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Abstract MXenes have received remarkable attention due to their outstanding phys-
ical and chemical properties. They exhibit exceptional tunable performance due to
their 2D structure and rich functional group, making them easy to combine with
other materials such as polymers, metal oxides, 2D chalcogenides, carbonaceous,
and organic hybrid materials to meet the high-performance requirements. Further-
more, MXenes and their composites have shown outstanding electrical, mechan-
ical, and optical properties due to their functional groups and surface chemistry.
This chapter covers the synthesis, surface mechanism, and applications of MXenes
and related composites. For a better understanding, we address the fundamentals of
MXenes to their associated fabrication techniques, including HF etching, exfolia-
tion delamination, in-situ polymerisation, hydrothermal, etc. Then, applications of
MXenes are discussed, such as energy storage in supercapacitors, batteries, solar
cells, and sensors. Moreover, EMI shielding performance, water remediation, and
catalytic activity of MXene/composite are highlighted. In the last part, the chal-
lenges and prospects of the MXenes and composites have been addressed to evaluate
the general complications, problems, and possible solutions of the materials during
synthesis and applications.
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1 Introduction

Two-dimensional (2D) materials have been intensively researched recently owing
to their large specific surface area, high catalytic behavior, highly tunable wide-
bandgap, etc. 2D materials have two dimensions outside the nanoscale range [1].
The quest to develop 2D nanostructured materials has accelerated since Novoselov
and Geim discovered graphene in 2004 [2]. The 2D family encompasses a diverse
range of materials, including graphene, silicene, borophene, transition metal oxides,
layered double hydroxides (LDH), and MXenes, as well as hybrid materials and
composites based on 2D materials [3-5]. MXenes, a unique 2D material developed
in 2011 by Gogotsi and Barsoum [6]. MXenes belong to the transition metal carbides,
nitrides and carbonitrides and are synthesized by the selective etching of ‘A’ layers
from their MAX phases that have a general formula M, AX,, where n = 1, 2 or
3; M stands for transition metals like (Ti, Ta, Nb, Zr, Cr, Mo, V or Mn) while A
represents IIIA and IVA group elements (Al, Si, Ga, Ge, Sn, In, Pb or As), and X
can be both carbon and nitrogen elements [7].

The newly synthesized 2D materials, MXenes, are obtained by losing A layers
from their original MAX phase, and their 2D nature is identical to that of graphene. It
was reported that during the etching process, the surfaces of M,,; X, units are always
covered with functional groups such as oxygen, hydroxyl (-OH) and/or fluorine
(-F). Hence, the chemical formula of MXenes is represented as My, X, Tx, where
Ty shows the surface functional groups in MXenes [8]. The multifaceted chemistry
of MXenes with interesting mechanical, electronic, magnetic, and electrochemical
properties make them special among 2D materials. 2D morphological features with
layered structures and high flexibility make MXene a suitable filler material for
generating different composite materials, providing an opportunity to assimilate the
tremendous properties of several 2D materials in a complementary manner. Because
of this, MXenes and MXene related composites have also drawn significant attention
to the scientific community in recent years for many applications. MXenes and
MXene-based composites materials primarily found applications in energy storage
as excellent-performance electrode materials for sodium (Na)-ion batteries, lithium-
sulfur (LiS) batteries, and supercapacitors because of their splendid electrochemical
performance and greater conductivity [9-11].

Besides its metal oxides, polymers and hybrid materials also play a vital role
in the region of physical sciences, such as physics, chemistry, material sciences,
and a variety of applications. The oxide materials acquire the broad composition
of structural geometries and electronic structures, yielding to its insulator, metallic
and semiconductor specification [12—-15]. Oxide particles have exhibited distinctive
physical and chemical characteristics due to their large density and small particle
size [16]. These oxides materials include Al,Os3, V,0s5, TiO,, Fe,05, CeO, and
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many more [17-23]. Furthermore, polymers and hybrid materials are the formation
and combination of two or more materials and compounds (organic and inorganic)
having large macromolecules and repeat ting of large molecular chain because of
its identical chemical amalgamation of particles. These kinds of hybrid materials
are mostly present under the scale range of 1 pwm which helps these materials for
the sort of various composites of this scale range [24-26]. These materials are the
combination of many polymers associated with cold mixture and precondensate.
Hybrid materials also exhibit many excellent properties such as chemical resistance,
acid toughness, surface adhesion, rapid changing of room temperature, corrosion
resistance etc. [27-30]. These polymers and hybrid materials include polysulfides,
polyesters, polyurethanes, alkyds, cellulose, polyvinyl alcohol and others [31-36].

This chapter is divided into five sections; each section will cover the comprehen-
sive details of 2D materials based on MXenes, and their composite with metal oxides,
polymers, carbonaceous material, chalcogenides and hybrid materials. Furthermore,
every section contains tabular information on Mxenes and their composite, including
their comprehensive properties, specific parameters, and, most importantly, their
applications. Various types of applications mentioned in this section include super-
capacitors, batteries, sensors, photocatalysis, solar cells, thermal, dielectric, EMI
shielding, bio medicines, aerospace, and many other energy-related applications
[37-43].

2 Metal Oxide Doped MXene Composites

With the growing need for smart, compact, wearable, and stretchable electronic
items, it is essential to develop suitable rechargeable energy storage devices that
are inexpensive to manufacture, resulting in less pollution and increased safety
[44, 45]. MXene displays an outstanding electrical conductivity and unique layered
structure, enabling it as an attractive supporting material for many metal-ion
based battery applications. Xu et al. [46] prepared vanadium pentoxide/MXene
(V205-nH,0/Ti;C,Tyx) composite as a cathodic material for zinc-ion batteries with
a simple hydrothermal method. They reported a significant enhancement of electro-
chemical performance with the addition of MXene into metal oxide (V,0Os), mainly
due to the smart 3D structure of MXene that facilitates the high charge transport and
effectively accommodates the zinc ion insertion/desertion with outstanding structural
modifications.

Song et al. [47] proposed incorporating MXene composites with manganese oxide
(MnOxy) for lithium-sulfur batteries. Figure 1 shows the synthesis of MnOx/MXene
composites and mechanism of their alteration of polysulfides on MnO,/MXene.
Composites of metal oxides with MXene act as chemically active support for the
interaction between MnOx and MXene, significantly increasing the oxygen vacancy
in the MnOy materials. The stronger support interaction of oxide between MXene
and MnOy boosted the higher adsorption of polysulfides, and their modification
occurred in the cathode. The higher adsorption and conversion of polysulfides formed
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Fig. 1 Synthesis of MnOx/MXene composites (a); the mechanism of conversion of polysulfides
on MnOx/MXene (b) [47] (reproduced with permission)

on the cathode surface overcome their loss due to diffusion, leading to enhanced
electrochemical performance and stability.

It is well-known that metal oxide-based electrode materials, especially transition
metal oxides, have attracted researchers by their easy synthesis in large scale and rich
redox reactions, contributing to higher specific capacitance than many carbon-based
materials. However, their poor dimensional stability and inherent semi-conductive
properties lead to lower specific capacitance and rate capability after a few hundred
cycles [48].

