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Abstract

This chapter provides a comprehensive
overview of MXene, a rapidly emerging class
of two-dimensional (2D) transition metal
carbides, nitrides, and carbonitrides. The
discussion covers the fundamental structure
and properties of MXenes, elucidating their
unique layered morphology and exceptional
physicochemical  characteristics.  Detailed
insights are provided into the synthesis
techniques employed to fabricate MXenes,
highlighting various methods such as etching
of MAX phases and their subsequent
delamination.  Furthermore, this chapter
extensively covers the diverse applications of
MXenes across multiple fields. The remarkable
properties of MXenes, including high
conductivity, excellent mechanical strength,
and exceptional electrochemical performance,
have led to their utilization in energy storage
systems, sensors, and numerous other
technological domains.

The elucidation of MXene's structure,
synthesis pathways, and versatile applications
underscores their immense potential as a key
material in advancing various technological
frontiers
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I. INTRODUCTION

Two-dimensional (2D) layered materials area rapidly expanding group of
nanostructured materials with distinctive physiochemical properties. These nanomaterials
have been used in a diverse range of applications in recent years [1]. 2D materials are
specifically characterized by one dimension being restricted to a few nanometers (less than 5
nm), while the other dimensions can reach up to 100 nm or a few micrometers [1] — [3].

A notable addition to this category is MXenes, which have gathered significant
attention since their discovery [4]. MXenes belong to a new group of transition metal
nitrides, carbides, or carbonitrides, flaunting unique morphological structures and exceptional
properties applicable to different fields similar to gas sensing, electromagnetic hindrance
(EMI) shielding, energy storage, and membrane-grounded water filtration [5]. These MXenes
are typically produced through the delamination of three-dimensional (3D) ternary or
quaternary compounds chemically; that are known as MAX phases. The formula M+1AX, (n
=1, 2, or 3) represents MAX phases; where M represents a transition metal such as Cr, Zn,
Ti, Mo, etc. and A represents elements from groups 13 and 14 in the periodic table while X
denotes carbon (C) and/or nitrogen (N), and [6].MAX phases are technologically significant
materials due to their intriguing combination of ceramic and metallic characteristics [7].

MXenes are typically produced by a chemical etching process selectively that
detaches layers of A elements from their precursor MAX-phases. Till now, more than 30
structurally different MXenes have been synthesized successfully whereas many others have
been theoretically predicted [8]. Mp+1XnT, or My 33XT, represents the general formula for
MXenes. Here, M represents a transition metal, X represents either C and/or N, and T
represents the surface terminal group like O, F, or OH [9]. Depending on the value of n in
MAX phases, the resulting MXenes can have M3X, M,X, or MyX3 lattice structures [10], as
shown in Fig.1. MXenes possess a layered structure where MX layers are stacked with the
single surface group terminations. The stacking types of MX layers, namely Bernal stacks or
simple hexagonal (SH) are determined by the relative position of the layers with terminations.
Surface groups are connected to these layers through dihydrogen bonding, while the
intralayer are held together by strong ionic and covalent bonds.

My asX M X

Nb, 4,C Mo, ,,C W, ,,C Ti,C V,C Nb,C Mo,C Ti,N
VN Mo,N  (MOg 4575 44)5C
(Tig4Vo 3)2C (TigyNbg4),C

Figure 1: Illustration of schematics depicting an overview of experimentally synthesized
MXenes. Reprinted with authorization from ref. [110], copyright 2020, Nanophotonics.
MXenes are characterized by numerous M elements and two kinds of structures viz.
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ordered phases and solid solutions (Figure 2). Solid solutions refer to the random
arrangement of two similar or different transition metals in M layers, while ordered phases
involve a single or double layers of a transition metal in which the first transition metal layer
is intercalated between the layers of the second metal in the 2D carbide structure [11]. The
properties of MXenes, including their electronic and optical characteristics, are closely linked
to M elements and T surface functional groups. The combination of features exhibited by
MXenes is remarkable, such as high surface area, excellent flexibility, 2D surface
morphology, hydrophilicity, metallic conductivity, and mechanical strength [12]. The metal-
like conductivity arises here due to the presence of free electrons in transition metal carbides
or nitrides, while the hydrophilicity is a result of the surface terminations. The different
transition metals, along with different surface functional groups, enable tuning of MXene
properties. Consequently, MXenes possess versatile and diverse surface chemistry, making
them suitable for enormous applications in various fields of research.

Mono-M
Double-M
Solid solution

Double-M w4
Ordered "J

Figure 2: Types of MXenes structures: mono-M elements (For instance, Ti,C); Double- M
solid solution where at least two different M elements (for instance, (Ti, V);C,; ordered
double-M solid solutions containing one transition metal in perimeter layers and another in
the center (for instance, Mo, TiC,, in which outer M layer are made up of Mo and center M
layer is Ti). Reprinted from authorization from ref. [111], copyright 2021, ACS nano.

