibility of
MXenes, IMLCs have also been widely used in the sensors which
reflect mainly in three aspects: biomolecule sensors, environmen-
tal pollutant sensors and mechanical sensors.

Due to their unique hypotoxicity and biocompatibility, MXenes
can be used as excellent substrates of biosensitive material with
low electrical conductivity such as enzymes, proteins and nucleic
acids for the detection of specific biological substances [95-97]. For
instance, TiO,-Ti3C, obtained by hydrothermal was successfully
used as the substrate of hemoglobin to detecting H,0,, in which
TiO, served as the protective layer of hemoglobin and MXene
greatly improved the electron transfer rate in hemoglobin [98].

Except for biomolecule sensors, IMLCs also perform well in the
detection of environmental pollutants and environmental ele-
ments. In the work of Yang et al., [Ti-O]-H" and [Ti-O]-K* formed by
the interaction between KOH and TisC, flakes can improve the
adsorption ability for heavy metal ions and reduce them to metal
with high electronic transmission capability. As a result, the
detection limit of Cd(II), Pb(II), Cu(Il) and Hg(II) were 0.098, 0.041,
0.032 and 0.130 pmol/L, respectively [99]. Moreover, there were
many other studies on the application of IMLCs to the detection of
humidity sensors [100], MXene immobilized enzyme used to
detect phenol [101], nafion/Ti3C;T, MXene for the detection of
bromate [102], acetylcholinesterase/chitosan-Ti3C,T, for organo-
phosphate pesticides [103].

Moreover, benefiting from the high conductivity after mechan-
ical deformation, MXenes show great potential in mechanical
sensors and can be used to capture physiological signals and detect
subtle activities of human [43,104]. More recently, Shen et al.
exploited a series of alternating sequences of MXene and natural
microcapsules (NMPs) to design a flexible pressure sensor.
Specifically, hollow NMPs were confined between the MXene
layers and forms an interlocking structure through their own spine,
the sensors prepared by this biocomposite film can stably detect
static pressure signals on account of the excellent flexibility and
mechanical deformability (Figs. 3d and e) [105].
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3.4. Electromagnetic interference (EMI) shielding

The emergence of electronic products have provided great
convenience for human and promoted the development of
aerospace engineering and medical treatment greatly. But at the
same time EMI also threatens human health and affects the
function and lifetime of electronic devices. Developing high
performance EMI shielding materials is the most effective and
imperative way to alleviate this problem [106].

Thanks to their excellent conductivity and typical two-
dimensional lamellar structure, MXenes have strong ability to
absorb and reflect electromagnetic waves compared with metal
and carbon-based fillers. Meanwhile, MXenes have significant
advantages in building lightweight and flexible materials
[107,108]. However, easy stacking results in a sharp reduction of
available surface area in practical application. Fortunately, in order
to give full use of the EMI shielding performance of MXenes,
Gogotsi et al. make sodium alginate and MXene to form a self-
supporting membrane with layered structure through the reaction
occured in the interlayer of MXene, the EMI shielding performance
can reach 92 decibels with only 45 pm thick (Figs. 4a and b) [109],
which offer a new solution of constructing MXene-based
composite membranes for EMI [110-112].

Apart from constructing composite membranes, the construc-
tion of 3D MXene macrostructure is also an ingenious solution
[113-115]. Research conducted by Zhang et al. further confirmed
the outstanding EMI shielding performances of TizC,T,/rGO hybrid
aerogels [116]. The 3D porous and highly conductive aerogels
endows epoxy nanocomposite with excellent EMI shielding
performances of more than 50 dB in the X-band at a low MXene
content of 0.74 vol% (Figs. S3a-c in Supporting information).