Due to excellent stability, rich surface-active sites and the pseudocapacitive
contribution of MXene and their composites with different metal oxides have been
largely attracted. Wu et al. [49] synthesized nanosheets of heterostructured NiCo,S,
composites decorated with ultrathin MXene sheets for advanced electrode material
in supercapacitors. They found that the surface-functionalized MXene composites
(N-Ti3C,/NiCo,S,) showed exceptional electrochemical properties with a specific
capacitance of 1879 F.g~!, which is far better than the pristine metal oxides or
MXenes. They also noticed that the materials retained the cycling stability of 76.3%
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even after 5000 cycles, demonstrating remarkable stability. This is mainly due to N-
Ti3;C,/NiCo,S4 composites with significant specific surface areas, accessible hierar-
chical 2D structure, and good contact with the electrolyte, allowing more charge/ions
transport networks. Huang et al. [SO] proposed nanobelt like metal oxide into MXene
to prepare sandwich and layered structured composites composed of growing belt-
like structure of amorphous Nag»3TiO, on the surface of MXene sheets. The as-
prepared Nag »3TiO,/MXene composite was utilized as a LIB anode electrode mate-
rial. They reported that the composite material gave impressive cycling life and excel-
lent rate capability. The discharge capacity of the material exhibited an upward trend
with the enhancement in continuous 4000 charge—discharge cycles. The excellent
stability and rate capability even after 4000 cycles are attributed to a sandwich-like
structure with nanobelt of MXene composites that lowers the transfer of ions and
successfully releases the electrode strain upon cycling.

Besides the electrode material, metal-oxide doped MXene composites are increas-
ingly used in other important applications such as catalysis, EMI shielding, electro-
magnetic wave absorption, coatings, sensors, etc. Yin et al. [51] introduced a self-
assembled sandwich-like structure of Cu,O/TiO,/TizC, composites which showed
outstanding catalytic properties for the degradation of nitro compounds. Generally,
the catalytic degradation rate of nitro compounds is used to determine the catalytic
properties of any material (Fig. 2).

In Cu,O/TiO,/TizC, composites, no catalytic activity was found in the pres-
ence of TiO,/Ti3C,, which clearly shows that the Ti;C, and TiO,/Ti;C, were
failed to perform catalytic degradation of nitro compounds. This occurs due to
the poor electrical conductivity of TiO,, limiting its catalytic activity. However,
Cu,0/Ti0,/Ti3C, with the optimized quantity of Cu,O showed excellent catalytic
properties. Cu,O enables the easy transport of electrons from an electron donor
such as NaBHy to TiO, through the surface of Ti;C, (MXene). They also found
that the ternary composites (Cu, O/TiO,/TizC,) show excellent dimensional stability
by more than 92% efficiency after 8 cycles. The main reason for the exceptional
stability was due to the larger specific surface area of MXene composite (TiO,/Ti3C,),
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Fig. 2 Synthesis of MXene composites (CupO/TiO»/Ti3C;) and their mechanism of catalytic
degradation of nitro compounds [51] (reproduced with permission)
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enabling Cu,0 to adhere to the surface. Hou et al. [52] synthesized CogSg deco-
rated MXene hybrid composites using a simple hydrothermal and high-temperature
carbonization technique. The as-prepared MXene metal oxide hybrid composites
(CoySs/C/TizC,Ty) exhibited excellent electromagnetic (EM) wave absorption prop-
erties. MXene composites showed good storage capacity of EM waves and exhibited
significant dissipation of EM waves, indicating improved dielectric characteristics
of the composite material. The hybrid material of MXene composites with good
impedance matching with EM waves makes it easier to dissipate within the material
instead of reflection (Fig. 3).

The multilayered composites with many interfaces between MXene and metal
oxide increase the loss of conductivity and formation of interfacial polarization,
leading to excellent dissipation of EM waves. Liu et al. [53] introduced indium
oxide (In,O3) nanocubes into MXene composites to examine the methanol gas
sensing application at ambient temperature. The In, O3 nanocubes decorated MXene
composite showed outstanding gas sensing characteristics compared to other pristine
metal oxides or pristine MXene. The In,O3/Ti3;C,Tx composites exhibited gas sensi-
tivity from 5 to 100 ppm of methanol concentration within 6.5 s and 3.5 s of response
time and recovery time, respectively. This is an outstanding gas sensing performance
compared to other gas sensing materials. Comparatively, In,O3/Ti3C,Tx compos-
ites illustrated excellent gas sensitivity because of the unique and large mesoporous
surface area of MXenes, enabling the accumulation of many oxygen molecules that
significantly improved the sensor response and selectivity. A huge number of hidden
functional groups, like —O, —OH, and —F etc., within the multilayered MXene
material act as active sites for the adsorption of methanol molecules. The possible
mechanism of gas sensing application of In,O3/TizC, Ty as proposed by the authors
is shown in Fig. 4.
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Fig. 3 Schematic representation of the possible mechanism of electromagnetic absorption of
MXene composites (CogSg/C/TizC,Tx) [52] (reproduced with permission)
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Fig. 4 Possible mechanism of gas sensitivity (a) and energy band diagram (b) of In,O3/Ti3C, Ty
composites in air and methanol [53] (reproduced with permission)

Similarly, Zhang et al. reported the CoO«-NiO incorporated with MXene
nanosheets prepared via atomic layer deposition route for the potential energy
storage supercapacitor applications [54]. The synthesized device based on CoOy-
NiO/TizC, Ty MXene nanosheet achieved the specific capacitance of 1960 F/g
along with the cyclic life of 90.2% after the 8000 cycles. Liu et al. mentioned the
MXene composite with tGO and CuO hybrid aerogel for sensing technology. The
as prepared MXene/rGO/CuO materials obtained excellent acetone sensing perfor-
mance at ambient temperature and recorded the 52.09% acetone response toward
the 100 ppm [55]. The reported metal oxides to generate composites with MXenes
are mainly transition metal oxides, showing excellent properties for various appli-
cations such as the battery, supercapacitor, sensing, catalysis, coating, etc. and have
illustrated superior performance than their pristine materials as mentioned in Table 1.