II. STRUCTURE AND PROPERTIES OF MXENES

1. Structure of MXene: The synthesis of MXenes primarily involves wet etching of MAX
phases. In MAX phases, the metallic M atoms are arranged in a hexagonal close-packed
(hcp) structure, where X atoms occupy the octahedral interstices. These interstices are
interleaved between the layers of group A elements in the P6s/mmc space group [13].
Once the A layers are removed, the remaining Mp.1X, layers form a 2D hexagonal close-
packed structure, with the addition of F, O, H, OH, and/or Cl atoms. Functional sites of
MXenes are always fully occupied, as evidenced by the negative values of formation
energy when surface endings bond with the outer layers of transition metals [14]. Fully
terminated MXenes also possess positive phonon frequencies [15]. Different
configurations are possible for functional group terminations in MXenes. Three common
types are considered (Fig. 3a): Type I, where functional groups are placed above the
unfilled sites of three neighboring X atoms and direction towards the M atoms in the
second atomic layer of Ti; Type Il, where functional groups are positioned over the
topmost sides of the X atoms; and Type 11, which is in between of Types I and Il, with
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one functional group above the unfilled sites of the X atoms and another functional group
over the top sites of the X atoms on the other sides. Theoretical calculations have proved
that Type | configuration is the most stable for the majority of MXenes [13] — [15].

The conductivity of MXenes is influenced by the anisotropy resulting from weak
interlayer bonding which is almost 2 to 6 times larger than that of well-known 2D
materials like graphite and MoS; and the strong intralayer bonding. The interlayer
coupling needs to be weakened for successful exfoliation into monolayers, but their
layered structure is stable due to the relatively stronger interlayer bonding

Functional groups play crucial roles in MXenes' applications, such as energy
storage. However, the experimental results do not agree with the theoretical predictions
because of the simplified models used in theoretical studies.

The functionalization reactions of MX layers involve a competitive and
spontaneous adsorption process, resulting in a coexisting feature of terminations
that maximizes entropy. Among the functional groups, -O terminations are more
stable due to their stronger covalent bonding with the transition metal of the MX layer
[16].

As depicted in Fig 3(c), The MXene etched by Hydrogen Flouride (HF) exhibits a
layered structure with the value of “c”lattice parameter as 19.8 A [17], and a non-uniform
interlayer spacing is observed in the high-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM) images. The interlayer interactions between
different terminations lead to inhomogeneous interlayer spacing and imply the
coexistence of functional groups. The homogeneity of layered domains can be improved
with annealing in ammonia or intercalation of cations. STEM images and XRD patterns
confirm the changes in interlayer spacing and crystallinity after intercalation or annealing.

MXenes are not structurally perfect and exhibit point defects, such as Ti vacancies
caused by the etching process. The concentration of etchant can control the concentration
of vacancies [18]. Point defects, including vacancies and adatoms, offer opportunities to
modulate the surface properties of MXenes that are important for catalytic and energy
storage applications.
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Figure 3: (a) Fig 3 illustrates several Ti3C2F2 structural topologies with various orientations
of surface F atoms from top and side perspectives. (source: American Chemical Society,
copyright 2012, ref. [112]). (b) Fig. 3 also presents projections of two distinct layering types
of Ti3C2(OH)2 shown here (source: Nature, copyright 2015, ref. [113]). (c) The structure and
diffraction patterns of Ti3C2Tx and annealed Ti3C2Tx in ammonia are captured through
STEM imaging along the [11 %20] zone axis (source: American Chemical Society, copyright
2014, ref. [114]; copyright 2019, ref. [115]; and copyright 2019, ref. [116]). (d) Displayed are
the X-ray diffraction (XRD) patterns of annealed Ti3C2Tx, Ti3AIC2, and Ti3C2Tx in
ammonia. (source: American Chemical Society, copyright 2019, ref. [116]).

Characterization techniques like scanning transmission electron microscopy
(STEM) annular dark-field imaging enable the identification of MX layer structures,
while other methods like Raman spectroscopy and NMR studies provide indirect
information about the composition and distribution of functional groups. MXene layers
can be identified through significant shifts observed in the (00l) plane reflections in the
patterns of XRD when MXene powders get dried [19]. However, MXenes without
terminations, except for TaC, WC, and Mo2C crystals synthesized through CVD, have
not been successfully produced yet [20]. Moreover, the preparation of MXenes with a
mono-surface group functionalization is extremely challenging, and there are limited
reports on this subject matter.
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Figure 4: Demonstrating how MAX phase and MXene differ. Reprinted from authorization
from ref. [117], copyright 2021, ACS Chemical Health and Safety.