3.5. Biomedicine

In addition to the outstanding applications summarized above,
IMLCs also show fascinating potential in antibacterial, biological
imaging, diagnosis and treatment. Taken advantage of the
fluorescence quenching effect of MXene to rhodamine B (RhB),
Nie et al. [117] obtained a novel fluorescent probe for imaging of
phospholipase D. When natural phospholipids doped with RhB
were modified on the surface of TizCy, the fluorescence quenching
rate of RhB are 95%, however, in the presence of phosolipase D, RhB
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Fig. 4. Application of IMLCs in EMI shielding and biomedicine. (a) EMI shielding mechanism of MXene. (b) Preparation process of sodium alginate/MXene self-supporting
membrane. Reproduced with permission [109]. Copyright 2016, Science Publishing Group. (c) Schematic diagram the fabrication of Ti3C,@mMSNs-RGD. (d) Schematic

diagram of collaborative treatment of HCC cells [123]. Copyright 2018, Wiley-VCH.
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breaks away from MXene and fluorescence recovers (Fig. S4a in
Supporting information). The lowest detection concentration can
reach 0.01 U/L (Figs. S4b and c in Supporting information).
Furthermore, thanks to the biocompatibility, strong absorption to
the near-infrared region and high photothermal conversion
efficiency of MXenes, IMLCs also show great utilization potentiality
in photothermal therapy [118,119]. Shi et al. synthesized poly-
vinylpyrrolidone modified Nb,C nanosheets with higher physio-
logical stability successfully and achieved the goal of in vivo
photothermal ablation of mouse tumors efficiently [120].

In view of surgery, chemotherapy and radiotherapy are still the
three major treatments for cancer [121,122]. Researchers have
gradually turned to realize the synergy between photothermal
therapy and other treatment methods by constructing MXene-based
composites. Recently, Yang et al. [123] realized the photothermal
therapy and chemotherapy for hepatocellular carcinoma (HCC)
simultaneously. Firstly, mesoporous-silicalayer whichis used as the
carrier of the chemotherapeutic agent doxorubicin is coated on the
surface of TisC, MXene (TizC,@mMSNs). Subsequently, with the
help of arginine-glycine-aspartic acid (RGD), the Ti;C;@mMSNs-
RGD can target HCC cells well, realize the collaborative therapy
of photothermal therapy and chemotherapy (Figs. 4c and d).

Morover, Gogotsi et al. [124] have demonstrated the excellent
antibacterial properties of MXene by preparing MXene coated
polyvinylidene fluoride membranes. In another study, the research
group of Mahmoud fabricated a film of Ag/MXene. Under the
optimal experimental condition, the 21% Ag@MXene film can
inhibit the growth of 99% escherichia coli [125]. These all suggest
that modified MXene membranes have broad application pros-
pects in the field of water and wastewater treatment.

The surface and interface structure will affect materials’
performance in many ways. There are numerous studies on the
application of IMLCs, but most of them stay in the study on
performance, fewer studies focus on the mechanisms of inter-
actions between MXenes surface and other materials. Enhanced
understanding of the interactions between MXenes surface and
other materials is conducive to the synthesis of more MXenes-
based hybrid structures.

4. Conclusions and outlook

The unique composition and physicochemical properties of 2D
MXenes have attracted extensive attention. Combining MXenes
with other substances to form IMLCs is one of the common
research directions of MXenes to obtain unique application
advantages. This paper mainly summarized the preparation and
application of IMLCs, especially expounds the unique advantages
and research progress of the structure and characteristics of IMLCs
in various applications.

The continuous emergence of new requirements will definitely
promote the development of IMLCs to more extensive and in-depth
applications, especially in flexible and bionic devices. Although
some achievements have been made so far, there are still some
areas to improve: i) controllable adjustment of the component
units, interfacial interactions and assembly mode, structure and
morphology of the IMLCs at nanoscale as required during
preparation; ii) further understanding of the synergistic mecha-
nism of IMLCs and design multi-components composite structure
so as to realize more complex and efficient applications.

Therefore, further studies on the surface properties of MXenes
are needed to control and facilitate interfacial interactions in the
preparation of composites. Moreover, rapid and simple characteri-
zation technology for structure and performance are needed to
realize precise regulation of reaction conditions, further under-
standing of the synergistic mechanism. Finally, given the
advantages of IMLCs in the preparation of flexible materials, the

use of biomimetic technology to prepare IMLCs with fine
hierarchical structure is bound to play an increasingly important
role in the field of new flexible and wearable materials.
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