Lin et al. [66] proposed a simple method to synthesise a novel 2D photocat-
alytic composite membrane of Bi,0,CO; @MXene with multi-functional material
that enables efficient water treatment. They showed that the MXene composite
membrane has ultrahigh water flux due to incorporating nitrogen-doped Bi,O,COj3
nanoparticles. The MXene composite membrane helps increase the adsorption of dye
molecules by electrostatic interaction. The presence of negatively charged functional
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Table 1 Describes the MXene and MXene doped oxide and its composite materials according to
its potential applications and measuring parameters

S. | MXenes | Oxides Measuring parameters | Applications References
no
1 TizCoTx | LiMnyOq4 243 F g_l capacitance | Supercapacitors | [56]
88% life span
2 TizsCrTx | TiO; 2650 umolh*] gc_a{ Photocatalysis [57]
TizCy SnO», 126 F g*l Supercapacitors | [58]
capacitance 82%
capacity retention
4 TizCy TiO, 43 Mmolh*l gc_al Photocatalytic [59]
activity
5 Ti3CoTx | MnO, 212 F g~ ! capacitance | Supercapacitors | [60]
88% cyclic life
6 N-TizC, | Fe;03 1065 mAh g~! Li-Ion batteries | [61]
Specific capacity
7 N- RGO 1180 mAh g~! Li-Sul batteries | [62]
TizCo Ty specific capacity
82.5% capacity
retention
8 Ti3C2Tx | RGO hybrid aerogel | 23.3 Sm~! electrical | EMI shielding [63]
conductivity 27.3 dB
EMI shielding effect
9 Ti3Co Ty | Metal/ZnO/MXene | 19,400 nm RIU~! and | SPR biosensors | [64]
and Metal/ZnO: 8350 nm RIU™!
Pd/MXene sensitivities
10 | Ti3C,Tx | FTO/TiO2/MAPDI3 | 13.83% efficiency Perovskite solar | [65]
cell

groups on the surface of the MXene can adsorb cationic dyes. Moreover, the pres-
ence of specific hydroxyl groups and the large specific surface area of MXene play a
major role in its adsorption capacity. The sponge-like MXene nanocomposites were
synthesized with Gd** doped vanadium oxide (GVO/MXene) to degrade industrial
effluents and pathogens [67]. As compared to the undoped vanadium oxide (VO),
the GVO/MXene nanocomposites showed outstanding dye degradation performance
of 92% due to the presence of Gd** and MXene nanosheets in the nanocomposites.
Gd* in the composites improve the light harnessing photodegradation. In addition
to this, the high surface area and a large number of active sites on the surface of
the MXene enhances the photodegradation ability of GVO/MXene nanocomposites.
The GVO/MXene nanocomposites also show superior inhibition of bacterial growth
in the presence of GVO/MXene nanocomposites as compared to VO nanoparticles.
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3 Polymer-MXene Composites

Polymer-based materials are broadly utilized in our day-to-day life due to their
remarkable performance and comfortable processing. In contrast, a single polymer
cannot satisfy a range of intended applications. Recent developments in nanotech-
nology offer solutions for developing composite materials based on polymers with
other nanofillers with excellent physical and thermal properties. Significant attempts
have been made to tune polymer composites’ thermal and mechanical proper-
ties by changing the type of filler. In recent years, MXene has been a widely
used filler material in the preparation of polymer composites. Due to the excellent
hydrophilic surfaces, mechanical properties, and metallic conductivity of MXenes,
polymer composites with MXenes could achieve highly enhanced mechanical and
thermal properties. It is also reported that incorporating many terminal active sites
on the surface of MXenes during etching can increase the correlation between
MXene flakes and polymer chains, offering a suitable environment for manufacturing
high-performance MXene/polymer composites [68].

Furthermore, MXene possesses covalent and metallic bonds from the bonding
point of view, which further tunes the conductive properties and bandgap in the
MXene structure. Similarly, the existence of the defect on the MXene surface may
advance the charge mobility of the MXene [69—71]. On the other hand, Polymer
and MXene contain nanofiller that possess covalent bonding. Hydrogen (H) bonding
can also interact with MXene, which assists uniformly and firmly dispersed among
the MXene and polymer composite materials and helps create the 3D structure
of MXene-polymer. Such as, the composite of MXene with xanthan yielded the
hydrophilic polysaccharide (C¢H;9Os), with —O functional group was utilized to
fabricate this material. Due to the strong H-bonding amidst xanthan and MXene, the
MXene can be uniformly divided in the xanthan matrix [72]. Besides it’s the oxygen
(—0) and hydroxyl (—OH) functional group on surface MXene made the MXene
surface negatively (—ve) charged, which yields to make the strong bond, i.e., positive
(+ve) charged polymers, like polyethyleneimine and poly-diallyldimethylammonium
chloride through an electrostatic interaction [35].

MXene incorporated polymers led to different types of composite materials
such as laminated composites/structure [73], MXene coated polymeric fiber [74],
composite fiber [75], aerogel, foam/sponge [76], spin-coated electrospun fiber
membranes [77], etc. Generally, the preparation methods of composite materials
are highly influenced by their end-use applications. Till now, multiple varieties
MXene and polymer-based composite materials have been prepared due to synergetic
outcomes of inorganic and organic MXene and polymers, respectively. The solu-
tion blending technique is commonly used to prepare thin-film types of composites
involving the dissolution of both fillers and the polymer in a solvent. The composite
materials are formed after mold pouring and evaporation of solvent. To obtain the
good dissolution of polymer and filler, thorough stirring is required during solu-
tion casting process. Solution blending is the preferred method for the synthesis of
MXene-polymer composites due to excellent hydrophilicity of MXene and is also
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Fig. 5 Preparation methods for Ti3C,Tx (MXene) nanosheets and their polymer composites [79]
(reproduced with permission)

easy and flexible to manage filler and polymer ratio which improves the disper-
sion between MXene and polymer [78]. A typical solution blending method for the
synthesis of MXene/PS/PVDF hybrid polymer composites is shown in Fig. 5.

Jin et al. [80] synthesized poly(vinyl alcohol) (PVA)/MXene multilayered films
by solution blending method. This alternative arrangement of MXene and PVA multi-
layered and continuous thin films is excellent for the conduction of heat and elec-
trons, which endows excellent electromagnetic interference (EMI) shielding and
thermal conductivity. Liu et al. [81] used solution casting and vacuum-assisted
filtration to synthesize MXene/chitosan films to apply for high-performance EMI
shielding. Vacuum-assisted filtration was the best method to achieve the required
thickness of MXene/Chitosan films and well-aligned MXene sheets on chitosan. The
maximum shielding effect can be achieved due to tunable film thickness, aligned
nanosheet structure, and outstanding metallic conductivity. The 37-micron thick
MXene/chitosan at a T3C,Tx content of 50% reached the specific shielding effec-
tiveness to 15,153.9 &+ 153 dB/cm, which outperformed the testified biomass-based
EMI shielding composites in the X-band frequency. In most cases, it is necessary to
adopt multi fabrication techniques such as solution blending and melt blending to
achieve excellent dispersion and reduce agglomeration [82]. Melt blending is a highly
preferred fabrication method for preparing high-performance polymer composites
where high mechanical, thermal and flame-retardant properties are required due to
their excellent dispersion and low agglomeration of nanofillers (Fig. 6).