2. Electrical and Optical Properties: The investigation of MXenes' electronic properties is
driven by their significant application in electronic energy devices like electrochemical
capacitors, sensors, etc. Bare MXenes exhibit metallic conductivity, as observed in their
precursor MAX phases. However, when MXenes are functionalized with surface
functional groups, their conductivity can be altered. For example, Ti,C in its bare form
shows metallic characteristics, but O-terminated MXenes like Ti,CO, acquire
semiconducting characteristics as the d band is shifted over the Fermi level. The type of
termination also influences conductivity. MXenes functionalized with F, such as Ti,CF,,
remain metallic in nature with their Fermi energy level located at the Ti layer's d band.
Additionally, the M element also changes the electronic properties. Transitioning from
Ti3C,0, to Mo,TiC,0, transforms metallic conductivity into a semiconducting nature
[21]. Some of these semiconducting MXenes are Zr,CO,, Hf,CO,, and Sc,CT, (T = O, F,
OH). While certain MXenes, such as oxide M’;M*’C, (M” = Mo, W; M*’= Ti, Zr, Hf),
are behave like an insulator [22]. MXenes defects like carbon vacancies in Ti2CT2,
enhance their electronic conductivity [23].

In practice, MXenes synthesized by MAX phases are typically functionalized with
diverse functional groups. Therefore, experimental assessments are necessary to
determine the properties of MXenes. Various MXene species, including Ti2CTx [24],
TI3C2TX [25], TINbCTX [26], T|3CNTX [26], TasCsTX [26], Mo,CTx [27], M02T|C2TX
[28], and Mo,Ti,C3Tx [28], have been experimentally measured for their electronic
properties. TisC,Tx, which is the first synthesized MXene, is the most conductive till now
with its metallic nature indicated by a linear I-V curve [26]. This metallic TisC,Tx
exhibits potential as a supercapacitor electrode material. MXenes containing Mo exhibit
semiconducting electrical behavior, that is more suitable for applications like transistors.
However, 2D Mo4/3C sheets that possess ordered metal divacancies have high electrical
conductivities, making them ideal for supercapacitor electrode materials [29]. The
electrical conductivity behavior of MXenes is also influenced by the sample state and
preparation method. TisC,Tx flakes, vacuum-filtered [30] or spin-cast [31] films,
demonstrate high electrical conductivity. The conductivity of multilayered MXenes
shows anisotropy, with lower conductivity along the c-axis compared to the basal plane
[32]. Intercalation and surface termination have been experimentally shown to impact
MXene electronic properties. Vacuum annealing significantly reduces the resistance of
multilayered MXenes by re-intercalation and partial removal of surface functional groups
[33]. Surface group tuning also modifies carrier transport properties.
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Furthermore, thinner Ti3C,Tx MXene films are both transparent and conductive,
which ensures their promising candidature for transparent conductive electrodes. For
instance, a 5 nm-thick Ti3C2Tx film has been investigated for its optical properties as a
transparent conductive electrode that transmits 91.2% of visible light and has a resistance
of 8 kQ sq ' [34], [35]. The optoelectronic behavior of these films can be tuned through
cation intercalation. Therefore, when metallic MXenes are used as electrode material in
supercapacitor applications, the preparation method should be carefully employed.

3. Mechanical Properties: The electrochemical performance of electrode materials can be
influenced by their mechanical properties, especially in flexible applications where they
undergo pressure, bending, and twisting. The mechanical characteristics of MXenes have
been investigated through theoretical calculations by considering parameters such as
surface functionalities, composition, and thickness of the layer. Parameters such as out-
of-plane rigidity (D) and in-plane stiffness (C) etc. play an important role in determining
their elasticity and flexibility. The Foppl-von Karman numbers per area (C/D) of
MXenes, which serve as flexibility descriptors, are comparable to those of the MoS,
monolayer [36], indicating that MXenes are strong yet flexible materials. Reported in-
plane Young's moduli of a bare monolayer of Ti,C, Ti3C,, and Ti,Csz are 597 GPa, 502
GPa, and 534 GPa, respectively, which shows their lower strength than atomically thin
graphene but higher strength than materials like MoS, and other 2D nanomaterials [37].
The calculated breaking strength of some bare MXenes structures (M = Sc, Mo, Ti, Zr,
Hf; X = C, N; n = 1) ranges from 92 to 161 N m’1[38], indicating good mechanical
stability. Surface termination in Tin.;C, (n = 1, 2, and/or 3) MXenes can slow down the
strength collapse of surface atomic layers and enhance their mechanical flexibility [39],
which enables them to sustain high strains under tensile loading.

Experimental investigations have also been done to examine the mechanical
properties of MXenes. Nanoindentation experiments on individual layers of Ti;C,Ty
demonstrated Young's modulus of approximately 0.33 TPa [40]. It is the highest
demonstrated value among solution-processed 2D materials, including graphene oxide.
Ti3C, Ty films exhibit remarkable mechanical robustness and flexibility, as a 5 mm-thick
film can withstand about 4000 times of its weight (approximately 1.3 MPa) without any
visible deformation or damage observed and can be easily folded [41]. The mechanical
properties of TizC,Ty films can be further improved by making composites with artificial
or natural polymers [41] such as cellulose [42] nanofibrils. Additionally, during the
period of an electrochemical reaction involving alkaline cation intercalation/extraction,
the elastic modulus that is normal to the electrode surface undergoes reversible changes,
ensuring structural stability during prolonged charge/discharge cycles [43].