MXene-Based Composites and Their Applications 63

SR

TisC,T, dispersion R

Ultrasonication

QT oCc OA QoOH

2 #e
‘zrmNandgonfinemen.
o &‘\*'_\\\\\?ég‘ :
. S TR0 g R
Meltblending 7 & e
(I SRS

Oxygen-free fast drying PP grains
S e

MA-g-PP latex

Fig. 6 Schematic diagram exhibiting the fabrication of MXene and preparation of MXene/PP
composites by melt blending [82] (reproduced with permission)

Ming-Ke Xu et al. reported the Ti;C, Ty MXene/polypropylene (PP) nanocom-
posite for highly effective EMI shielding [83]. The nanocomposite yielded an elec-
trical conductivity of 437.5 C/cm along with the EMI shielding effect of 60 dB,
confirming the tremendous performance of this material. Xue et al. [84] reported the
fabrication of Polyphosphoramide (PPDA )-intercalated MXene incorporated poly-
lactide (PLA) biocomposites with excellent mechanical, thermal and flame retardant
properties. They found that the combination of PPDA and MXene filled PLA compos-
ites showed good flame retardant and excellent mechanical properties. This is mainly
because of the homogeneous dispersion of PPDA and MXene nanofillers across the
PLA matrix, offering effective load transfer and enabling fracture energy dissipation
when the external load is applied to the matrix. The major advantage of using MXene
as a filler in any polymer matrices is its enormous negative charge sites across the
MXene surface. These charged sites and functional groups of polymer surface can
form an interlinked network, leading to efficient transportation of electron and load
transfer, resulting in excellent electrical conductivity and improved mechanical and
thermal properties [85, 86].

Like graphene oxide, vast numbers of functional groups on the surface of MXene
nanosheets present higher possibilities to interlink between nanosheets and polymer
matrices, leading to improved mechanical properties. A larger number of hydrogen
bonds on the surface of MXene nanosheets and polymer matrices easily form rigid
and cross-linked networks between them, leading to significantly improved thermal,
mechanical, and flame retardant properties of the resultant polymer composites [87].
Zhao et al. [88] demonstrated that rich hydroxyl groups bonding together in MXene
and PVA made it possible to get highly stable and flexible polymer composites.
They found that the tensile modulus significantly increased by 100 times for adding
30% MXene into PVA compared with pristine MXene thin film (2.87 MPa). This is
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highly significant since elastic modulus was calculated based on interfacial cross-
linking between filler and polymer. When the delaminated MXene nanosheet was
chemically blended with PVA, the hydrogen bonds were formed with the surface
functional groups of polymer matrix and MXene nanosheets, which enhanced the
interfacial binding energy (BE) to increase the mechanical properties of resultant
composites. In addition, the unchanging dispersion of d-Ti3;C, in polyvinyl alcohol
was helpful to increase the intermolecular forces to further enhance the mechan-
ical properties of MXene-polymer composites. Zhou et al. prepared the nanocel-
Iulose polymer mixed with MXene with the help of the spray coating technique
[89]. The nanocellulose nanofiber and MXene composite were employed for the
EMI shielding effect and electro-photothermal performance. The synthesized TizC,
MXene/cellulose nanofiber, when tested, it yields a mechanical strength of more than
250 MPa, excellent desirable toughness of 20 Mj/cm? and EMI effect of 60 Db. Simi-
larly, Shi et al. [82] developed a high-performance polymer composite relying on PP
and MXene inspired by natural 3D networks such as silkworm net, honeycomb and
spider web. They used solution casting followed by melt blending to fabricate ultra-
thin 2D nanocomposites of PP and MXene. They reported that the tensile strength
of MXene/PP composites enhanced with increasing the loading of MXene. This is
mainly due to hydrogen bonding between PP polymer and MXene filler, hindering
the free mobility of the polymer chains and causing an enhancement in the tensile
properties of the composites as compared to pristine polymer. By adding 2 wt%
Mzxene nanosheets, they achieved an increase of 35.3%, 674.6% and 102.2% in the
tensile strength, ductility and modulus, respectively. A large number of hydrogen
bonds induced nanoconfinement is responsible for the increased mechanical proper-
ties. However, elongation at break reduced with a small loading of MXene filler and
then significantly increased mainly due to bond slippage in the interface of filler and
polymer and reduced number of hydrogen bonds due to the agglomeration of filler. In
in-situ polymerization tactic, the mixture containing polymer precursors, fillers and
curing agents (or initiators) are initially premixed in solutions, and then it polymer-
ized to create macromolecules under specific conditions. The major advantage of this
technique is that good dispersion of functionalized nanoparticles could be achieved
within the polymer matrices [90]. Carey et al. synthesized MXene/Nylon-6 nanocom-
posites by in situ ring-opening polymerization of e-caprolactam and achieved well-
exfoliated nanocomposites with significantly improved water transporting properties
of the resultant nanocomposites. Due to the rapid growth of technology, adopting
conventional manufacturing methods brings huge challenges to end-use applications.
Hence, it is necessary to think out of the box to utilize the unlimited potential of mate-
rials properties to convert them into required end-use applications. Zheng et al. [91]
reported a unique particle construction strategy called heterogeneous agglomera-
tion to fabricate highly conductive and stable MXene incorporated polystyrene (PS)
composites (MXene/PS composites), where PS emulsion converted into uniform
sized 3D microspheres (PS particles), and MXene sheets were then incorporated
into PS particles (Fig. 7). MXene nanosheets were completely filled between the PS
particles along with strong adsorption of MXene sheets on the surface of PS particles
during the strong suction filtration process, enabling strong orientation of MXene
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Fig. 7 Synthesis of MXene (a) and schematic illustration of MXene oriented 3D network struc-
ture and their cross-sectional SEM image of polystyrene composites (b) [91] (reproduced with
permission)

sheets within the composites. This strong orientation of MXene nanosheets across
the polymer composites drastically enhanced the resultant composite’s mechan-
ical, physical, thermal, and electrical performance. Due to the efficient and well-
ordered structure of MXene/PS composites, the conductivity increased significantly
to 3846.15 S m~! with the addition of just 1.81% of MXene filler. The obtained
conductivity is significantly higher than other PS composites reported so far. The
flame-retardant and EMI shielding nanocoatings onto cotton fabrics were applied by
layer-by-layer self-assembled technology using tannic acid modified MXene synthe-
sized P, N-co-doped cellulose nanocrystals (TA-Mxene and PA@PANI@CNC) [92].
The resultant nanocoatings show that cotton fabric’s EMI shielding efficiency (SE)
with 20 bilayers coatings (Cotton-20BL) reaches up to 21 dB over the X- band
frequency range. Moreover, the Cotton-20BL reaches an excellent limited oxygen
index of 32. More importantly, the peak heat release rate and total smoke produc-
tion are reduced by 63.0% and 98.3%, respectively. As compared to pristine cotton
fabrics, the high absorbance intensities of flammable volatiles and toxic gas, including
carbonyl compounds, aliphatic ethers, CO and CO,, are markedly reduced due to
the nanobarrier effect of 2D MXene and catalytic carbonization effect of PA. The
Mzxene nanocomposite coatings also shows good electrical conductivity and improve
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chemical stability due to presence of 2D Ti3;C,Tx nanosheets which contribute to the
dissipation of electromagnetic microwaves.

For more clarification regarding MXene and polymer materials, Table 2 describes
several MXene and polymers regarding their unique characteristics, measurements
values, and applications.

4 Carbon-Based MXene Composites

Numerous types of carbon-based nanomaterials like graphene oxide (GO), porous
carbon (PC), carbon nanotubes (CNTs), carbon dots (CDs), fullerene, and carbon
nanohorns (CNHs) have been exploited for potential applications in the areas of
electronics, biology, medicine, environment, etc., owing to their unique physical and
chemical characteristics [102—104]. The novelty of the material plays a vital role in
the new technological advancements. Sun et al. [105] proposed a novel composite
of MXene incorporated nitrogen-doped carbon foam (NCF) with 3D hallow neurons
like architecture for solid-state supercapacitors. The authors claimed that the as-
prepared MXene/NCF demonstrated a remarkable (332 F g~!) capacitance, 3162
mF cm~ volumetric capacitance of 64% rate capacity, which is more than 99%
retention of its capacity after ten thousand cycles. The remarkable electrochem-
ical performance was achieved due to the as-prepared 3D hollow interconnected
neuron-like architecture with highly compressible, large specific surface area and
highly flexible electrode of MXene/NCF composites. Zhao et al. [106] fabricated
Ti3C, Tx-CNT composites and utilized this for ECs. As-prepared composites having
Ti3C,Tx and CNT layers were alternately deposited on top of each other until the
total number of layers reached 6—10, which looked like a sandwich-like superposition
of the MXene and CNT layers. The as-prepared electrode material for the superca-
pacitor, these layers exhibited superior volumetric capacitance and rate performance
compared to pristine MXene. The volumetric capacitance of the Tiz;C, Tx-CNT elec-
trode increased from 340 F cm™ to 370 F cm™ after the 10,000 charge discharge
cycles, and exhibits 55% rate which is much higher than as compared to Ti3C, Ty
electrode. A key reason for the outstanding electrochemical performance exhibited
by the TizC,Tx-CNT composite is that CNT expands its interlayer space for an
intercalation of cation, and therefore enhances the diffusion paths for electrolyte
ions.

Zhou et al. [107] used V,C and Mo,C based MXenes, and nitrogen-doped
graphene to obtain MXene/graphene composites and used them as hydrogen evolu-
tion reaction (HER) and bifunctional electrocatalysts for oxygen reduction reaction
(ORR. They noticed that a minimal overpotential for ORR could be as low as 0.3 V,
including a kinetic barrier of 0.2 eV. The HER process had free energy of hydrogen
adsorption (AGH=x) close to one, and the reaction barrier to Tafel was as low as
1.3 eV. Graphene heterostructures exhibit favorable properties due to the strong
electron transition between the MXene and graphitic sheet, altering the graphene
band profile and the band center relative to the Fermi level.
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MXene/GO composites can be utilized for many potential applications owing to
their good electrical conductivity and enormous specific surface area [108]. The low
thermal conductivity and poor flame retardant properties of graphene have limited
its potential applications, such as thermal management. Micro-processing devices
are used in many modern-day electronics, tend to generate a lot of waste heat
and create high energy hot spots, causing lower performance and long life of the
electronic devices [109]. The combination of MXene and GO 2D materials offers
thermal management in the microprocessors in many electronic devices. Wan et al.
reported the 2D bi-metal (Fe-Te) oxide/carbon/TizC,Tx MXene for high perfor-
mance Li-ion storage [110]. The synthesized prepared material having the compo-
sition of (Fe;sTig5)1.0404/C/Ti3C,Tx MXene obtained the 757.2 mAh/g discharge
capacity after the 800 charge—discharge cycles. Liu et al. [111] reported that paper-
like composite material synthesized from GO and MXene composites showed excel-
lent thermal conductivity and flame retardant properties. The authors found that by
adding 40% MXene sheets into GO, the thermal conductivity increased by 184%
compared to the pristine GO. In GO, the heat conduction occurs through phonon
diffusion through lattice vibrations of its covalent sp? hybridization. The GO sheets
were thermally resistant to phonon scattering due to many surface defects and grain
boundaries. However, the addition of MXene nanosheets and the reduction of GO
content in the MXene/GO composite film exhibit more sp? hybridized carbon struc-
ture that offers effective channels for phonon migration, leading to increased thermal
conductivity (Fig. 8). Concerning flame retardancy properties, the presence of a large
number of hydroxyl groups on the surface of GO leads to poor flame resistance ability.
However, the addition of MXene nanosheets into nanosized TiO, acts as an effec-
tive thermal barrier at the high-temperature flame. It assists in removing hydroxyl
groups on the GO surface, leading to increased fire resistance and conversion of GO
into RGO (reduced graphene oxide) [111]. The authors noticed that 40% of MXene
nanosheets into GO showed an extremely low heat release rate, and char residue was
91.36%, 10 times higher than pristine GO.

Heat flow

Graphene-MXene Film

MXene O:Ti®:0 @:¢ O:H

C-O-Ti

Fig. 8 Schematic representation of LED and its subsequent IR thermal image [111] (reproduced
with permission)
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Recently, Qi et al. reported the Ti3C,Tx MXene composite with starch-derived
carbon foam (MPCF) for thermal insulation and electromagnetic interference
shielding effect [112]. The as-prepared carbonized PCF electrical conductivity of
21.8 S/cm and compression strength of 4.9 MPa at 1400 °C. Moreover, this material
gained the specific shielding effect and EMI shielding effect of 216 cm?/g and 75 dB,
respectively. Aissa et al. [113] synthesized a sandwich type of composite structure
using MXene and graphene nanoplatelets (GNPs) by electrohydrodynamic atom-
ization deposition method as a potential thin film for EMI shielding applications in
extremely high-frequency M-band from 60 to 80 GHz. The as-prepared thin films
below 2 wm showed good electrical conductivity, outstanding electron mobility and
very high EMI shielding properties. The outstanding properties of MXene/GNPs
composite thin films were due to the deposition of GNPs on the surface of MXene
nanosheets, creating a cross-linked conductive network across the thin film that offers
extra electrons and conductive pathways within the composite layers. GNPs have also
increased the electron flow of the composite film by closing pin-holes on the surface
of MXene nanosheets (Fig. 9).