4. Chemical Stability: Based on a study of Bader charge, M elements’ oxidation number in
MXenes is significantly less than that of their associated oxides, which are the species
that have the most thermodynamical stability [44]. This suggests that MXenes are prone
to oxidation. Interestingly, MXenes' oxidation status is highly altered via the functional
terminations and is adjustable by mild oxidation, where noble metal ions serve as
oxidants and MXenes serve as reductants. Mild oxidation, as opposed to total oxidation,
permits structural integrity preservation while promoting the production of noble metal
nanoparticles. Notably, these nanoparticles of noble metal are equally dispersed on
MXenes, giving them appealing surface-enhanced Raman scattering properties [45].
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In the fabrication of films or coating electrodes, Water-based colloidal solutions
of delaminated MXene flakes have been widely employed. As a result, the stability of
MXene suspensions is vital to the investigation. TisC,Tx MXene solutions in ambient
environments degrade completely within 15 days, primarily forming anatase TiO, because
the major oxidant for MXene flakes is dissolved oxygen [46]. As an antioxidant, sodium
L-ascorbate can be used to keep colloidal TisC,Tx MXene from oxidizing [47]. The
quality guarantee period increases significantly when the Ti3C,Tx MXene is dried.
However, the conductivity of MXene flakes degrades over time due to edge oxidation.
Furthermore, re-dispersing the dried sample in water becomes challenging. The degrading
process is also affected by MXene size, with smaller flakes being less stable and
multilayered MXene exhibiting greater stability than monolayered MXene. Additionally,
light exposure hastens the oxidation process [48]. MXene should be kept in a hermetically
sealed container filled with argon at a temperature of 5°C in a dark environment to extend
its storage time.

In terms of thermal stability, dried MXeness shows varying levels of oxidation
resistance behaviors based on their composition and the immediate surroundings.
Multilayered Ti,CTy converts into TiO, nanocrystals on thin graphitic nanosheets in air at
227°C [49]. TisC,Tx undergoes the partial transformation at 200°C into anatase (TiO,)
and completely oxidizes at 1000°C into rutile (TiO,), releasing H,O and CO; in an
oxygen-rich atmosphere, although its stability cannot match that of graphite. TizC,Ty is
stable in an argon environment and remains stable up to temperatures of 800°C [50]. In
the case of Nb,CTy, the surfaces are heavily adorned with Nb adatoms that draw and
associate with ambient oxygen species, creating clusters that expand over time. Below
375°C, V,CTx MXene remains stable in an argon environment at temperatures but begins
to degrade at 150°C in an air atmosphere [51], [52].

HI.SYNTHESIS OF Ti;C,Tx MXENE

The exceptional parts of TizC,Ty are related to its conflation processes, which

determine its electrical conductivity, chemical composition, etching effectiveness, side size,
blights, and face terminations. Since the original conflation of TisC,Tx in 2011,
experimenters have conducted expansive examinations into the new MAX phase and the
drawing system. Fluoride-grounded swab drawings, fluoride drawings, and fluoride-free
drawings are some of the colorful etchants currently being investigated for the TizC,Ty
MXene product. The electrochemical performance of TisC,Tx MXene is significantly
influenced by these various drawing techniques.

1. HF Etching: The A layer of the MAX phase is commonly etched to prepare MXene, and

the method is as follows [53], [54]:

Mn+0)AXn + 3HF = AlF; + 1.5H, + M+ Xn e, (1)
My Xn + 2H20 —® MpeyXn(OH)2 + Ha o 2
Mn+1yXn + 2HF - * My XnF2 + Ho

In reaction (1), the M1 X, phase is created as a result of the A components being
removed from the MAX phase. Functional groups like -F and/or -OH are produced as a
result of reactions (2) and (3). The structural morphology of TisAIC, is characterized in
Figure 5 along with the exfoliation process. TizC,Tx MXene with an accordion-like form
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was synthesized by Naguib et al. by etching TisAIC, powders for two hours in a 50%
concentrated HF solution.[55]. Using a 50% HF solution, Mashtalir et al. [56]
investigated the impact of process variables and particle size on the etching process of Al
from Ti3AIC,. The results showed that decreasing bulky TisAIC,'s starting particle size,
extending the reaction time, and raising the immersion temperature promoted the
transformation of Ti3C,Ty. [57]. The etching procedure is significantly influenced by the
duration of etching, temperature, and HF concentration. Up to 5% of HF may be used to
successfully remove Al from the TizAlIC, MAX phase. However, when HF attention
surpasses 10%, a flyspeck morphology resembling an accordion is typically seen.
Additionally, when HF concentration rises, flaws in the Ti3C,Ty flakes become more
prevalent, which affects the final MXene's quality, environmental stability, and other
characteristics. [58], [59]. Despite the fact that the HF technique is simple to use and has
a low reaction temperature, it should be noted that the HF etchant is extremely corrosive,
and poisonous, poses operational dangers, and has negative environmental impacts.