Friction and wear materials are becoming crucial for technological developments
to reduce material losses caused by friction and wear. Few 2D materials such as
molybdenum disulfide (MoS,), graphene and graphene oxide (GO) are used in lubri-
cant applications in the transportation and industrial sectors [114, 115]. Some reports
claim that MXene is an excellent 2D solid lubricant material [116]. However, the
hydrophilic nature of MXene and high reactivity towards water vapor and other
gases lead to structural degradation [117]. The above problem can be overcome
by incorporating other 2D materials into MXene [118]. A unique heterostructure
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Fig. 9 Schematic representation of different governing phenomena during EMI shielding of 2D
sandwiched MXene/GNPs composite thin films [113] (reproduced with permission)
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can be obtained by mixing MXene nanosheets and GO. These distinctive compos-
ites of MXene/GO offer excellent tribological performance in both air and nitrogen
atmosphere. Apart from individual merits of MXene and GO, the heterostructure of
MXene/GO coating displayed improved stability at dry nitrogen atmosphere due to
their existence of continuous and even distribution of composite layers [119]. Huang
et al. [118] introduced MXene/graphene coatings to achieve superlubricity under
a nitrogen atmosphere. They coated MXene/graphene composite on SiO, coated
silicon (Si) substrate and subjected to wear by sliding against diamond-like carbon-
coated steel ball to check the friction of coefficient (COF) and wear properties. COF
was significantly reduced by 3.3 times compared to Si substrate, and with the addi-
tion of graphene by 37%, COF was further reduced by 37.7% compared to pristine
MXene. Yang et al. [120] reported 3D MXene carbon nanotube (3D MXene-CNT
architecture electrode by gel assembly and chemical vapor deposition method for
Li-ion batteries (LIBs) as anode materials. The as-synthesized 3D Mxene-CNT elec-
trode shows a good reversible capacity of 590 mA hg~! at 0.1 A g~! and outstanding
rate performance with a capacity of 191 mA h g~ at 5.0 A g~!. The LIB device with
3D Mxene-CNT electrode demonstrates a high energy density of 201 Whkg~! ata
power density of 210 W kg~!, and an excellent energy density of 92 Wh kg~! even
at a high-power density of 21 000 W kg~', as well as good capacity retention of
84.7% after 3500 cycles at 2.0 A g~!. The excellent performance of The LIB device
with 3D Mxene-CNT electrode was due to exposure of a high number of Ti atoms
on the surface of the MXene, which boosted the redox reaction. Table 3 specifies the
various carbon materials synthesized with MXene for different applications.

5 Chalcogenides-Based MXene Composites

MXene 2D materials have many advantages: large specific surface area, large
interlayer distance, superior electrical and thermal conductivity. However, layer
restacking is one of the major drawbacks of MXene owing to hydrogen bonding
or van der Waals forces between the layers which considerably hinder the utilization
of MXenes for their full potential. Transition metal chalcogenides and dichalco-
genides (TMCs) based nanomaterials such as sulfides (S), selenides (Se), tellurides
(Te), MoS,, WS,, and MoSe; have been explored significantly as electrode mate-
rials in recent years owing to their excellent specific surface area, atomically thin
layered arrangement, superior electrical properties, and stability [129, 130]. These
chalcogenide-based nanomaterials can be used to overcome the shortcomings arising
from MXene by dispersing uniformly on the surface of each layer of MXene,
reducing the restacking of the MXenes and enhancing the electrochemical prop-
erties due to their synergistic interaction between MXene and TMCs [131]. Li and
co-workers proved that the MXene alone is ineffective for aluminium batteries and
also mentioned that conductivity increased significantly with MXene composites
doped with cetyltrimethylammonium bromide (CTAB) and selenium. The MXene
alone in an aluminium battery initially exhibits the specific capacity of 150 mAh
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g~ !. However, after 100 cycles, the specific capacity reduced drastically to 42.8
mAh g~!. MXene composites with CTAB and Selenium (Ti3C, @ CTAB-Se) showed
significant improvement of specific capacity even after 100 cycles. They reported
that MXene composites (Ti3C,@CTAB-Se) showed a 583.7 mAh g~' specific
capacity of 100 mA g~!. Its capacity was still retained to 132.6 mAh g~! even
after 400 cycles, showing excellent electrochemical performance of MXene compos-
ites (Ti3C, @CTAB-Se) compared to pristine MXene. This is due to the reduc-
tion of conductivity and stability of MXene, which shows a drastic drop in the
specific capacity. However, for MXene composites, specific capacity increased due
to increased stability and more active sites, leading to increased electron transfer
[132].

Huang et al. [133] synthesized 3D architectures of a few-layered like MXene
composites (Ti3C, @NiCo,Se,) anchoring bimetallic nanoparticles of Nickel cobal-
tous selenide as anode material for SIBs. To fabricate MXene nanosheets, they
adopted a novel and a facile solvothermal methodology to support a solution-phase
flocculation approach to evade the restacking problem of few-layered Ti;C, MXene
nanosheets. In addition, to further stop the self-restacking of MXene nanosheets,
they uniformly decorated the zero-dimensional bimetallic selenide NiCo,Se4, which
acts as Na* ion reservoir and leads to superior redox activity onto the surface of
MXene composite nanosheets and also avoids restacking issues in the MXene sheets
as shown in Fig. 10.

The presence of functionalized MXene (f-MXene) nanosheets in f-
Ti;C, @NiCo,Se4 composites have a great advantage which endows the composite
materials to a rapid electron-Na* ion transport capability and, due to the high specific
surface of MXene sheets, it enhances the quick charge transfer kinetics and increased
interfacial contact between electrolyte—electrode within the battery system. Besides,

Expansion Fast electron transfer
ol B

=
@ NiCo,Se, \nti-restacking Buffer volume swelling

Fig. 10 Schematic representation of expansion and shrinkage abilities and excellent cycling/rate
performance mechanism of TizC; @NiCo,Se4 composites (reproduced with permission) [133]
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as shown in Fig. 11, f-MXene nanosheets were highly flexible to the presence of
many surface functional groups that act as a flexible skeleton to dissipate strain
caused by NiCo,Ses nanoparticles during cycling and restrain pulverization. These
excellent properties of MXene nanosheets are responsible for the excellent stability
and outstanding electrochemical performance of f-Ti;C, @NiCo,Se4 composites in
the sodium-ion battery systems.

Chen and co-workers proposed a novel one-step hydrothermal method to prepare
MXene composites with in situ growth of CuSe nanoparticles on the surface of
MXene nanosheets. The as-synthesized MXene composites (Ti3C, @CuSe) were
used as highly efficient counter electrode (CE) material for quantum dot (QD) sensi-
tized solar cells (SCs), showing superior electrical conductivity and polysulfide elec-
trolyte reduction due to their large specific surface area compared to pristine MXene
and CuSe nanoparticles [134]. Zong et al. [135] proposed bifunctional electrode
materials for lithium storage based on metal-organic frameworks (MOFs) derived
CoP anchored MXene composites. They claimed that MXene nanosheets in the
MOFs-CoP@MXene/S composites act as a highly stable template for MOFs-CoP,
avoiding the enlargement of MOFs-CoP materials on the surface of MXene, yields
to exerting its catalytic capability. In addition, since MXene nanosheets have a large
number of surface functional groups and high specific surface area, which enhance
the possession of LiPS and inhibit the dissolution of polysulfide in the electrolyte.
The graphene-like structure of MXene nanosheets exhibits excellent properties such

(a)
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Fig. 11 Schematic representation of MOFs-CoP nanoparticles showing instability (a) and their
protection and enhanced structural stability under the protection of MXene during cycling (b) [135]
(reproduced with permission)
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as high dimensional stability and superior conductivity within a 3D network of
decorating materials on its surface, resulting in excellent electrochemical activi-
ties of MXene based composites. The authors demonstrated that MXene compos-
ites (MOFs-CoP@MXene/S) as anode material for Li-ion batteries display a high
capacity of 706.5 mAh g~! even after 200 cycles at 0.2 A g~ !, indicating that MOFs-
CoP@MXene/S composites as anode material have robust Li-ion storage capacity.
This indicates that it can increase the charge transfer rate and improve Li* diffu-
sion kinetics with greater electrochemical activity. The authors proposed a stability
mechanism, as shown in Fig. 11. The polyhedral morphology of MOFs-CoP alone
showed poor structural stability and got damaged due to charge/discharge cycles
since it undergoes large volume changes as an anode material. However, when made
composite with Mxene, MXene acted as a substrate to MOFs-CoP nanoparticles and
retained their dimensional stability.

Li and co-workers proposed synthesizing MXene nanosheets based composites by
combining two or more dichalcogenides which was an effective strategy to exploit
their performance as anode materials for Li-ion batteries [136]. They confirmed
that SnS,/Sn3S, dichalcogenides hybrid nanoparticles restricted restacking issues in
MXene nanosheets and significantly improved composite’s performance. The multi-
layered Ti3C, MXene nanosheets improved electron mobility, prevented dichalco-
genide nanoparticles’ agglomeration, and accommodated their volume change during
the charge and discharge cycles. They reported that the dichalcogenide based MXene
composites showed the best cycling performance (462.3 mAh g~! at 100 mA g~!
after 100 cycles) and good rate performance (216.5 mAh g~! at 5000 mA g!).
Recently, Geun Oh and co-workers reported N-doped C-coated CoSe, incorporated
with Ti3C, MXene for electrochemical sodium (Na) and potassium (K) ion stor-
ages [137]. CoSe, @NC/MXene attained the reversible capacities of 358 mAh g~!
and 317 mAh g~! for potassium and sodium ion storage. In addition, this material
achieves the capacitive contribution of 93%, which helps to enhance the kinetic
charge transfer performance under the charging and discharging process. More-
over, in Table 4, we also mentioned other chalcogenides materials with MXene and
its applications. A ZnCdS/TiO,/Na-MXene nanocomposites were synthesized by a
facile hydrothermal method in which Na* and ZnCdS nanoparticles were wrapped
by MXene nanosheets [138]. This novel ZnCdS/TiO,/Na-MXene nanocomposites
shows an excellent photocatalyst with a photo-corrosion resistant property. The
MXene restacking was minimized due to the intercalation of ZnCdS, which could
facilitate the transportation and adsorption of organic pollutants in ZnCdS/TiO,/Na-
MXene nanocomposites. It is evident that the ZnCdS/TiO,/Na-MXene nanocompos-
ites show an excellent separation competence of electron—hole pairs and outstanding
transfer efficiency of electrons on the surface of the MXene nanosheets because of
their high electron conductive property.
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Table 4 Chalcogenides-based MXenes composites
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S. | MXenes Chalcogenides | Measuring parameters Applications References
no
TizCoTx MoS, 290.7 mAh g~! capacity K-Ion batteries | [139]
2 | TisCy Ty Co-NiS 911 mAh g_l capacity for |Liand Na [140]
Li-Storage 542 mAh g~! storage batteries
capacity for Na-Storage
TizCo,Tx @C | MoSe, 355 mAh g_l capacity K-Ion batteries | [141]
4 | 3D TizCyTx | N-CoSe, 1084 Wh kg*1 energy Zn-air batteries | [142]
density
5 | MopCTy 2H-MoS, —450 mA cm‘zgeom Hydrogen [143]
evolution
reaction (HER)
And water
splitting
application
6 | TizCrTx MoS, 0.39 pg mL~! limit of Electrochemical | [144]
detection (LOD) aptasensor
7 | TizCy Ty MoS, —65.51 dB reflection loss Microwave [145]
absorption
8 | Ti3CoTy CdS-MoS, 9679 wmol.g~! h=! 2.63 ns | Photocatalytic | [146]
photoluminescence life time | H, generation
9 |TizCy 1 T-MoS, 386.7F g_1 specific Supercapacitors | [147]
capacitance 91.1% retention
10 | Ti3CyTx BlueP/MoS,» 203°/RIU sensitivity Biosensors [148]

6 Organic Hybrid-MXene Composites

Hybrid composites of two or more materials are always effective for enhancing struc-
tural stability and overall performance. Moreover, it is well known that the MXene
nanosheets alone are not enough for the required performance in many applica-
tions such as batteries, EMI shielding, dielectric materials, etc. Zhang et al. [149]
proposed a 3D hybrid composite synthesized by a facile and simple method involving
TiO@nitrogen doped carbon/Fe;Sg with in situ polymerization of polypyrrole
monomer on alkalized MXene for lithium-ion batteries anode material. This MXene
hybrid composite (TiO, @ NC/Fe;Sg) has exceptional architecture where 3D urchin-
like TiO, with good dimensional stability offers suitable space to improve the contact
between electrode—electrolyte. In addition to this, the MXene hybrid composite
limits the diffusion rate of lithium-ion and improves the volume change. Nitrogen-
doped carbon shell layer increases the electrical conductivity, enables the trans-
portation of electrons, and avoids the accumulation of Fe;Sg. Fe;Sg provides high
specific capacity during the charge and discharge process. The MXene composites
(TiO, @NC/Fe;Sg) showed excellent electrochemical activity such as the reversible
capacity of 516 mAh g~! after continuous 100 charge/discharge cycles at 0.1 A g~!,
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terrific rate capability of 337 mAh g=! at 1 A g~! current density and also a robust
long-life span of 282 mAh g~ after the 1000 charge and discharge cycles at4 A g~!
Yao et al. [150] made the 3D hierarchical porous hybrid MXene composites
derived from CoS based MOF for advanced alkali-ion batteries. The in situ formed
MOF structure between the MXene nanosheets can effectively restrict the restacking
of nanosheets, as indicated in Fig. 12. This enables the formation of an ordered
3D porous conductive network with a lightweight quality. The hierarchical structure
of MOFs@MXene composites is a highly interlocked MXene system with ultra-
fine nano-crystallization of the electrochemically active phase of CoS nanoparticles.
The hybrid MXene composite system demonstrated excellent electron transport and
ions transport properties. Benefiting from the synergistic effect of the individual
components, CoS NP@NHC of MXene composite demonstrated exceptional elec-
trochemistry properties as an active electrode material for many battery systems such
as the sodium-ion batteries (SIBs), lithium-ion batteries (LIBs), and potassium-ion
batteries (PIBs). The hierarchical structure of MOFs@MXene composites displays
excellent cyclic life and rate capacities of 420 mAh g~! at 2 A g™! after 650 cycles
for SIBs, 11459 mAh ¢! at 1 A g™! after 800 cycles and 574.1 mAh g at 5 A g!
after 1000 cycles for LIBs, and 210 mAh g™! at 2 A g™! after 500 cycles for PIBs.
Polymer-based composites were mainly used for electric insulation and dielec-
tric applications for many years. However, many polymer composites are found to
have a low dielectric response with semiconductors. To overcome this issue and
increase the dielectric constant, hybrid polymer composites with MXene nanosheets
are effective. Deng et al. [151] synthesized special polymer and ceramic doped
hybrid vanadium-based MXene composites with excellent dielectric properties. The
as-prepared composites showed good dielectric and excellent properties dielectric
properties due to strong electron polarization at heterojunction between ceramic and