MAX phases are layered ternary
carbides, nitrides, and carbonitrides
consisting of “M”, “A”, and "X“ layers

HE

-
\
treat )
ment /

MAX phase

0
/ Son\d‘“o
Selective HF etching of the "A
layers from the MAX phase

. \ Physically separated 2-D MXene

MXene sheets sheets after sonication

Figure 5: An example of a schematic showing how to create MXene utilizing HF as an
etchant to produce a single-layered MXene configuration from the MAX phase. Reproduced
from ref. [118], copyright 2012, America Chemical Society, with permission.

2. Acid/Fluoride Salt or Hydrofluoride Etching: In addition to HF etching, gentler
fluorine-containing etchants including HCI/KF, HCI/NH4F, HCI/NaF, (NHg)HF,,
HCI/LiF, and HCI/FeF3, have been created for the in-situ HF etching manufacturing. It is
crucial to remember that these etchants are only appropriate for creating TisC,Tx MXene
and might not work for other MXenes. To produce very pure V,C MXene, for instance,
only the NaF/HCI etchant is effective [60], although it needs a longer etching time than
pure HF etching, it improves the safety of the experimental procedure. These etchants still
produce MXene with an accordion-like layering morphology [60]. Cations like Na*, Fe**,
NH, and K" are concurrently intercalated into the MXene interlayers during the etching
process. Compared to pure MXene, the structure of the layers is more open and
homogeneous as a result of the cation intercalation, and the atomic layers are spaced more
uniformly. Fe** cations partly oxidize the surface Ti after etching TisAIC, with HCI/FeFs,
as a result of the extraction of Al. [61].
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Among the etchants discussed, HCI/LiF has been predominantly used and proven
to be the most effective. Delamination is accomplished by using the proper concentration
(7.5 M LiF in 9 M HCI) and the intercalation of solvated Li* ions. As a result, hand-
shaking may easily produce bigger single- or few-layer MXene flakes with fewer flaws
without the need for sonication or further intercalation.[62]. The precursor MAX phases
chosen affect the sizes and forms of the resultant MXenes, allowing researchers to choose
the best MAX phases based on their unique study goals. Notably, the intercalation of Li*
ions cause changes in the rheological characteristics of the MXene sediment, which
behaves like clay [63]. This offers new processing options such as direct film production
through rolling. Furthermore, potential tests (-30 to -80 mV) show that the MXene
sediment exhibits better hydrophilicity attributable to surface O- containing groups and a
large negative surface charge [64]. As a result, the MXene can be easily dispersed in
water and processed using techniques like writing [67], spray coating [65], spin coating
[64], and printing [66].

Compared to pure HF etching, the LiF/HCI etching method provides several
advantages, even if it takes more time to etch. The surface termination of the MXene is
affected by the synthesis process, according to NMR characterization. HF-etched MXene
has over four times more -F termination than MXene that has been etched with LiF/HCI.
However, it is known that -F groups have a detrimental effect on MXene's
electrochemical performance, which explains why HF-etched MXene shows decreased
capacitance. It's interesting to note that by acid etching, sputtering-deposited MAX thin
films may be immediately transformed into MXene epitaxial thin films.

For the manufacture of MXene, HCI/LiF has shown to be a successful etchant,
providing both exfoliation and delamination effects. However, it remains a puzzle as to
why only HCI/LiF etchant exhibits these properties. Preliminary research by Lerf et al.
1977 [68] indicates that the existence of bigger anions than F or O% during etching, such
as CI', Br, I, SO,%, and PO, results in more open MXene interlayers. These anions are
thought to adsorb at the margins of MXenes, serving as supports to open the edges and
making it simpler for water to enter the interlayer. An HCI solution is favored during
etching because among these anions, CI" is easily adsorbed into MXene edges and
exhibits a large synergistic impact on swelling [69].

Regarding cations, Li+ ions can enter the interlayer gap accompanied by water
molecules, resulting in swelling and delamination [69]. Exploring the effects of various
ions during etching is crucial to developing more effective and rational methods for
MXene preparation.

3. Alkali Etching: According to our present knowledge, protons and fluoride ions are
necessary for the production of MXene during acidic solution etching. However,
considering the hazards associated with hydrofluoric acid (HF) and the negative impact of
-F groups on MXene's electrochemical performance, alternative fluorine-free procedures
are urgently needed. A lot of work has gone into creating fluorine-free alkali etching
techniques.

One approach involves removing the Al layer from TisAIC, using
tetramethylammonium hydroxide (TMAQOH) after briefly pretreating the surface with 20—
30 wt% HF [70]. However, it has been shown that HF and TMAOH both contribute to the
etching process because employing simply TMAOH as the etchant fails to provide the
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required results. Another method includes combining sonication and TBAOH (tetra-n-
butylammonium hydroxide) intercalation to create smaller MXene structures like
quantum dots [71].