MXene Hydrogel MXene@ZIF-67 Hydrogel 0S8 ‘ Y@MX 1
Co? B CoS@HCP e
8 nm }
MXene = CoS
ZIF-67 W LiNa/K'

Fig. 12 Schematic representing the synthesis steps of MXene and its hybrid composites with CoS
NP@NHC [150] (reproduced with permission)
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MXene materials and fluorine-induced electron trap effect. MXene hybrid compos-
ites (polymer/V,C-CuO) demonstrated enhanced electrical properties compared to
polymer/Cuo composites. The authors claimed that the hybrid composite with 10 wt%
CuO@MZXene (V3C) nanosheets displays a low dielectric loss of 0.23, high dielec-
tric constant of 89, high breakdown strength of 204 MV m~! and low conductivity
of 6.8 x 107 S m~! at 100 Hz.

Flexible and wearable electronic devices such as artificial electronic skins, motion
detection, biomedical monitors and pressure sensors are very common nowadays
and important for our day-to-day lives. MXene based hybrid composites are more
effective and easy to fabricate with good mechanical stability, high sensitivity, cost-
effective and high detection range [152]. Peng et al. [153] introduced highly stable
hydrophobic hybrid composites of MXene/rGO/polymer to use pressure sensors
for health monitoring. A simple spin-coating method was employed to fabricate
MXene composites thin sheet with reduced graphene oxide (rGO) and polymer
hybrid materials (PVDF-TrFE). The device displayed a good sensitivity of 2298 k/Pa,
less detection limit 8 Pa, and response time of 10 ms, respectively, and it demon-
strated excellent stability even after 10,000 cycles. Piezoresistive sensors comprised
of Mxene/rGO/P(VDF-TrFE) composite can easily obtain signals less than 8 Pa so
that it can test adult pulses randomly. The device’s high sensitivity is mainly due
to polymer, which acts as an aerogel. When squeezed, the pores were formed to
increase the contact area, resulting in an increased current. The authors claimed
that the MXene nanosheets in the composite system enhance the sensor’s metallic
conductivity, leading to an increase in the pressure sensing property. Furthermore,
the polymer (P(VDF-TrFE)) in the composite can generate a recoverable 3D network
structure, which can promptly deform to form a corresponding signal when receiving
pressure and quickly back to the original state after the pressure is removed. The
authors further explained that the sensor has exceptional sensitivity due to the high-
pressure area because several micropores in the (P(VDF-TrFE)) sample bend only
under higher pressure, which results in the higher sensitivity in the greater force
region. The Mxene/rGO/P(VDF-TrFE) composite thin film sensor can check the
human physiological signals (pulse rate and finger touch) in real-time. Table 5 iden-
tifies the organic-based hybrid MXene materials related to its applications and other
parameters.

7 Challenges and Prospects

There are various challenges in preparing MXenes and their composites. The first
challenge is linked to the synthesis of the MAX phases itself. At present, the prepa-
ration process of MAX phase material has not yet reached maturity, and it is still
challenging to prepare single-phase MAX phase material that is free from impuri-
ties, thermodynamically, and mechanically stable. The Next challenge is the safe
synthesis of MXenes, from their precursors (MAX) to the final product (delaminated
MXene). Generally, the majority of MXene is synthesized using HF-based etching
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Table 5 Organic hybrid based MXenes composite

P. Krishnaiah et al.

S. | MXenes | Organic hybrid Measuring Applications References
no parameters
1 |NbCTx | BioWOg 99.8%, 92.7% and | Photocatalytic [154]
83.1% activity
Photodegradation
efficiency for Rhb,
MB and TC-HCl
2 | TizCyTx | Quinone-coupled —2.77 eV binding Pseudocapacitive | [155]
viologen and energy interaction
pyridiniumium
derivatives
3 | Ti3CyTx | NiCoOOH-NiCoS 58.2mV dec™! tafel Electrocatalytic [156]
slope 7.9 nm dpore | OXygen evolution
Zinc-air batteries
4 | TizCyTx | Ni chain/ZnO —35.1 dB reflection | Microwave [157]
loss absorption
5 | TizC,Tx | Phenothiazine@RGO 77% Retention 17.4 | Supercapacitors | [158]
Wh/Kg energy
density
6 |TizCy BirxWOg 72.8 charge density | Photodegradation | [159]
85.3 pmol.g~! h~!
7 | TizCyTx | Polytetrafluoroethylene | Vg/Va=24.8 @ Sensors [160]
and CuO 100 ppm 810 V
open-circuit voltage
34 A short-circuit
current
8 | TizCy Ni-Co@NiCo-MOF/NF |2137.5F g~! Hybrid [161]
specific capacitance | supercapacitors
75.3% retention
9 |TizCy NH;-MIL-125(Ti)(TiO3) | 0.9494 ns Photocatalytic [162]
fluorescence life activity
time 0.034 min~!
rate constant
10 | Ti3Cy /CNHs/B-CD-MOFs 3.0nM to 10.0 uM | Electrochemical | [163]
linear range 1.0 nM | sensing

(S/N = 3) limit of
detection (LOD)

approaches, and safe handling and waste treatment are necessary for the HF-based
etchant. The next challenge relates to fewer applications of MXene in polymer and
organic hybrid composites due to material compatibility and dispersion issues. The
majority of applications are related to the dielectric, electrical, mechanical, and EMI
shielding performance. Therefore, to derive the full potential of MXene, it is neces-
sary to exploit MXene and its related composites in various other fields like energy,
construction, automotive, etc. In addition, more research needs to be directed to the
products catering to industrial and commercial needs.
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8 Conclusion

This chapter summarises MXenes and their composites and then addresses their
performance, fabrication, and applications. The importance of MXenes fabrica-
tion with various composites is the main theme of this chapter. Updated infor-
mation of MXene and composites, namely MXene/metal oxide, MXene/polymer,
MXene/carbon, MXene/chalcogenides, and MXene/organic hybrid along with their
relevant applications, are highlighted in detail. Due to the large functional group
and surface chemistry, MXene/composite has shown many fascinating properties
owing to their unique characteristics such as conductivity, biocompatibility, cost-
effectiveness, and excellent interlayer spacing. These are the keys behind the enor-
mous attraction of MXenes and their composites. It is worth highlighting that the
synthesis routes, surface characterisation, and properties of MXene/composites play
a vital role in the performance of 2D materials to employ them as a newly efficient,
cost-effective, and excellent friendly environment for the future generation.
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