Inorganic alkalies have also been used often in TizAIC, etching in addition to
organic alkalies. MXenes have been made using a hydrothermal process with inorganic
alkali assistance. Successful TisC,Tx powder synthesis has been achieved at increased
temperatures of 270°C for NaOH aqueous solution and 180°C for KOH solution with a
small quantity of water. With a purity of 92 weight percent, this inorganic alkali-based
technique produced multilayer TizC,Tx with -OH and -O terminations [72].

IV.MXENE APPLICATIONS

MXenes, a groundbreaking class of two-dimensional nanosheets, have opened up a
world of possibilities in various applications. With their remarkable conductivity and
customizable properties, these materials are at the forefront of revolutionizing technologies
such as supercapacitors with rapid charging capabilities and developing advanced drug
delivery systems with unique properties to precisely target and release therapeutic agents,
leading to more effective treatments with reduced side effects. The uses of MXene in many
domains are given below.

Energy Storage and Gas Sensing and
Conversion Biosensing

i al
Mitigation of Medical and Biomedical
Environmental Polbutants Applications

Figure 3: Showing Applications of MXene in Different Fields.

1. Storage and Conversion of Energy: Due to their desirable characteristics, such as their
high Young's modulus, outstanding electrical conductivity, and adaptable surface
chemistry, MXenes are extremely adaptable materials with a wide variety of uses. They
are desirable for use in catalytic processes and energy storage applications due to these
qualities [73]. Fuel cells, hydrogen storage, lithium-ion batteries, and supercapacitors are
a few examples of energy storage systems where MXenes are useful [74]- [77]. They also
show promising outcomes in areas including flexible electronics, optoelectronics, body-
worn technology, and other biomedical and environmental applications.

There is increased interest in renewable energy sources and energy conversion
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technologies as a result of the exhaustion of fossil fuels and the rise in energy needs [78].
Due to their improved power densities and specific capacitance, lithium-ion batteries and
supercapacitors in particular are attracting interest because they are well suited for
compact and integrated applications like mobile phones, tablets, automotive systems, and
other power sources. Supercapacitors, which might be used as a substitute for standard
cells for energy storage because of their superior charge/discharge rates and process
stability, present a tempting use for MXenes as a material.

In a basic KOH electrolytic solution, multilayered Ti3C,Tx, which has been
investigated as a supercapacitor material, displays a specific capacitance of 340 F cm?
[79]. Furthermore, TisC,Tx thin-film electrodes have outstanding process stability even
after 10,000 cycles, exhibiting a volumetric capacitance of 900 F cm™ at a scan rate of 20
mV/s [80]. These results show how interesting MXenes are for developing energy storage
and exchange systems.

MXenes exhibit distinct charge/discharge mechanisms in different electrolytes,
leading to varied behavior. In acidic electrolytes, TizC,Tx mainly functions as a pseudo
capacitor, while in neutral or alkaline electrolytes, it behaves as a double-layer capacitor,
although with reduced performance. Recurrent redox events taking place close to the
electrode's surface are the main cause of the pseudo capacitance. In contrast to double-
layer capacitance, which depends on reversible electrolyte ion buildup without redox
reactions (physical adsorption process), MXene-based pseudo capacitors as a result have
large energy concentrations. Compared to aqueous or alkaline electrolytes, MXenes
function electrochemically better in acidic electrolytes.

Since surface metrics directly affect the volumetric capacitance, the surface
chemistry of MXenes has a substantial impact on its supercapacitor capabilities. Specific
capacitance is improved by surface termination with F or O functional groups.
Particularly in acidic electrolytes, chemical alterations during MXene production utilizing
DMSO, KOH, NHy, or heat treatment significantly boost specific capacitance. MXenes
like M0,CTy and Mo, 33CTy likewise showed encouraging supercapacitor performance,
with Mo 33CTx exhibiting a 65% higher specific capacitance than Mo,CTy, attributed to
the beneficial effect of vacancies. MXenes' flake size has been connected to particular
capacitance, but more experimental confirmation is required [81].

Through hydrogen bonding and van der Waals forces, MXenes often accumulate,
resulting in limited ion exchange and accessibility due to reduced surface area. However,
these limitations can be addressed using macroporous structures, hydrogels, aligned
crystalline structures, and new architectural designs. For example, TizC,Tx-polypyrrole
nanocomposite and (Mo23Y13)CTyx and Ti3C, Ty hydrogels have been reported, exhibiting
specific capacitance values of 1000 F cm and above [82].

MXenes show potential as electrode materials for Li-ion batteries, which are often
utilized in portable electronic devices for power and energy storage. Compared to typical
materials like graphite, they provide better electrical conductivity and a particular surface
area that enables effective Li storing at lower circuit voltages [83]. MXenes such as
Ti3C,Tx thin film have demonstrated gravimetric capacity over 410 mg/g, similar to
Mo,CTy (423 mg/g) [84]. Nb,CTy and V,CTy are two MXenes for Li-ion storage that are
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currently known, with MXenes based on Cr, Zr, and Mn being some additional
theoretically viable choices. [84], [85].

Despite the fact that there has been a lot of study on TizC,Ty, theoretical
observations suggest that MXenes with lower stoichiometric indexes (MsX3, M3X3, and
M_,X) exhibit increased gravimetric capacities [86]. For instance, Ti,C demonstrated a
50% higher Li* gravimetric capacity compared to TizC, [87]. Monolayered MXenes
generally exhibit higher gravimetric capacities than multilayers due to maximum Li
adsorption during intercalation.

The storage capacity, intercalation, and operational potential of metallic ions are
all significantly impacted by the presence of functional groups in MXenes. The diffusion
barrier is further enhanced by the presence of F and OH terminal groups. For instance, the
presence of OH termination substantially doubles the Li-ion capacity of TizC,Tx [88].
Additionally, conceptual investigations show that O termination increases capacity for
storage [89]. The most promising MXene anode materials for Li-ion batteries are thought
to be O-terminated pure M,C compounds with light transition metals. The HCI-LiF
synthesis approach is chosen over HF procedures to increase MXene capacity. Fewer F
and OH terminations, fewer structural flaws, and a better delamination ratio arise from
HCI-LiF synthesis, which improves electrochemical performance [90]. Hence, a synthesis
route that allows better control over surface chemistry significantly contributes to
improving MXene's electrochemical performance.

2. Gas Sensing and Biosensing: For the sake of environmental and human safety in a
variety of applications, sensory instruments are essential for monitoring substance
concentrations. Minimal detection limit, excellent sensitivity, quick response, vast linear
range, and great selectivity for certain analytes are success requirements for sensing
devices. Additionally, cost-effectiveness is essential to facilitate easy commercialization.
MXenes have fascinating characteristics that make them appropriate for use in sensing
device applications. For instance, it has been demonstrated that MXene-derived quantum
dots are capable of selectively quenching the light emission of Zn ions in the presence of
different metal ions, making them useful for the creation of Zn** sensors [91].

In gas sensing applications, selective absorption and reversible release and capture
of gases are critical. Ti,C nanolayers have demonstrated excellent sensing ability for NH3
due to the strategic positioning of N atoms above the Ti atoms in Ti,CO, nanolayers,
leading to stronger bonding through larger binding forces compared to other gases like
CO, CO,, Hy, CHy, NO,, and N, [92]. When bidirectional stresses are reduced, MXene
monolayers may effectively release NHs;, and following adsorption, MXenes show
improved electrical conductivity [93]. O-terminated MXenes offer reversible NHj;
adsorption, and M,CO, MXenes (where M represents, Hf, Zr, Sc, and Ti) have been
investigated for gas-sensing applications [94]. Chemical adsorption on M,CO, with
charge transfer is the mechanism of NHj3 adsorption, which allows for control of NH3
adsorption [93]. The reversible behavior of NH3 adsorption is caused by a change from
chemical adsorption to physical adsorption which is enabled by an increase in adsorption
energy. As potential options for gas sensing and capture applications, O-terminated
MXenes seem promising.

Composites based on MXene have shown promise in their ability to detect
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macromolecules, cells, gases, and tiny molecules. For instance, TizC, quantum dots with
10% quantum vyields in photoluminescence were produced by a straightforward
hydrothermal process at temperatures of 100, 120, and 150°C [95]. These quantum dots
were utilized for cellular probing in vitro bioimaging of RAW 264.7 cells [96]. MXenes
have also been successfully used for sensing cerebral activity by combining them with
field-effect transistors in ultrathin conductive sheets [97]. Through m-m interactions
between dopamine molecules and electrons from MXene termination groups (O, H, or F),
the neurotransmitter dopamine was detected using this system. Real-time monitoring of
primary hippocampal neurons in culture were also made possible by the sensing device,
demonstrating great biocompatibility over an extended period of culture.

MXenes in general have enormous potential for use in the creation of sensing
apparatus for a variety of purposes, such as environmental monitoring and biological
detection. This is due to their outstanding conductivity, hydrophilicity, and
biocompatibility, which make them highly versatile and suitable for various sensing
applications.

3. Remediation of Environmental Pollutants: The ability of MXenes to absorb numerous
toxic contaminants, including lead (Il), uranyl, chromium (VI), ammonia, copper,
methylene blue, mercury, methane, and phosphate, has been well studied. TisC, and
Ti3C,Tx are among the MXenes commonly used for environmental remediation. It has
been discovered that TizC,(OH/ONa)xF,.x MXene [98], produced by chemical exfoliation
followed by alkalization intercalation, can absorb more Pb(Il) than other divalent ions
like Ca(ll) and Mg(ll) in a water-based solution. This phenomenon is ascribed to the
MXenes' increased Ti,O bond affinity for Pb (II), which encourages the development of
inner-space complexes.

The redox properties of 2D Ti3C, T, have been utilized for the effective removal of
toxic water pollutants, such as Cr(VI) [99]. Water may be made safe for drinking by
converting extremely harmful Cr(VI) to less toxic Cr(lll) with the use of MXene.
Additionally, Ti3C,Tx mixed with KMnO, has been demonstrated to aid in the removal of
Cu from water, outperforming commercially available activated carbon [100].

Ti3C,0OHy gF1 2/Fe,03 nanocomposite has shown promise for phosphate removal
through adsorption [101]. Due to the distribution of Fe3O4 on the MXene surface, which
enables magnetic separation and enhances the ability to adsorb, the integration of MXene
with Fe,;O3 boosts the sorption capability.

Particularly TizC,Ty, which can absorb and degrade organic molecules in agueous
media under UV irradiation, MXenes also have strong sorption capabilities for
eliminating colors and hazardous industrial pollutants from water [102]. The negatively
charged surface of MXenes facilitates electrostatic interactions, leading to the efficient
removal of methylene blue. Under UV light, MXenes show outstanding adsorbent
capacity for water purification, removing both methylene blue and AB80 dyes from water
solutions [103].

Overall, MXenes hold great potential as effective tools for environmental

remediation, providing solutions for water purification and pollutant removal in various
applications
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4. Applications in Medical and Biomedical: MXenes are excellent for anticancer
treatments and bioimaging applications due to their distinct characteristics. Common
limitations of traditional cancer therapies like radiation and chemotherapy include non-
specificity and unfavorable side effects. Hence, there is a need for more effective and
compatible treatment methods. By utilizing photothermal agents, a light-controlled
method for targeting and destroying tumor cells, photothermal treatment offers the
potential to improve selectivity. [104].

Numerous nanomaterials have been investigated for photothermal treatment,
including copper sulfide nanoparticles, black phosphorus, gold nanorods, and
nanomaterials based on carbon. MXenes, particularly TizC,Tx with near-infrared (NIR)
absorption capabilities following Al-oxyanion termination, have also emerged as potential
photothermal therapy agents [105]. As photothermal therapies against murine breast
cancer, Ti3C,Ty sheets with OH or F termination have in particular shown encouraging
results.

It has been suggested to use MnO,/TizC, composite for bioimaging and
photothermal treatments [106]. Following infrared laser irradiation, the composite's
surface was modified using soybean phospholipids, which effectively killed cancer cells
and reduced tumor development [107].

After being injected intravenously into animals at low doses, MXene quantum
dots demonstrated great photothermal conversion efficiency, making them efficient in
killing cervical cancer cells in vivo and in vitro [108].

To create Ti3sC,-BG scaffolds, researchers combined TisC, MXene with 3D-
printed bioactive glass scaffolds [109]. These scaffolds had a high photothermal
conversion efficiency, which resulted in photothermal hyperthermia that eliminated the
tumor and promoted the formation of newly formed bone tissue in vivo. These composite
scaffolds are very desirable for the treatment of bone tumors due to their dual activity.

In summary, MXenes offer promising prospects for enhancing cancer therapies
through photothermal therapy, and their unique properties make them versatile candidates
for both cancer treatment and bioimaging applications.

V. OVERCOMING OBSTACLES AND EMBRACING POSSIBILITIES

MXenes, a brand-new family of 2D materials with exceptional characteristics, have a
wide range of possible uses. The majority of the study has been theoretical, lacking
experimental validation despite their remarkable mechanical, electrical, optical, and magnetic
properties. However, the focus has shifted towards exploring specific applications.
Delamination procedures with suitable surface terminations have shown promising results for
energy storage, catalysis, and EMI shielding applications. The synthesis and surface
termination techniques have a substantial influence on the characteristics of MXene. Further
research is needed to optimize MXene surface functionalization for improved chemical
applicability.

Combining experimental and theoretical approaches will be essential to uncover
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MXenes' complex properties and meet future demands. Research continuity is essential,
particularly for the identification of missing MAX phases like TizAIN; and Ti,SiC, as well as
for the investigation of new MXenes with thermally stable stoichiometries, superconductive
behavior, and unique magnetic aspects. Efforts to narrow the theoretical and experimental
gap and explore the effect of doping on MAX phases for tunable conductivity should be
intensified. Understanding the anisotropy in electronic properties through momentum
dependence measurements will further enhance our comprehension of MAX phases.

The advancement of MXene applications will also depend on the development of
cutting-edge synthesis and material processing techniques for corrosion- and oxidation-
resistant MAX phases that have minimal resistance and outstanding durability.

In conclusion, a multidisciplinary approach incorporating both theoretical and
experimental techniques is essential for realizing MXenes' full potential and uncovering fresh
applications for them in a variety of technological problems.
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